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Abstract 

Aggregation behavior of herbivorous insects is mediated by a wide range of biotic and abiotic 

factors. It has been suggested that aggregation behavior of the blue willow leaf beetle 

Phratora vulgatissima is mediated by both host plant odor and by odor released by the 

beetles. Previous studies show that the beetles respond to plant odors according to their prior 

host plant experiences. Here we analyzed the effect of the host plant species on odor released 

and perceived by adult P. vulgatissima. The major difference between the odor of beetles 

feeding on salicin-rich and salicin-poor host plants was the presence of salicylaldehyde in the 

odor of the former, where both males and females released this compound. 

Electrophysiological studies showed that the intensity of responses to single components of 

odor released by beetles was sex-specific and dependent on the host plant species with which 

the beetles were fed. Finally, behavioral studies revealed that males feeding on salicin-rich 

willows were attracted by saliclyaldehyde, whereas females did not respond behaviorally to 

this compound, despite showing clear antennal responses to it. Finally, the ecological 

relevance of the influence of a host plant species on the plasticity of beetle odor chemistry, 

perception and behavior is discussed.  
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Introduction 

Herbivorous insects can benefit from aggregation on their host plants since feeding in groups 

helps to overcome host defenses, reduces predation pressure from natural enemies, or 

enhances the probability of finding a mating partner (Fryxell 1991 and references therein; 

Harari et al. 1994; Alcock 1998; Ruxton and Sherratt 2006). Despite these advantages the 

expression of aggregation behavior is often plastic and depends on factors such as the climate 

or the season, host availability, predator density or the host plant of the herbivore; these 

factors may singly or in combination affect the timing, intensity, and site of aggregation 

(Prokopy and Roitberg 2001; Aukema and Raffa 2004; Wertheim et al. 2005). 

Chemical stimuli eliciting aggregation behavior from herbivorous insects may be emitted by 

the herbivores themselves and/or by the non-colonized or colonized host plants (reviewed in 

Loughrin et al. 1996; Wertheim et al. 2005; Fernandez and Hilker 2007). Aggregation 

pheromones and host plant volatiles may act in concert and thereby, efficiently mediate 

aggregation of herbivorous insects (Tinzaara et al. 2003; Dickens 2006; and reviewed in 

Fernandez and Hilker 2007).  

Variation in insect aggregation behavior may be caused by plasticity occurring on different 

levels. It is known that the biogenesis and release of aggregation pheromones depends on a 

multitude of factors such as the photoperiod (reviewed in McNeil 1991; Gemeno and Haynes 

2000; Bean et al. 2007), the juvenile hormone status (Dickens et al. 2002; Blomquist et al. 

2010 and references therein), the quality of diet (McNeil 1991; Landolt and Phillips 1997; 

Edgar et al. 2007; Blomquist et al. 2010; Zhao et al. 2011; Geiselhardt et al. 2012), contact or 

exposure to the host plant (reviewed in Reddy and Guerrero 2004; Bartelt et al. 2008; Ruiz-

Montiel et al. 2009), individual insect density (reviewed in Applebaum and Heifetz 1999; 

Bashir et al. 2003; Edde and Phillips 2010) or experience had by insects with their conspecific 

pheromones (McNeil 1991; Groot et al. 2010).  

The plasticity of behavior-mediating sensory responses observed in herbivorous insects to 

chemical stimuli may be determined by a wide range of factors, for example age and/or 

juvenile hormone level (Palaniswamy et al. 1979; Ignell et al. 2001; Greiner et al. 2002; 

Anton et al. 2007), mating status (Anton et al. 2007; Martel et al. 2009; Barrozo et al. 2010; 

Barrozo et al. 2011; Saveer et al. 2012), population density (Applebaum and Heifetz 1999), 

experience with conspecific pheromones (McNeil 1991; Stelinski et al. 2003a; Judd et al. 

2005; Stelinski et al. 2006; Anderson et al. 2007; Guerrieri et al. 2012), host plant volatiles 
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(Barron and Corbet 1999; Stelinski et al. 2003b; Tinzaara et al. 2003; Party et al. 2009; Trona 

et al. 2010) or host plant diet (Harari and Landolt 1999; Rietdorf and Steidle 2002; Coyle et 

al. 2011; Radžiutė and Būda 2012; Austel et al. 2014). Moreover, herbivory may induce the 

release of plant volatiles which contribute to insect attraction to pheromone-releasing 

conspecifics feeding upon plants (Giblin-Davis et al. 1996; Ruther et al. 2001; Reinecke et al. 

2002; Reddy and Guerrero 2004; Cossé et al. 2006; Dickens 2006; Beran et al. 2011). 

Here we studied the phenotypic plasticity of odor released by adults of the blue willow leaf 

beetle Phratora vulgatissima (Coleoptera: Chrysomelidae) and the plasticity of responses to 

this odor exhibited by the beetle. We hypothesized that the composition of the odor released 

by the beetles as well as the beetles’ ability to respond to the components of this odor depend 

on the host plant species upon which the beetles are feeding. 

Phratora vulgatissima is one of the main pest insects in willow short rotation coppice (Sage 

and Tucker 1998), where it occurs in high population densities. Adult beetles show 

aggregation behavior when colonizing host plants in spring and when entering hibernation 

sites in leaf litter on the soil in late autumn (Kendall and Wiltshire 1998; Peacock et al. 1999; 

Karp and Peacock 2004). Choice of food plants by P. vulgatissima is mediated by the 

presence of phenolic glycosides in host leaves: the beetle prefers willows with low levels of 

phenolic glycosides (Salix viminalis) over species with higher levels (S. dasyclados) 

(Julkunen-Titto 1986, 1989; Kendall et al. 1996) and shows improved performance among 

plants with low concentrations of these secondary metabolites (Kelly and Curry 1991; 

Peacock et al. 2004; Lehrman et al. 2012). However, a study by Peacock et al. (2001b) 

indicated plasticity in host plant choice and even feeding preferences for S. dasyclados over S. 

viminalis. Orientation of P. vulgatissima to host plants is mediated by both olfactory (Peacock 

et al. 2001a) and visual cues (Björkman and Eklund 2006). Olfactory preferences for host 

plant volatiles are plastic and the willow leaf beetle orientates preferably towards S. 

dasyclados volatiles when having already experienced this host plant (Austel et al. 2014). 

Peacock et al. (2001a) showed in a field study that S. dasyclados trees with beetles (feeding or 

not feeding) on them were more attractive than feeding-damaged trees from which beetles 

were removed. Hence, the combination of host plant cues and odor of conspecifics may 

induce attraction of P. vulgatissima to infested plants, and thus promote aggregation. 

