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Abstract: Wood-boring insects, such as Cerambyx welensii Küster, are involved in oak decline in
Mediterranean areas. To advance our understanding of the olfactory perception of C. welensii, we
recorded electroantennographic (EAG) responses from male and female antennae to 32 tree volatile
organic compounds typical of emissions from its main Quercus L. hosts, and also analysed the
dose-dependent response. Cerambyx welensii antennae responded to 24 chemicals. Eight odorants
elicited the highest EAG responses (normalized values of over 98%): 1,8-cineole, limonene-type blend,
β-pinene, pinene-type blend, sabinene, α-pinene, turpentine and (E)-2-hexenal. Cerambyx welensii
exhibits a broad sensitivity to common tree volatiles. The high EAG responses to both limonene-
and pinene-type blends suggest the detection of specific blends of the main foliar monoterpenes
emitted by Q. suber L. and Q. ilex L. (limonene, α- and β-pinene, sabinene and myrcene), which could
influence the intraspecific host choice by C. welensii, and in particular, females may be able to detect
oak trees with a limonene-type chemotype. In addition, C. welensii showed high antennal activity to
some odorants that characterize emissions from non-host tree species (1,8-cineole, β-pinene, α-pinene,
turpentine, δ3-carene and camphene). The results obtained may be applicable to optimize monitoring
and mass-trapping programmes in an integrated pest management context.
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1. Introduction

Mediterranean Quercus suber L. and Quercus ilex L. open woodlands (called montados
in Portugal and dehesas in Spain) have a high ecological, economic and cultural importance
in Western Europe and Northern Africa. Tree decline in these Mediterranean Quercus
stands is significantly influenced by wood-boring insects, such as Cerambyx welensii Küster
(Coleoptera, Cerambycidae), as these beetles act as an aggravating factor [1–3]. Hence, the
spread of wood-boring cerambycids such as C. welensii in open woodlands deserves special
attention, particularly within the context of climate change [2,3]. Cerambyx welensii is a large
cerambycid (up to 60 mm long) and its host trees are most notably Quercus species, but
also Salix L., Populus L. and Ceratonia L. [4]. Adults have crepuscular and early nocturnal
habits; the larvae bore into wood, mainly in weakened trees, causing tree branches and
trunks to break [1]. In addition, these insects facilitate infection by both plant pathogens
and wood-decaying fungi [5].

Locating a host plant is crucial for herbivorous insects to meet their nutritional re-
quirements and find suitable oviposition sites [6,7]. The role of volatile organic compounds
(VOCs) in host selection by cerambycid beetles has been investigated in more than 30
species and continues to be studied, with female search behaviour playing an important
role in determining the host plant range [8,9]. Much of the research on host attractants of
wood-boring insects has focused on bark beetles attacking conifers, largely due to their
importance as forest pests [9]. However, little is known about the role of such compounds
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in host selection by wood-borers infesting Quercus species. Plant volatiles have been con-
sidered to be involved in the recognition of damaged and weakened hosts, with ethanol
playing a role in that process [8]; in addition, visual cues have been proposed to play a
role in host location by C. welensii [10]. Research into the chemical ecology of C. welensii
may help improving the management of this pest and could, for instance, facilitate the
improvement of lures [2,11]. Electroantennography (EAG) is a valuable screening tool for
host plant volatiles [6,7] and has already been applied to cerambycid wood borers [8,9],
including species colonizing Mediterranean oak trees, such as C. welensii and Prinobius
myardi Mulsant [12–14].

The emission of isoprenoids (isoprene and monoterpenes) is widespread in the Quercus
genus, with isoprene having been found the only isoprenoid emitted by a large amount of
species (namely North American evergreen oaks and both North American and European
deciduous oaks), while monoterpene emission has been found to be specific to evergreen
oaks of the Mediterranean environment [15]. Severe environmental stress, which occurs in
summer in Mediterranean areas, induces physiological and biochemical changes in trees
that affect the monoterpene emission [16,17]. It has been proposed that constitutive terpene
emissions could play a role in abiotic stress tolerance, with monoterpenes (limonene in
particular) potentially mitigating the effects of oxidative stress [18,19]. Quercus ilex and
Q. suber are strong emitters of foliar monoterpenes, especially limonene, α-pinene, β-
pinene, sabinene and myrcene, with their relative emissions characterizing four genetically
based leaf chemotypes: a limonene type, a pinene type, an intermediate limonene/pinene
type (in Q. suber) and a myrcene type (mostly in Q. ilex) [20,21]. The colonization of
Q. suber trees by C. welensii has been associated with trees exhibiting a limonene-type
chemotype [22]. In addition, C. welensii have shown to be attracted to traps baited with
fermentation odours [11,23]. To understand the olfactory sensitivity of C. welensii to plant
volatiles, we analysed EAG responses of adult females and males to tree VOCs, namely,
host-related odours.