The aim of this study is to elucidate the phenotypic plasticity in the release of, and responses 

to, odor released by adult P. vulgatissima. We investigated (i) the chemical composition of 
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the beetles’ body odor and how this odor is influenced by the host plant upon which the 

beetles are feeding. Furthermore, we studied (ii) which components of the odor released by 

the beetles elicit electrophysiological responses in female and male antennae and whether 

these electrophysiological responses depend on the food plant species upon which the beetles 

are feeding. Since our chemical analysis revealed that only beetles which fed on salicin-rich S. 

dasyclados released salicylaldehyde and that these beetles were electrophysiologically more 

sensitive to salicylaldeyde, we investigated (iii) whether the plasticity in odor release and 

physiological response is reflected by the beetles’ behavioral response to salicylaldehyde. 

 

Methods 

Plants and insects 

Plant cuttings (20 cm) of S. viminalis (clone 78183) and S. dasyclados (clone Loden) were 

harvested, and P. vulgatissima adults were collected in early spring 2009 at hibernation sites 

in the surroundings of Uppsala, Sweden (59˚51’N, 17˚37’E). 

The tree cuttings were incubated for two weeks in water after being supplemented via a 1 min 

bath with pyrethroids (1:100 Spruzid, Neudorff, Germany). After development of roots, the 

saplings were potted in standardized soil (Einheitserde Classic Typ-T, Einheitserde, 

Germany). Plants were grown under constant conditions (20°C, 70 %, relative humidity, 16 h 

light). After reaching at least 60 cm height, shoots of both species were used for feeding adult 

beetles and after being defoliated, used to produce new cuttings. A continuous laboratory 

rearing of P. vulgatissima was established on S. viminalis. 

 

Treatments of beetles 

To investigate the influence of the host plant species on the beetles’ odor emission and the 

electrophysiological sensitivity of their antennae to their own body odor, pupae of P. 

vulgatissima from the laboratory rearing were divided into two groups, one of which was kept 

on S. viminalis, and the other of which was transferred to S. dasyclados. Hence, the emerging 

adults were fed S. viminalis (V-beetles), while another group was fed S. dasyclados (D-

beetles). Each group comprised 100-120 beetles. Groups were kept in cages of 30 × 30 × 
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70 cm and supplied with potted willow plants. We used 1-month-old P. vulgatissima adults 

for the chemical and electroantennographic (EAG) analyses. Males and females were 

separated briefly prior to analysis.  

 

Chemical analysis of beetle odor  

We sampled the odor of males and females from both the V- and D-beetles. A group (N = 25) 

sourced of either type of beetle was placed into a 4 ml vial (Chromatographie Zubehör Trott, 

Germany), which was closed by a septum lid. For control purposes, a solid phase 

microextraction (SPME) fiber (StableFlexTM SPME fiber, 65um PDMS-DVB coating, 

Supelco, USA) was inserted through the septum of an empty vial (blank run), incubated for 

1 h at 24°C and then analyzed by gas-chromatography coupled mass spectrometry (GC-MS). 

After this control run, the beetles were introduced into the vial and their odor was sampled by 

insertion of an SPME fiber into the vial for 1 h at 24°C. Sampling was conducted under 

diffuse light (Spot Natura 60W, Osram, Germany, covered with parchment paper, 50 µmol m-

2 s-1). The beetles were allowed to contact the fiber and they released fresh feces into the vial. 

Volatile compounds that adsorbed on the SPME fiber were analyzed by coupled GC-MS. 

Odor was collected in total from N = 6 samples (vials) for each type of beetles and sex.  

 

GC-MS analyses were performed on a Fisons GC Model 8060 and Fisons MD 800 

quadrupole MS was used (Fisons Instruments, Mainz-Kastel, Germany). The inlet was kept at 

240°C with the split valve closed for 40 sec after sample injection (inlet pressure: 10 kPa; 

1 ml min–1). Volatile compounds were separated on 30 m DB5-MS capillary column 

(Ø 0.32 mm, film thickness 0.25 µm, J&W, USA). The oven temperature program started at 

40°C (4-min hold) and was raised 10°C per min up to 280°C. Helium was used as the carrier 

gas under a constant pressure of 150 kPa. Mass scanning (EI mode, 70 eV) was performed 

from 35 to 450 atomic mass units (scan time 0.9 sec/d; interscan delay 0.1 sec).  

 

Identification of volatiles was performed by comparison of mass spectra and linear retention 

index of detected volatiles with those of commercially available reference compounds 

(hexanoic acid (purity ≥ 99.5%, Sigma-Aldrich, USA), heptanoic acid (purity ≥ 99.0%, 

Sigma-Aldrich, USA), octanoic acid (purity ≥ 98.0%, Serva Electrophoresis, Germany), 

nonanoic acid (purity ≥ 90.0%, Merck, Germany), heptanal (purity ≥ 95.0%, Sigma-Aldrich, 
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USA), nonanal (purity ≥ 95.0%, Sigma-Aldrich, USA), benzaldehyde (purity ≥ 99.0%, Fluka, 

Switzerland) and salicylaldehyde (purity ≥ 99.0%, Roth, Germany)) and with those from the 

NIST (National Institute of Standards and Technology) database. Identification of compounds 

focused on those with high volatility (< C20) which are likely to be perceived by olfaction. We 

excluded from our analysis those compounds that are attributable to beetle contact cues such 

as cuticular hydrocarbons. Since no sex-specific compositions of beetle odors were detected, 

data obtained from samples of male and female beetles reared on the same host plant were 

pooled (Table 1, N=12). Peak areas of individually identified compounds were normalized to 

the sum of peak areas of all identified compounds within a sample. Relative quantities of 

individual compounds were compared between samples (Romeo 2010). 

 

Electroantennography (EAG): General  

All volatile components detected in beetle odor were tested for their electrophysiological 

activity in P. vulgatissima. EAG methods were modified according to Fernandez et al. (2007). 

Antennae of males and females were excised at the base and inserted in a capillary filled with 

Ringer solution (9 g NaCl, 2 g KCl, 1.34 g CaCl2, 5 g PVP in 1 l dest. water), which 

functioned as the reference electrode. The capillary functioning as the measuring electrode 

was placed on the intact tip of the antennae and connected to an AC/DC probe (Universal 

Gain 10 x, Syntech, Kirchzarten, Germany). Electrode shields, all conductive parts and the 

reference electrode were grounded. Antennal responses were digitized (IDAC box, Syntech), 

visualized and recorded on a PC (EAG 2.6c, Syntech NL). Antennal preparations were placed 

0.5 cm in front of the outlet of an L-shaped glass tube (0.9 cm diameter) and permanently 

flushed with activated charcoal-filtered and moistened air (1550 ml/min). Test compounds 

(details of the compounds see above) were applied on filter paper discs (Ø 5 mm) inside a 

Pasteur pipette (length 150 mm, Roth, Germany), and the filter paper was incubated before 

stimulus delivery for at least 30 sec in order to evaporate the solvent. For stimulation, puffs 

(0.5 sec; 950 ml/min; Stimulus Controller CS-05, Syntech) of odor-laden air were injected 

from the Pasteur pipette through a small opening located 9 cm upstream of the glass tubes 

outlet into the main air flow. All odorants were diluted in dichloromethane (DCM). 

Responses to clean air, 2 µl DCM (purity ≥ 95.9%, Roth, Germany) and 2 µl (Z)-3-hexenol 

(purity ≥ 98.0%, Aldrich, Germany, 0.5 µg/µl in DCM) (reference stimulus) were recorded at 

the beginning, and in converse sequence at the end of each trial. A delay of 1 min between 

stimuli was allowed to avoid habituation of olfactory receptor neurons (ORNs). Responses 
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were blank-corrected to the control stimulus (evaporated DCM) and were normalized to the 

response to 1 µg (Z)-3-hexenol as reference stimulus (= 100 %). All experiments were 

performed with freshly dissected antennae with a maximum experimental duration of 90 min. 

 

Single compound EAG analysis 

EAG responses of male and female antennae to single compounds (2 µl of 0.5 µg/µl solvent 

per filter paper disc) were recorded in random order. For the single compound experiment at 

least ten antennae were tested (V-beetles: females N = 12, males N = 10; D-beetles: females 

N = 13, males N = 10). If responses to the solvent did not exceed 45% of the reference 

stimulus, further dose-response experiments were conducted. 

 

Dose-response EAG analysis 

For EAG dose-response experiments, compounds were puffed in ascending order of 

concentration (2 µl of 0.0005, 0.005, 0.05, 0.5, 5.0 or 50.0 mg/ml) on the antenna. To 

investigate habituation effects to carboxylic acids (octanoic and nonanoic acid), a second 

series of dose-response experiments with a time delay of 2 min was performed. Not more than 

three different compounds were tested on one antenna. For each compound and each beetle 

treatment group and sex, N = 10 individuals were tested. 

 

Olfactometer bioassay: Behavioral response to salicylaldehyde 

Our chemical analysis revealed that only beetles fed on S. dasyclados released detectable 

amounts of salicylaldehyde (Table 1); the EAG studies showed that these beetles were 

electrophysiologically more sensitive to salicylaldehyde (Figure 1, 2). Therefore, we 

addressed the question of whether the plasticity in odor release and recognition was reflected 

in the behavioral responses of adults to salicylaldehyde. We tested both sexes of V-beetles 

and D-beetles. A single beetle of either type and sex was placed in the center of a static four-

chamber olfactometer (see also Steidle and Schöller 1997). The olfactometer (4 cm in height, 

20 cm in diameter) was made of an acrylic glass cylinder with four equally-sized chambers 

separated by vertical plates. Above the cylinder, a gauze-covered (mesh width 0.05 cm) 
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“walking area” (1 cm in height × 20 cm in diameter) was closed by a glass plate 

(29.5 × 29.5 cm). A chamber beneath the walking area was supplied with salicylaldehyde 

diluted in DCM. Based on EAG results (see Figure 2) responses to two concentrations, i.e. 

0.01 µg/µl and 1.0 µg /µl, were tested. A volume of 10 µl of these solutions resulting in 

0.1 µg or 10 µg salicylaldehyde, respectively, was applied to filter paper (Roth, 5.5 cm in 

diameter). After 30 sec of evaporation, the filter paper was placed into a chamber of the static 

olfactometer; evaporating salicylaldehyde established an odor field above the chamber where 

a beetle could move around in the walking area. For control purposes, a filterpaper with 10 µl 

DCM was placed in a chamber opposite to that supplied with salicylaldehyde. The odor-laden 

filter papers were replaced for each beetle tested. The remaining chambers were left empty. 

Each beetle was tested individually. In total, the following numbers of beetles were tested: V-

beetles: N = 28 females and N = 22 males, 10 µg salicylaldehyde, and N = 27 females and 

N = 27 males, 0.1 µg salicylaldehyde; D-beetles: N = 26 females and N = 27 males, 

10 µg salicylaldehyde, and N = 27 females and N = 27 males, 0.1 µg salicylaldehyde. 

 

Statistics 

In order to determine whether V- and D-beetles (males and females) release different 

quantities of volatiles compounds, we compared relative peak areas of the same compounds 

detected in the different types of samples (see above) by applying the Mann-Whiteny U test. 

In case of non-homogeneous but normally distributed data (hexanoic acid), Welch tests were 

performed. 

Significant electrophysiological response to single body odor compounds or specific doses 

thereof were detected by comparing mean responses to individual stimuli with mean 

responses to the control stimulus (paired Student’s t-test). Electrophysiological response 

amplitudes of V- and D-beetles (males and females) to body odor compounds were compared 

using a paired Student’s t-test. To investigate the factors, host plant species (= food), sex, 

dose, and the combination of factors, we performed generalized mixed models for gamma 

distributed data. To avoid pseudoreplication, the replication index of measurements was set as 

random factor. 

The four-chamber olfactometer assay data were analyzed by the Wilcoxon one-sample test. 

We tested whether the time spent by the beetles in the olfactometer fields supplied with either 
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salicylaldehyde or with the solvent DCM differed significantly from the time to be expected 

(null hypothesis) if the beetles were to walk for the same length of time in each of the four 

fields (300 sec total observation time per beetle divided by 4 = 75 sec in each field of the 

four-chamber olfactometer).  

All analyses were calculated with the statistical program ‘R’, version 3.0.1 (R Core Team 

2013) with packaged car, nlme and MASS. 

 

 

Results 

 

Beetle odor 

Short-chain carboxylic acids (hexanoic acid, heptanoic acid, octanoic acid and nonanoic acid), 

short-chain aldehydes (heptanal and nonanal), benzaldehyde and salicylaldehyde were 

detected in headspace samples of the beetles (Table 1). None of these compounds were 

detected in host plant volatile samples (own analysis and Fernandez et al. 2007). No sex-

specific differences were detected. Qualitative differences between beetle odors depended on 

the host plant species upon which the beetles had fed. Only beetles which fed as adults on S. 

dasyclados emitted detectable amounts of salicylaldehyde. This compound was the only one 

of those listed in Table 1 that was also found in the headspace of feces released by adults 

(data not shown). D-beetles released significantly lower quantities of hexanoic acid than did 

V-beetles (Welch test: N = 12, t = 4.62, df = 15.9, p < 0.001). 