2. Materials and Methods
2.1. Test Substances

The odorants tested were 32 synthetic VOCs, applied either alone or in mixtures that
included the main compounds reported in Q. suber and/or Q. ilex foliar and bark emissions.
The main group, 21 VOCs, were foliar monoterpenes ((+)-limonene, α-pinene, β-pinene,
sabinene, β-myrcene, 1,8-cineole, (E)-β-ocimene, α-terpinene, γ-terpinene, α-phellandrene,
ρ-cymene, α-terpineol, δ3-carene, linalool and camphene) [20–22] and green leaf volatiles
((E)-2-hexenal, (Z)-3-hexenol, (Z)-2-hexenol and (Z)-3-hexenyl acetate) [24,25], as well as
acetic acid and ethanol [26,27]. Regarding compounds found in bark tissues, we tested
gallic and ellagic acids, the triterpenes friedelin, betulin and lupeol, as well as erythrodiol
and 3-methyl-butanol [28–30]. Turpentine (composition: 80% α-pinene, 16.2% β-pinene
and 3.8% camphene) was used as a source of VOCs characteristic of pine trees and other
conifers. Finally, three blends were created to simulate the main leaf chemotypes in Q.
ilex and Q. suber, based on the percentages of limonene, α-pinene, β-pinene, sabinene
and myrcene they contained [20]: a limonene type (56%, 19%, 12%, 7% and 6% of the
aforementioned five monoterpenes, respectively), a pinene type (5%, 43%, 31%, 12% and
9%) and a myrcene type (5%, 11%, 8%, 3% and 73%). The purity of chemicals we tested
was ≥94% (Sigma-Aldrich, Madrid, Spain).

2.2. Electroantennography

Cerambyx welensii adults were collected during the flight period, by hand picking, in
a Q. suber dehesa (Huelva, SW Spain). Insects (4.6 ± 0.5 cm long, 2.7 ± 0.7 g weight; on
average) were maintained in individual containers provided with a 4% sugar solution in
semi-darkness (at 23–32 ◦C). EAG responses were recorded 1 to 8 days (mean of 4 days)
after insect collection, as described in Sánchez-Osorio et al. [12–14]. Briefly, two capillary
electrodes filled with KCl solution were placed in contact with antennae of intact insects,
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with one of the electrodes in contact with the distal end of the antenna and the other
inserted through the membrane between scape and pedicel. Aliquots of hexane solutions
(1:1 v/v 20-µL) were prepared with each odorant tested and applied to filter paper strips
(Whatman No 1) (Sigma-Aldrich, Madrid, Spain). Previous studies demonstrated that 1:1
(v/v) concentrations did not saturate C. welensii antennae, while allowing stable recordings
several hours in duration [12,13]; moreover, it enabled us to obtain reliable EAG recordings
from the less antennally active VOCs. For stimulation, 10 mL puffs of air were blown
through Pasteur pipettes into a constant stream of purified air flowing over the antenna
(4.1 l min−1). EAG responses were recorded (in mV) using SynTech electrode holders, an
IDAC-4 acquisition controller (SynTech, Hilversum, The Netherlands) and AutoSpike32
software (SynTech, Hilversum, The Netherlands).

Exposure to different odours can induce changes of sensitivity due to habituation (de-
crease in response to a stimulus after repeated presentations) and/or sensitization (increase
in response to a stimulus of particular interest) [31]. To reduce such risk, EAG responses to
the panel of odorants were recorded for series of 5–6 randomly puffed individual odour
sources, with one replication per individual and per odour source. A 10 min rest period
was allowed between series and a 1 min interval between stimulations within a series. The
same thirteen insects (Nfemales = 7, Nmales = 6) were tested with all the compounds, except
in the cases of δ3-carene and the three stimulant blends (pinene-type, limonene-type and
myrcene-type) for which six different insects were used (Nfemales = 3, Nmales = 3).