<<Insert Table 1 here >> 

EAG 

Single compound EAG analysis 

In EAG experiments V-beetle female antennae detected octanoic acid, nonanoic acid, 

nonanal, benzaldehyde, and salicylaldehyde (1 µg stimulus loading, Figure 1A). D-beetle 

female antennae detected the same set of compounds except for octanoic acid, which was 
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detected by V-beetle female antennae only. Additionally D-beetle females responded 

significantly to heptanal, whereas V-beetle females did not. In D-beetle females, the antennal 

response to salicylaldehyde was significantly stronger than in V-beetle females (Student’s t-

test: t = -5.07, df = 23, p < 0.001 fdr-corrected). 

<< Insert Figure 1 here >> 

A comparison of the response of male with female antennae to the single compounds revealed 

that V-beetle males responded to the same compounds as V-beetle females, except for 

octanoic acid which elicited a response in females, but not in males (Figure 1A, B). No sex-

specific responses were detected in D-beetles. Male D-beetle antennae responded significantly 

more strongly to heptanal (Student’s t-test: t = -5.02, df = 18, p < 0.001 fdr-corrected), 

nonanal (Student’s t-test: t = -3.47, df = 18, p = 0.007 fdr-corrected), and salicylaldehyde 

Student’s t-test: t = -4.85, df = 18, p < 0.001 fdr-corrected) than did those of male V-beetles.  

<< Insert Table 2 here >> 

Dose-response experiment 

The dose-response experiments revealed that D-beetle antennae (male and female) were more 

sensitive to nonanoic acid and salicylaldehyde than were V-beetle antennae (Figure 2, Table 

2). Additionally, D-beetle male antennae were also more sensitive to nonanal than those of V-

beetle males (Figure 2, Table 2). For salicylaldehyde the lowest response-eliciting dose was 

0.01 µg for D-beetle female antennae, while the V-beetle female antennae required a 

minimum of 0.1 µg to respond (Figure 2). The lowest dose of nonanoic acid eliciting a 

response from male and female D-beetle antennae was 1 µg, while male V-beetle antennae 

did not respond to this compound in the dose-response experiments and the lowest response-

eliciting dose for female V-beetle antennae was 10 µg (Figure 2). Furthermore, responses of 

male V-beetle antennae to nonanoic acid were significantly lower when compared with the 

solvent control stimulus at a dose of 0.001 µg (Figure 2).  

<< Insert Figure 2 here >> 

<< Insert Figure 3 here >> 

In the screening experiments with different compounds tested sequentially at the same dose 

(1 µg, Figure 1), male V-beetle antennae showed enhanced responses to nonanoic acid when 
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compared with the dose-response experiments in which the antennae were exposed to only a 

single compound offered at different doses (Figure 2). To test whether habituation to 

nonanoic acid influenced the outcome of the dose-response experiments, antennal responses 

of V- and D-beetles to nonanoic acid were recorded with the delay between stimulations 

doubled to 2 min (Figure 3). At this increased inter-stimulus interval, male and female V- and 

D-beetle antennae responded in a dose-dependent manner. Response amplitudes to nonanoic 

acid were significantly stronger for male V-beetle antennae stimulated at 2 min inter-stimulus 

intervals when compared with those tested after a 1 min delay (compare Figure 2 and Figure 

3, for statistics see Table 3). The minimum dose eliciting a response shifted downwards to 

1 µg in V-beetle males. EAG responses of D-beetle antennae to nonanoic acid also increased 

with the prolonged interstimulus interval: however, not significantly so (see Table 3, D-beetle 

males: time × dose p = 0.08). As mentioned above, D-beetle males and females were 

significantly more sensitive to nonanoic acid in dose-response experiments with a 1 min delay 

when compared with both sexes of V-beetle. However, this effect disappeared in experiments 

with a 2 min delay (Table 3). Only in males was there still an interacting effect of food and 

dose to nonanoic acid when offered at 2 min intervals, thus indicating that with increasing 

doses the differences between responses of V- and D-beetle antennae become more 

pronounced. 

<< Insert Table 3 here >> 

<< Insert Table 4 here >> 

The dose-response experiments revealed that female V-beetle antennae were sensitive to 

nonanoic acid while male antennae were not. The lowest response-eliciting dose for female 

antennae was 10 µg (see Figure 2). Sex-specific response amplitudes among V-beetles were 

not observed when testing octanoic acid, nonanal, benzaldehyde and salicylaldehyde (Table 4 

and Figure S1). Dose-response experiments revealed that antennae of D-beetle females were 

more sensitive to heptanal, and D-beetle males were more sensitive to benzaldehyde than their 

sex counterparts (Table 4 and Figure S1). Furthermore, D-beetle females showed higher EAG 

amplitudes than did males at higher doses (Table 4 and Figure 2). Sex-dependent differences 

are not based on effects of different sensitivities to the reference stimulus. The absolute EAG 

response to the reference compound did not differ between sexes (Mann-Whitney U test: D-

beetles: U = 94, df = 13, p = 0.65; V-beetles: U= 101, df = 12, p = 0.54). 

<< Insert Figure 4 here >> 
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Olfactometer bioassay: Behavioral response to salicylaldehyde 

Since only D-beetles released salicylaldehyde (Table 1) and since these beetles were 

electrophysiologically more sensitive to salicylaldehyde than V-beetles (Figure 2, Table 2), 

we investigated whether the plasticity in odor release and recognition is reflected by the 

beetles’ behavioral responses to salicylaldehyde. Male D-beetles spent significantly more 

time in the olfactometer field scented with 0.1 µg salicylaldehyde as compared with those in 

the solvent control field (Figure 4A). In contrast, male V-beetles showed no preference for 

low amounts of salicylaldehyde. However, they were attracted by salicylaldehyde offered at a 

high dose (10 µg) (Figure 4B), whereas male D-beetles were not. Females showed no 

response to salicylaldehyde, neither when having fed on S. dasyclados (D-females) nor on S. 

viminalis (V-females) (Figure 4A, B), in spite of their ability to sense this compound (Figure 

1, 2). 

 

Discussion 

Our study showed that adult blue willow leaf beetles release different odors according to the 

host plant species upon which they are feeding. While salicylaldehyde is present in the odor 

and the feces of beetles feeding on salicin-rich willow leaves (S. dasyclados), it is absent from 

the odor and feces of beetles feeding on the salicin-poor S. viminalis. Furthermore, the beetles 

showed different electrophysiological responses to conspecific odors when feeding upon 

different host plant species. Although males and females feeding on the same plant species 

released the same odor, their EAG responses to these volatiles were sex-specific. The 

plasticity in antennal sensitivity to salicylaldehyde was also reflected in the males’ behavioral 

response to this characteristic compound. In contrast, females did not show a behavioral 

response to this compound in our olfactometer bioassay, even though they perceived this 

compound, as shown by EAG analysis.  

Depending on the host plant they had fed upon adult P. vulgatissima emitted qualitatively and 

quantitatively different volatile blends. While beetles feeding on either host plant species 

released saturated short-chain carboxylic acids and aldehydes, only beetles reared as adults on 

S. dasyclados released salicylaldehyde. Hexanoic acid, on the other hand, was present in a 

higher proportion in the odor of beetles reared on S. viminalis. Variation in the odor bouquet 

of herbivorous insects due to differences in host plant quality can be observed in some bark 



13 
 

beetles and in other Coleoptera. Ips typographus (Coleoptera: Scolytinae) and male 

Rhyzopertha dominica (Coleoptera: Bostrichidae) showed quantitative changes in the release 

of aggregation pheromones due to changes in plant quality; when feeding on host plants of 

low quality, lower amounts of their aggregation pheromones were released and different 

ratios of the two major components were detected as compared with beetles feeding on high-

quality plants (Bashir et al. 2003; Zhao et al. 2011). This host plant-dependent variation of 

pheromonal odor does not occur in many other bark beetles which biosynthesize their 

monoterpenoid aggregation pheromone components de novo in the midgut and fat body tissue 

and release them via their feces (Blomquist et al. 2010; Byers and Birgersson 2012). In most 

bark beetles this de novo synthesis reduces the variation in pheromone emission and is 

thought to be beneficial when a species extends its host plant range and uses novel host plant 

species or when a particular host tree has unusually low amounts of a potential pheromone 

precursor (Byers and Birgersson 2012).  

Short-chain carboxylic acids and aldehydes, as they occur in the volatile compounds emitted 

by P. vulgatissima, were also found as components in the aggregation pheromone of 

Schistocerca gregaria nymphs (Caelifera: Acrididae) (Torto et al. 1996). Nonanoic acid, 

nonanal and benzaldehyde were also found in the beetle odor of Coroebus florentinus 

(Coleoptera: Buprestidae) (Fürstenau et al. 2012). Carboxylic acids occur in the odors of 

defensive secretions of dorsal abdominal glands or exuvia of several Heteroptera (Aldrich et 

al. 1995; Martins et al. 2012) and in the odors of secretions produced in the postpharyngeal 

gland of Hymenoptera (Kroiss et al. 2006). Nonanal was also found in several other insect 

pheromone glands, body or cocoon odors (Romel et al. 1992; Pureswaran et al. 2000; Jumean 

et al. 2005; Siljander et al. 2008), whereas a pheromone function of nonanal alone has rarely 

been described (but compare Mazomenos and Haniotakis 1985; Nemoto et al. 1990; 

Fürstenau et al. 2012; Stahr et al. 2013). 

Our EAG experiments have shown that most volatile compounds of the conspecific beetle 

odor elicited significant responses in the antennae of both sexes of P. vulgatissima. 

Irrespective of sex, D-beetle antennae responded with higher amplitudes to nonanoic acid and 

salicylaldehyde than did V-beetle antennae. Furthermore, D-beetle males responded more 

strongly to nonanal than did V-beetle males. Dose-response experiments revealed that D-

beetles (males and females) showed higher sensitivities to nonanoic acid and salicylaldehyde 

than did V-beetles. Additionally, male antennae of D-beetles were more sensitive to nonanal 

than those of V-beetles. Hence, electrophysiological responses of the beetles to these volatiles 
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were dependent on the host plant species upon which the beetles were feeding. Since V- and 

D-beetles were kept separately, and they were only exposed to conspecifics on the same host 

plant species, their electrophysiological responses to the odor components released by them 

may have been shaped by (i) nutritional factors of the host plant species they had ingested 

and/or by (ii) the beetles’ experience with host plant specific odor and/or (iii) by the 

experience with V- or D-beetle-specific body or fecal odor. 

The impact of recently ingested host plant species on the receptivity of chemosensory cells 

has been known about for many years. For example, maxillary sensilla of Manduca sexta 

larvae which had been fed with either tomato or Solanum pseudocapsicum responded 

differently to an extract of tomato (Städler and Hanson 1976; for review see Blaney et al. 

1986; Chapman 2003). Furthermore, not only the ingestion of a host plant, but also prior 

experience with a host plant odor, has been shown to result in sensitization of 

electrophysiological antennal responses to conspecific insect odor, for example in tortricid 

moths (Stelinski et al. 2003b). Our previous studies established that experiences of adult P. 

vulgatissima females with different host plants influence their host plant olfactory preferences 

(Austel et al. 2014); the females can distinguish between the odor of S. dasyclados and S. 

viminalis by the different ratios of green leaf volatiles released by these hosts (Peacock et al. 

2001b). Moreover, insect experience with conspecific odors is known to lead to sensitization 

of the peripheral olfactory system of insects, as for example Stelinski et al. (2003a) have 

shown for a Lepidopteran species. But this phenomenon seems to be species-specific. In other 

Lepidoptera, pre-exposure to pheromones resulted in adaptation and therefore to decreased 

EAG sensitivity to the pheromone (Stelinski et al. 2003a) or to no effect (Anderson et al. 

2007). To our knowledge, for Coleoptera species, phenotypic plasticity of EAG responses to 

conspecific odors depending on experience with conspecifics or with host plants has not 

before been demonstrated. Further studies are required to elucidate the mechanism of 

physiological sensitization of P. vulgatissima to conspecific body odor. 

In our experiments, sigmoid dose-response curves to nonanoic and octanoic acid could only 

partly be obtained when time intervals of 2 min between the odor stimuli were allowed, but 

not with 1 min intervals (Figure 2, 3, S1 and S2). Evaporation time for the compounds tested 

in both dose-response experiments was the same (at least 30 sec). The impact of the time 

intervals between odor stimuli on the dose-response curves was most obvious for male V-

beetles. Thus, the lag time needed by the antennae to regain dose-dependent responsiveness to 

these volatiles varied according to the beetles’ sex and the host plant with which the beetles 
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were fed. Some years ago, ionotropic receptors (IRs) were detected in Drosophila 

melanogaster (Diptera: Drosophilidae) (Benton et al. 2009) and Spodoptera littoralis (Olivier 

et al. 2011) in addition to the odorant receptors (ORs), which have been known about in 

insects for a much longer time (Vosshall et al. 1999). ORs detect a wide range of odors, 

among them pheromones and food odors of divergent chemical classes. IRs are known to 

predominantly but not exclusively respond to carboxylic acid and amines (Benton et al. 2009; 

Ai et al. 2010; Silbering and Benton 2010). Getahun et al. (2012) have shown that IRs are less 

sensitive and mediate slower responses to odors than ORs, but are more accurate in responses 

to long-lasting odor stimulations. On the other hand, some ORs also respond to longer-

chained carboxylic acids (C6-C11) (Wang et al. 2010). It remains to be studied whether in 

addition to ORs, IRs are also involved in chemosensation of the body odor released by P. 

vulgatissima. Furthermore, future studies need to determine whether specific receptor types 

are responsible for sex- and host plant-specific lag times required to regain dose-dependent 

responsiveness to short-chained carboxylic acids.  