To analyse the sensitivity threshold of the antenna of C. welensii females, we performed
a dose-response study with three of the most EAG-active odorants—1,8-cineole, β-pinene
and turpentine—besides the standard (E)-2-hexenal. These odorants were applied at
five doses increasing by orders of magnitude from 10−4:1 (846–922 ηg depending on
the odorant) to 1:1 v/v in hexane. For each odorant, dose-response was tested in five
stimulation series with three replicates for each dose. There were 1 min intervals between
series, as well as between replicates within series; and 10 min intervals between tests with
different odorants. We calculated the mean response from the three replicates of each dose.
The dose-response was tested for each of the four odorants using the same five C. welensii
females (these individuals were different from those used in the previous experiment).

EAG responses to both hexane (20 µL, used as control) and (E)-2-hexenal (used as
the standard stimulus) [12] were recorded at the beginning and end of each series. To
compensate for solvent and/or mechanoreceptive artefacts, measured EAG responses
were corrected by subtracting the mean response to the two hexane control injections
(except when comparing responses to those of the hexane controls themselves). Corrected
measures were then normalized to percentages relative to the mean EAG response to the
two injections of the standard stimulus.

2.3. Statistical Analyses

Outliers detected using Grubbs’ tests revealed intraspecific variability in EAG re-
sponse, which could be due to the different vitality of field-caught insects [12] and, hence,
the hypotheses of normality and homoscedasticity were not met in either males or females.
Robust statistical methods have been recommended in such cases [32]; in the present study,
EAG responses were compared using functions implemented in the WRS2 package [32],
based on 20% trimmed means (Mean0.2: mean obtained after removing the top and bot-
tom 20% of values). Data were analysed using either heteroscedastic analysis of variance
(ANOVA) for related samples (followed by modified Bonferroni corrections for multiple
comparisons using Rom’s method) or a bootstrap version of Yuen’s test for unrelated
samples (one-sided when the group sample sizes were unequal) [32]; when sample size did
not enable to obtain Mean0.2 values, Mann-Whitney U-test was used. Taking into account
differences we found between sexes, EAG data from males and females were treated sepa-
rately for six odorants (1,8-cineole, (E)-β-ocimene, β-pinene, α-pinene, α-terpinene and the
limonene-type blend), but pooled for the others. One-sided confidence intervals based on
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the Mean0.2 for related samples were used to assess whether normalized (uncorrected) EAG
responses to individual compounds were larger than the response to the hexane controls.

All statistical analyses were performed using the R framework (version 3.6.0), with a
cut-off of α = 0.05 for significance and α = 0.1 for marginal significance.

3. Results

EAG signals showed the typical waveform, consisting of a rapid depolarization
followed by a slower recovery phase. Yuen’s bootstrap tests revealed significant differ-
ences between sexes only for two compounds, 1,8-cineole (t = 3.66, p = 0.011) and (E)-β-
ocimene (t = 2.05, p = 0.038), while marginally significant differences between sexes were
observed for another four odorants: β-pinene, α-pinene, α-terpinene and the limonene-
type blend (EAG responses to this blend were compared by using a Mann-Whitney U-test)
(1.64 ≤ t ≤ 2.16; 0.056 ≤ p ≤ 0.080, with the limonene-type blend and α-pinene at the low-
est and highest ends of the range, respectively). (E)-2-hexenal elicited moderate responses
(0.6 ± 0.07 mV, Mean0.2 ± Error0.2, n = 32), and responses to the hexane control were very
weak (0.08 ± 0.03 mV, n = 32). There were significant differences in EAG responses to
individual compounds (i.e., ANOVA for related samples on pooled sexes dataset −n = 25,
with the same 13 insects tested−: F13 106= 42.53, p < 0.001) (Figure 1).