Salicylaldehyde released by D-beetles was present in the odor of adults, as well as in their 

feces, whereas this compound was absent from the odor and feces of adult V-beetles. It is 

likely that salicylaldehyde in the odor of D-beetles is derived from the salicin they ingest 

when feeding on S. dasyclados. While the host plant which the V-beetles fed upon, S. 

viminalis, also contains salicin, quantities of this were apparently too low to be reflected by 

detectable salicylaldehyde quantities in the odor released by V-beetles: S. dasyclados leaves 

contain about 100-fold more salicin than S. viminalis (Julkunen-Titto 1986, 1989). The 

salicylaldehyde detected in the body odor of adult D-beetles might be due to contamination of 

the insect body with feces or to adsorbance of salicylaldehyde of fecal origin on the D- 

beetles’ cuticle. Feeding-damaged host plant leaves did not release any salicylaldehyde (data 

not shown, and Fernandez et al. 2007), hence no salicylaldehyde released directly from 

(undamaged or feeding-damaged) plants could have adsorbed on the beetles’ cuticle. The 

presence of salicylaldehyde in the odor of feces released by adult P. vulgatissma requires that 

the salicin ingested by the adults with their food plant is hydrolysed to salicyl alcohol in the 

gut (Pasteels et al. 1990) and further oxidized to salicylaldehyde (either inside the gut and/or 

outside of it by microorganisms inhabiting and degrading the feces). The ability to produce 

salicylaldehyde has previously been shown in larvae of several leaf beetle species specialized 

on Salicaceae, among them several Chrysomela species (Pasteels et al. 1982; Termonia et al. 

2001) and P. vitellinae (Pasteels et al. 1984; Rowell-Rahier and Pasteels 1986; Soetens et al. 



16 
 

1993; Köpf et al. 1998; Burse et al. 2009). However, in these species, salicylaldehyde was not 

detected in the larval feces but rather in the secretion of dorsoventrally-located exocrine 

glands; the larvae of these species are known to sequester salicin from their host plant, to 

hydrolyze it to salicyl alcohol and to oxidize the alcohol in their glands to salicylaldehyde 

(Pasteels et al. 1990; Burse et al. 2009). Yet, larvae of P. vulgatissima do not release 

salicylaldehyde via their defensive glands (nor when feeding on salicin-rich S. dasyclados, 

data not shown), but instead emit a major secretion compound chrysomelidial, a de novo-

produced monoterpenoid compound (Pasteels et al. 1984). It is not known whether adult P. 

vulgatissima release defensive odors, however adults from all other species belonging to the 

tribe Chrysomelina (incl. Phyllodectina) release (non-volatile) isoxazolinone glycoside via 

defensive glands on their pronotum and elytra (Pasteels et al. 1982). 

Among P. vulgatissima, we demonstrated that salicylaldehyde can act as an attractant for 

males and that the behavior of males was influenced by host plant experience (see Figure 4). 

For other related Chrysomelidae, salicylaldehyde was described as a repellent to prevent inter- 

or intraspecific competition (Hilker 1989) or to act against natural enemies (Pasteels et al. 

1983; Hilker and Schulz 1994; Cha et al. 2009; Zvereva et al. 2010); in these species, 

salicylaldehyde is present in the larval defense secretion, but not in the adult defense secretion 

(Pasteels et al. 1984). When P. vulgatissima feeds upon salicin-rich willow plants it might 

benefit from repelling natural enemies or competitors by the salicylaldehyde emitted from 

their bodies and feces. The observation that male P. vulgatissima were attracted by 

salicylaldyde, whereas females did not respond behaviorally to it, points to a possible 

additional ecological function of salicylaldehyde in P. vulgatissima. The attractiveness of 

salicylaldehyde only to males might suggest a sex-pheromonal function. The males might be 

able to locate V- and D-beetle females by responses to common beetle volatile compounds 

(like the short-chain carboxylic acids and aldehydes), willow volatiles and additionally by 

responses to salicylaldehyde released by the beetles. If so, salicylaldehyde would only be a 

facultative component when foraging for mates, and males would require additional cues (for 

example sex-specific cuticular hydrocarbons, Geiselhardt et al. 2012) to differentiate between 

males and females. Future studies need to investigate the ecological function of the behavioral 

response of P. vulgatissima to salicylaldehyde, in combination with other volatile compounds 

released by the beetles and their host plants.  

In the present study, we detected a high phenotypic plasticity of the odor released by adult P. 

vulgatissima as well as of the sensitivity of the peripheral olfactory system of adults of this 
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willow leaf beetle species. Experience with host plant species influenced the composition of 

the beetles’ odor and the beetles’ electrophysiological response sensitivity to components of 

this odor, especially to salicylaldehyde. In addition, the male beetles’ behavioral response to 

salicylaldehyde was influenced by the host plant species they had experienced, with males 

which had fed upon a salicin-rich host exhibiting a stronger behavioral sensitivity to 

salicylaldehyde than those fed upon a salicin-poor host. We suggest that host plant-dependent 

plasticity in the chemosensory system may affect behavior of this pest insect in the field and, 