Seven out of thirty-two compounds (all tested triterpenes and acids, as well as erythro-
diol) elicited EAG responses that were not significantly different from hexane controls. All
odorants eliciting significant responses had a more stimulating effect on females than males
(normalized values being 24.9 ± 2.9% higher in females; mean ± SE), with the exception
of sabinene and terpineol (103.6% and 103.8%; 34.4% and 39.2%, in females and males,
respectively). Among the blends representing the three main leaf chemotypes in Q. suber
and Q. ilex, EAG responses elicited by the pinene-type blend were similar to those evoked
by α- and β-pinene individually. In contrast, the myrcene-type blend elicited higher EAG
activity than the β-myrcene did alone (83.2% and 53.1%, respectively), and female antennae
responded to the limonene-type blend more intensely than they did to limonene alone
(110.5% and 61.1%, respectively) (Figure 1).

We were able to group odorants that were significantly active into three groups based
on levels of EAG intensity (absolute Mean0.2 responses indicated within parentheses;
normalised Mean0.2 responses presented in Figure 1): a first group of 10 compounds
producing medium-intensity signals (40–75%) (compact letter display showing “d” and/or
“f”, Figure 1), those including two of the main foliar volatiles of Q. ilex and Q. suber: (+)-
limonene and β-myrcene (0.37 mV and 0.32 mV, respectively), as well as the branched
alcohol 3-methyl-1-butanol (0.45 mV); a second group that contained six odorants eliciting
responses of over 80%, which included the myrcene-type blend (0.49 mV); lastly, a notable
group of eight odorants eliciting the highest normalised EAG responses (> 98%): 1,8-cineole
(0.86 mV and 0.56 mV, females and males, respectively), the limonene-type blend (0.66 mV
and 0.51 mV, females and males, respectively), β-pinene (0.65 mV and 0.54 mV, females
and males, respectively), the pinene-type blend (0.64 mV), sabinene (0.62 mV), α-pinene
(0.61 mV and 0.47 mV, females and males, respectively), turpentine (0.60 mV) and (E)-2-
hexenal. The three strongest antennal responses were found in females after stimulation
with 1,8-cineole, the limonene-type blend and β–pinene.
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control. The response to the hexane control is included for comparison. Bars with the same letter were not significantly 
different (p > 0.05, heteroscedastic ANOVA; bootstrap version of Yuen’s test). Odorants that elicited EAG responses that 
differed between sexes are indicated with an asterisk or a circle (significant or marginally significant, respectively; boot-
strap version of Yuen’s test or Mann-Whitney U-test). 

The response to 1,8-cineole, β-pinene, turpentine and (E)-2-hexenal was significantly 
dose-dependent (Figure 2), with a significant interaction between dose and odorant 
(ANOVA: p < 0.001, p = 0.137 and p < 0.001; respectively, for dose, odorant and dose × 
odorant). No or negligible responses were elicited at 10−4:1 and low responses were elic-
ited at 10−3:1. EAG responses elicited by 1,8-cineole were higher than those elicited by 
β-pinene, turpentine and (E)-2-hexenal at 10−2:1 (p < 0.04) and 1:1 (p < 0.02). 
Dose–response profiles did not suggest that any saturation threshold had been reached. 

 

Figure 1. Mean0.2 (± Error0.2) EAG responses of Cerambyx welensii Küster to tree volatiles. Responses are expressed as
normalized percentages relative to the standard stimulus ((E)-2-hexenal), after subtracting the response to the hexane
control. The response to the hexane control is included for comparison. Bars with the same letter were not significantly
different (p > 0.05, heteroscedastic ANOVA; bootstrap version of Yuen’s test). Odorants that elicited EAG responses that
differed between sexes are indicated with an asterisk or a circle (significant or marginally significant, respectively; bootstrap
version of Yuen’s test or Mann-Whitney U-test).

The response to 1,8-cineole, β-pinene, turpentine and (E)-2-hexenal was significantly
dose-dependent (Figure 2), with a significant interaction between dose and odorant
(ANOVA: p < 0.001, p = 0.137 and p < 0.001; respectively, for dose, odorant and dose
× odorant). No or negligible responses were elicited at 10−4:1 and low responses were
elicited at 10−3:1. EAG responses elicited by 1,8-cineole were higher than those elicited by
β-pinene, turpentine and (E)-2-hexenal at 10−2:1 (p < 0.04) and 1:1 (p < 0.02). Dose–response
profiles did not suggest that any saturation threshold had been reached.