thereby, partly determine its severity as a pest. 
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Fig. 1: Electroantennographic responses (median, 25-75 % percentiles, min./max.) of female 
(A) and male (B) Phratora vulgatissima fed upon Salix viminalis (V-beetles) or S. dasyclados 
(D-beetles) to synthetic volatiles (dose 1 µg absolute on filter paper). Blank corrected 
responses to the solvent dichloromethane (line at zero) were normalized to the response to 1 
µg (Z)-3-hexenol as reference stimulus (= 100 %). Black dots indicate significant differences 
between responses to single compounds and the one to the solvent, paired Student’s t-test p ≤ 
0.05. Asterisks indicate significant differences between V- and D-beetles, Student’s t-test *: p 
< 0.05; **: p < 0.01; ***: p < 0.001; V-beetles: females N = 12, males N = 10; D-beetles: 
females N = 13, males N = 10. 
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Fig. 2: Dose-dependent electroantennographic responses (median, 25-75 % percentiles, 
min./max.) of female and male Phratora vulgatissima (N = 10) fed upon Salix viminalis (V-
beetles) or S. dasyclados (D-beetles) to synthetic volatiles releasing significant responses (see 
black dots in Figure 1). Records were made with time intervals of 1 min. Blank-corrected 
responses to the solvent dichloromethane (line at zero) were normalized to the response to 
1 µg (Z)-3-hexenol as reference stimulus (= 100 %). Dose information is given in absolute µg 
amounts that were applied on filter paper. Black dots indicate significant differences between 
responses to single compounds and the one to the solvent, paired Student’s t-test p ≤ 0.05. 
Repeated measures generalized linear mixed models were performed including the factors 
food (= host plant species), dose and combination. Detailed statistics of all performed 
comparisons are listed in Table 2, *: p < 0.05; **: p < 0.01; ***: p < 0.001; n.s.: not 
significant. Responses of V-beetles to octanoic acid and of D-beetles to heptanal see Figure 
S1, supplemental data. 
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Fig. 3: Dose-dependent electroantennographic responses (median, 25-75 % percentiles, 
min./max.) of female and male Phratora vulgatissima (N = 10) fed upon Salix viminalis (V-
beetles) or S. dasyclados (D-beetles) to nonanoic acid. In contrast to figure 2, records were 
made with time intervals of 2 min. Blank corrected responses to the solvent dichloromethane 
(line at zero) were normalized to the response to 1 µg (Z)-3-hexenol as reference stimulus (= 
100 %). Dose information is given in absolute µg amounts that were applied on filter paper. 
Black dots indicate significant differences between responses to single compounds and the 
one to the solvent, paired Student’s t-test p ≤ 0.05. Repeated measures generalized linear 
mixed models were performed including the factors food, dose and combination. Detailed 
statistics of all performed comparisons are listed in Table 2, ***: p < 0.001; n.s.: not 
significant. Responses of V-beetles to octanoic acid see Figure S2, supplemental data. 
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Fig. 4. Olfactometer bioassay: Behavioral responses of female and male Phratora 
vulgatissima reared on either Salix viminalis (V-beetles) or S. dasyclados (D-beetles) to (A) 
0.1 µg salicylaldehyde and the solvent dichloromethane (DCM) or to (B) 10 µg 
salicylaldehyde and the solvent DCM. For a bioassay, one olfactometer chamber of the four-
chamber olfactometer was provided with salicylaldehyde and the opposite chamber was 
simultaneously provided with solvent only; the two remaining chambers were left empty. 
Residence time (median, 25-75 % percentiles, min./max.) of beetles in the walking fields 
above the odor-provided (salicylaldehyde or solvent) chambers. Statistics: residence time of 
beetles in odor-provided field compared to residence time expected for null hypothesis (ER) 
(1/4 of entire observation time of 300 s): n.s.: not significant;*: p ≤ 0.05; Wilcoxon one 
sample test.  
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Table 1: Relative peak areas of headspace compounds of odor released by adult Phratora vulgatissima fed upon 
Salix viminalis (V-beetles) or S. dasyclados (D-beetles) 

Compounds RIa V-Beetlesb D-Beetlesb p levelc 

  
Median 

(25 %/75 % 
percentiles) 

Median 
(25 %/75 % 
percentiles) 

 

Carboxylic acids     

Hexanoic acid 965 
62.5 

(52.4/69.2) 
30.3 

(10.7/43.5) 
*** 

Heptanoic acid 1092 
5.0   

(4.3/8.1) 
2.9     

(0.0/4.9) 
n.s. 

Octanoic acid 1165 
14.7 

(7.9/21.9) 
12.7 

(0.0/16.5) 
n.s. 

Nonanoic acid 1261 
5.8   

(0.0/8.3) 
4.7     

(0.0/6.4) 
n.s. 

Aldehydes     

Heptanal 904 
1.6   

(0.0/4.2) 
0.3     

(0.0/6.4) 
n.s. 

Nonanal 1101 
4.1   

(2.3/6.3) 
2.3   

(1.5/10.8) 
n.s. 

Benzaldehyde 962 
4.9   

(3.1/7.7) 
4.0     

(2.0/6.4) 
n.s. 

Salicylaldehyde 1040 
0.0   

(0.0/0.0) 
42.5 

(14.5/60.4) 
*** 

a RI: retention index 
b odor of 25 beetles was sampled in a single sampling vial. For each sampling (in total, N=12 for each type of 
beetles), relative peak areas [%] were calculated by dividing the peak area of a compound by the total area of all 
compounds detected. 
c Asterisks indicate significant differences between V- and D-beetles, Mann-Whitney U test, exception hexanoic 
acid: Welch test. n.s.: p> 0.05; *** : p < 0.001 
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Table 2: Statistical evaluation of dose-dependent electroantennographic responses of female and male Phratora 
vulgatissima fed upon Salix viminalis (V-beetles) or S. dasyclados (D-beetles) to synthetic volatiles depending 
on the host plant species which the beetles were feeding upon (N = 10). Repeated measures generalized linear 
mixed models (GLMM) were performed including the factor food (= host plant species), dose and combination. 
Outputs of the analysis of deviance tables (Type II tests) of GLMMs are shown; see Figure 2 and 3. 