Forests 2021, 12, 1168 6 of 9Forests 2021, 12, x FOR PEER REVIEW 6 of 9 
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odorant, letters on the columns denote differences between doses. Differences between odorants at 
each dose are indicated by an asterisk (NS indicates no significant differences) (Heteroscedastic 
ANOVA for related samples, n = 5). 
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malasiaca (Thomson) [35]. Monoterpenes have been considered to play a role in host se-
lection by wood-boring cerambycids infesting deciduous tree species [8,9]. Foliar emis-
sions by the main C. welensii hosts (Q. suber and Q. ilex) were strongly dominated by 
limonene, α-pinene, β-pinene, sabinene and myrcene, with these five compounds ac-
counting for more than 87% of the overall monoterpene emission by each tree in the Q. 
suber dehesa where we collected the insects studied [22]. Using olfactory receptor neu-
rons for common VOCs allowed insects to evaluate a greater range of potential hosts 
[6,7]. Our results demonstrated that C. welensii had an olfactory sensitivity to a wide 
range of common tree VOCs, with the three pinene-related compounds (α-pinene, 
β-pinene and sabinene) being among the eight odorants that were most antennally active 
of all those tested. Limonene and myrcene elicited moderate EAG responses (normalised 
values < 62%). Differences in foliar monoterpene emissions were reported between Q. 
suber trees highly infested by C. welensii and non-infested neighbouring trees, the former 
having high emissions of limonene and the latter of pinene-type compounds [22]. In C. 
welensii, both limonene- and pinene-type blends were more antennally active than the 
myrcene-type blend (this chemotype being rare in Q. suber); further, female antennae 
showed a high sensitivity to the limonene-type blend, as well as to both β-pinene and 
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Antennally active odorants may mediate behavioural responses other than attrac-
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are expressed as normalized percentages relative to the standard stimulus (E)-2-hexenal. For each
odorant, letters on the columns denote differences between doses. Differences between odorants
at each dose are indicated by an asterisk (NS indicates no significant differences) (Heteroscedastic
ANOVA for related samples, n = 5).

4. Discussion

Cerambycid species have shown to be highly selective of host trees regardless of
forest type, especially saproxylophagous insects, as they have to deal with a feeding
resource that changes constantly in quality and contains defensive compounds [33,34]; in
addition, wood borers make adaptive decisions regarding the selection of suitable host
plants both before and after landing on potential hosts, as reported in Anoplophora malasiaca
(Thomson) [35]. Monoterpenes have been considered to play a role in host selection
by wood-boring cerambycids infesting deciduous tree species [8,9]. Foliar emissions by
the main C. welensii hosts (Q. suber and Q. ilex) were strongly dominated by limonene,
α-pinene, β-pinene, sabinene and myrcene, with these five compounds accounting for
more than 87% of the overall monoterpene emission by each tree in the Q. suber dehesa
where we collected the insects studied [22]. Using olfactory receptor neurons for common
VOCs allowed insects to evaluate a greater range of potential hosts [6,7]. Our results
demonstrated that C. welensii had an olfactory sensitivity to a wide range of common tree
VOCs, with the three pinene-related compounds (α-pinene, β-pinene and sabinene) being
among the eight odorants that were most antennally active of all those tested. Limonene
and myrcene elicited moderate EAG responses (normalised values < 62%). Differences
in foliar monoterpene emissions were reported between Q. suber trees highly infested
by C. welensii and non-infested neighbouring trees, the former having high emissions of
limonene and the latter of pinene-type compounds [22]. In C. welensii, both limonene-
and pinene-type blends were more antennally active than the myrcene-type blend (this
chemotype being rare in Q. suber); further, female antennae showed a high sensitivity to
the limonene-type blend, as well as to both β-pinene and α-pinene.