 Compound Factor Df Chi-sq p-level 

females: Nonanoic acid 
1 min 

food 1 0.329 <0.01 
 dose 5 84.173 < 0.001 
 food x dose 5 9.635 >0.05 

 Nonanoic acid 
2 min 

food 1 0.185 >0.05 
 dose 5 136.631 < 0.001 
 food x dose 5 4.674 >0.05 

 Nonanal 
1 min 

food 1 2.558 >0.05 
 dose 5 449.024 < 0.001 
 food x dose 5 9.472 >0.05 

 Benzaldehyde 
1 min 

food 1 3.354 >0.05 
 dose 5 822.936 < 0.001 
 food x dose 5 9.325 >0.05 

 Salicylaldehyde 
1 min 

food 1 75.510 < 0.001 
 dose 5 728.310 < 0.001 
 food x dose 5 8.766 >0.05 

males: Nonanoic acid 
1 min 

food 1 4.9110 <0.05 
 dose 5 29.210 < 0.001 
 food x dose 5 7.237 >0.05 

 Nonanoic acid 
2 min 

food 1 0.661 >0.05 
 dose 5 96.837 < 0.001 
 food x dose 5 25.551 < 0.001 

 Nonanal 
1 min 

food 1 6.775 <0.05 
 dose 5 241.847 < 0.001 
 food x dose 5 42.511 < 0.001 

 Benzaldehyde 
1 min 

food 1 0.492 >0.05 
 dose 5 363.034 < 0.001 
 food x dose 5 10.037 >0.05 

 Salicylaldehyde 
1 min 

food 1 18.349 < 0.001 
 dose 5 767.288 < 0.001 
 food x dose 5 6.646 >0.05 
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Table 3: Statistical evaluation of dose-dependent electroantennographic responses of female and male Phratora 
vulgatissima fed upon Salix viminalis (V-beetles) or S. dasyclados (D-beetles) to synthetic volatiles depending 
on time delay between stimuli of 1 or 2 minutes (1m or 2m) (N = 10). Repeated measures generalized linear 
mixed models (GLMM) were performed including the factor time, dose and combination. Outputs of the 
analysis of deviance tables (Type II tests) of GLMMs are shown; see Figure 2, 3, S1 and S2. 

 sex Compound Factor Df Chi-sq p-level 

V-beetles: male Octanoic acid time 1 0.006 >0.05 

  1 m vs. 2 m dose 5 159.067 < 0.001 
   time x dose 5 9.144 >0.05 

 female Octanoic acid time 1 3.259 >0.05 
  1 m vs. 2 m dose 5 178.657 < 0.001 
   time x dose 5 9.161 >0.05 

 male Nonanoic acid time 1 7.936 < 0.01 
  1 m vs. 2 m dose 5 63.802 < 0.001 
   time x dose 5 3.490 >0.05 

 female Nonanoic acid time 1 0.180 >0.05 
  1 m vs. 2 m dose 5 141.761 < 0.001 
   time x dose 5 7.355 >0.05 

D-beetles: male Nonanoic acid time 1 0.721 >0.05 
  1 min vs. 2 min dose 5 65.685 < 0.001 
   time x dose 5 9.898 >0.05 

 female Nonanoic acid time 1 1.806 >0.05 
  1 m vs. 2 m dose 5 73.648 < 0.001 
   time x dose 5 5.161 >0.05 
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Table 4: Statistical evaluation of dose-dependent electroantennographic responses of female and male Phratora 
vulgatissima fed upon Salix viminalis (V-beetles) or S. dasyclados (D-beetles) to synthetic volatiles depending 
on sex (N = 10). Repeated measures generalized linear mixed models (GLMM) were performed including the 
factor sex, dose and combination. Outputs of the analysis of deviance tables (Type II tests) of GLMMs are 
shown; see Figure 2, 3, S1 and S2. 

 Compound Factor Df Chi-sq p-level 

V-beetles: Octanoic acid 

1 min 

sex 1 2.636 >0.05 
 dose 5 96.703 < 0.001 
 sex x dose 5 5.785 >0.05 

 Octanoic acid 
2 min 

sex 1 0.017 >0.05 
 dose 5 297.632 < 0.001 
 sex x dose 5 6.456 >0.05 

 Nonanoic acid 
1 min 

sex 1 7.085 <0.01 
 dose 5 65.594 < 0.001 
 sex x dose 5 5.621 >0.05 

 Nonanoic acid 
2 min 

sex 1 0.212 >0.05 
 dose 5 294.893 < 0.001 
 sex x dose 5 1.629 >0.05 

 Nonanal 
1 min 

sex 1 1.638 >0.05 
 dose 5 535.335 < 0.001 
 sex x dose 5 1.812 >0.05 

 Benzaldehyde 
1 min 

sex 1 1.229 >0.05 
 dose 5 456.079 < 0.001 
 sex x dose 5 6.271 >0.05 

 Salicylaldehyde 
1 min 

sex 1 0.002 >0.05 
 dose 5 659.354 < 0.001 
 sex x dose 5 4.749 >0.05 

D-beetles: Nonanoic acid 
1 min 

sex 1 0.093 >0.05 
 dose 5 49.444 < 0.001 
 sex x dose 5 3.124 >0.05 

 Nonanoic acid 
2 min 

sex 1 3.666 >0.05 
 dose 5 64.498 < 0.001 
 sex x dose 5 13.396 <0.05 

 Heptanal 
1 min 

sex 1 0.100 >0.05 
 dose 5 401.701 < 0.001 
 sex x dose 5 19.209 <0.01 

 Nonanal 
1 min 

sex 1 0.007 >0.05 
 dose 5 597.177 < 0.001 
 sex x dose 5 8.937 >0.05 

 Benzaldehyde 
1 min 

sex 1 4.103 <0.05 
 dose 5 641.625 < 0.001 
 sex x dose 5 12.795 <0.05 

 Salicylaldehyde 
1 min 

sex 1 3.923 <0.05 
 dose 5 654.473 < 0.001 
 sex x dose 5 0.898 >0.05 
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Supplemental data: 

 

Figure S1: Dose-dependent electroantennographic responses (median, 25-75 % percentiles, min./max.) of female 
and male Phratora vulgatissima (N = 10) fed upon Salix viminalis (V-beetles) or S. dasyclados (D-beetles) to 
octanoic acid or heptanal (compare Figure 1). Records were made with time intervals of 1 min. Blank corrected 
responses to the solvent dichloromethane (line at zero) were normalized to the response to 1 µg (Z)-3-hexenol as 
reference stimulus (= 100 %). Dose information is given in absolute µg amounts that were applied on filter 
paper. Black dots indicate significant differences between responses to single compounds and the one to the 
solvent, paired Student´s t test p ≤ 0.05. Repeated measures generalized linear mixed models were performed 
including the factors food, sex and combination. Detailed statistics of all performed comparisons are listed in 
table 3, ** :p < 0.01; *** :p < 0.001; n.s.: not significant. 
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Figure S2: Dose-dependent electroantennographic responses (median, 25-75 % percentiles, min./max.) of female 
and male Phratora vulgatissima (N = 10) fed upon Salix viminalis (V-beetles) to octanoic acid. In contrast to 
figure S1, records were made with time intervals of 2 min. Blank corrected responses to the solvent 
dichloromethane (line at zero) were normalized to the response to 1 µg (Z)-3-hexenol as reference stimulus 
(= 100 %). Dose information is given in absolute µg amounts that were applied on filter paper. Black dots 
indicate significant differences between responses to single compounds and the one to the solvent, paired 
Student´s t test p ≤ 0.05. Repeated measures generalized linear mixed models were performed including the 
factors food (= host plant species), sex and combination. Detailed statistics of all performed comparisons are 
listed in table 3, *** :p < 0.001; n.s.: not significant. 
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