Antennally active odorants may mediate behavioural responses other than attraction
and may even be repellent, some conifer-related monoterpenes having been shown to
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discourage species attacking deciduous hosts [9]. Moreover, the same volatile odorants can
function as both host and non-host cues, depending upon the context (the complete blend
of compounds emitted by each plant species) in which they are perceived [36]. Olea europaea
L., Pinus pinea L. and Pinus halepensis Miller are some of the non-host tree species that are
most frequently found in the same stands as Q. suber and Q. ilex. All these three species
are low monoterpene emitters, their foliar emissions being just 3.2–7.7% (O. europaea and P.
halepensis, respectively) of those reported for Q. suber [37]. The terpene pool in these Pinus
species mostly contains α-pinene, β-pinene, camphene, δ3-carene, myrcene, 1,8-cineole
and linalool [16,17], while O. europaea foliar emissions have been reported to comprise only
(E)- and (Z)-ocimene [37]. It has been suggested that the recognition of non-host-related
compounds is a relevant cue in host selection by Cerambycidae [9], with such a process
having been tentatively proposed for P. myardi, a wood-boring cerambycid sympatric
to C. welensii [14]. Cerambyx welensii showed high antennal activity in response to VOCs
characterizing non-host emissions, such as 1,8-cineole, the three pinene-related compounds,
the turpentine blend, camphene and δ3-carene; in addition, C. welensii females exhibited a
greater antennal sensitivity to (E)-β-ocimene than males.

Cerambyx welensii has been found to mainly colonize weak, damaged or old trees, as
have been reported for other Cerambycidae species [1,9]. Traps baited with synthetic blends
mimicking emissions from fermenting plant material, such as those from bark exudates
frequently found in Q. ilex and Q. suber, proved to be attractant to C. welensii; while lures
exclusively based on monoterpenes (limonene, α-pinene and β-pinene, both individually
and combined) were less effective in attracting this species [23]. It also showed an antennal
response to two compounds included in the synthetic blends, namely, 3-methyl-butanol
and ethanol (normalized EAG responses: 74.2% and 18.3%, respectively). Another two
antennally active compounds, (E)-2-hexenal and (E)-β-ocimene, have been associated with
emissions from wounded leaves of Quercus species [38].

EAG studies are useful for understanding the sensitivity of insect antennae to volatile
compounds, even though EAG responses provide no insight into behavioural responses. A
potential problem in establishing the relative effectiveness of stimuli in EAG screenings is
the sometimes wide difference in volatility among test compounds [39]. In our study, the
poor responses to ellagic and gallic acids, as an example, could have been due to their low
volatility. The ranking of EAG responses in Dioryctria abietivorella (Grote) to (E)-2-hexenal
and (E)-3-hexenyl acetate changed relative to those elicited by some terpenes ((-)-α-pinene,
(-)-limonene and (-)-E-caryophyllene) when the stimuli solutions were corrected to present
equimolar airborne concentrations; however, the correction of concentrations had no effect
on the ranking of responses to these monoterpenes and sesquiterpene relative to each
other [39]. EAG amplitudes have been proposed to depend mainly on the sensitivity of
the olfactory system [40], and references therein, even though differences in volatility of
test odorants may result in a different amount of molecules reaching the EAG preparation.
Our results allow us to formulate a tentative three-factor hypothesis regarding reliance on
common tree volatiles in host selection by C. welensii in Quercus open woodlands, which
should be further explored. As a first factor, the recognition of individual or specific blends
of strong EAG-active ubiquitous volatiles —β-pinene, α-pinene, 1,8-cineole, camphene
and δ3-carene—may help distinguish suitable from unsuitable hosts on a long-range
scale. As a second factor, specific ratios of the main host-related monoterpenes (α- and
β-pinene, sabinene, limonene and myrcene) may help C. welensii to discriminate between
host leaf chemotypes, females possibly playing a key role in detecting the limonene-type
chemotype. As a third factor, C. welensii may use specific ratios of odorants eliciting low-
to-moderate EAG responses to identify blends of volatiles characterizing wounded trees
(e.g., ethanol, 3-methyl-butanol, (E)-β-ocimene, or some GLVs), which could also favour
conspecific encounters.

Semiochemicals, such as host plant volatiles, that mediate insect behaviours have
potential applications in integrated pest management for monitoring and mass-trapping
programmes [8,9]. Our results are promising for such applications in C. welensii, especially
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in the context of declining oak stands, as is the case for Q. ilex and Q. suber open woodlands.
Nonetheless, future research should focus on improving electrophysiological testing (espe-
cially larger dose-response analyses) for tree volatiles, as well as conducting behavioural
bioassays (field trials with baited traps and olfactometric studies) to thoroughly investigate
the activity induced by EAG-active odorants.
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