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effect displayed by the minor component for a more effective 
discrimination of the pheromone bouquets of other closely 
related species are highlighted.
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Introduction

Moths rely mainly on their olfactory system to perceive 
chemical cues, which provide the necessary information to 
locate resources, e.g., for finding potential mates, food or 
suitable oviposition sites. In this regard, the ability of males 
to find females is mediated by species-specific pheromone 
blends emitted by conspecific females, which activate phero-
mone-sensitive male olfactory sensory neurons (OSNs) with 
a high degree of sensitivity (Hansson 1995). In this process, 
a series of behavioral responses are induced in both sexes to 
facilitate a successful mating. It is well known, however, that 
odorant-evoked behavioral responses can be affected by pre-
exposure to female-produced sex pheromone or synthetic 
attractants reducing male attraction to the pheromone, as 
observed, f.i., in the cabbage looper Trichoplusia ni (Kue-
nen and Baker 1981), the Oriental fruit moth Grapholita 
molesta (Figueredo and Baker 1992), the tobacco budworm 
moth Heliothis virescens (Daly and Figueredo 2000), or the 
oblique banded leaf roller Choristoneura rosaceana (Stel-
inski et al. 2003a). Changes in odorant-induced behavioral 
output can be induced by exposure to different odors in two 
directions: habituation and sensitization. Habituation is the 
process in which the behavioral response to a repeated or 
long presentation of a specific stimulus is reduced (Duerr 
and Quinn 1982; Rankin et  al. 2009). Sensitization, in 
contrast, involves a gradual increase in the response to a 

Abstract  In insects, the olfactory system displays a high 
degree of plasticity. In Spodoptera littoralis, pre-exposure 
of males to the sex pheromone has been shown to increase 
the sensitivity of the olfactory sensory neurons at peripheral 
level. In this study, we have investigated this sensitization 
effect by recording the electroantennographic responses of 
male antennae to the major sex pheromone component (Z,E)-
9,11-tetradecadienyl acetate and to the minor components 
(Z,E)-9,12-tetradecadienyl acetate and (Z)-9-tetradecenyl 
acetate. Responses to the conjugated diene acetate at 1 and 
10 µg and to the unconjugated ester at 10 µg at three differ-
ent times (11, 22 and 33 min) after pre-exposure (T = 0 min) 
were significantly higher than those at T = 0, whereas no 
increase of sensitivity to the pheromone was elicited by any 
dose of the minor monoene acetate. In addition, pre-exposed 
antennae to sub-threshold amounts (0.1, 1 and 10 ng) of 
the major pheromone component also induced an increased 
response to the chemical at different times (5 and 15 min) 
after exposure. Our results revealed that pre-exposed iso-
lated antennae display a short-term higher sensitivity at the 
peripheral level when compared to naive antennae. In addi-
tion, we provide evidence of a peripheral sensitization medi-
ated not only by the major pheromone component, but also 
by the minor unconjugated diene acetate, and the induction 
of this sensitivity appears to be dependent on the pre-expo-
sure dose and the time span between pre-exposure and sub-
sequent recordings. Possible implications of the sensitization 
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stimulus after a previous exposure without any learned asso-
ciation (Bernays and Chapman 1994; Grubb and Thomp-
son 2004). While olfactory habituation is mainly related to 
changes at the antennal lobe level (Das et al. 2011), sensiti-
zation has also been suggested to affect outer dendritic seg-
ments in peripheral OSNs (Mukunda et al. 2016), albeit the 
neural basis still remains unclear. In Lepidoptera, as cited 
above, pre-exposure to sex pheromone induces habituation 
and, therefore, a decrease in the response to the natural 
attractant (Bartell and Lawrence 1973; Figueredo and Baker 
1992; Daly and Figueredo 2000). Regarding sensitization, 
in insects there are scarce reports that often refer to a cross-
effect mediated by plant volatiles which modulates the sub-
sequent response to pheromone compounds. For instance, 
a constant exposure to plant volatiles in C. rosaceana and 
Argyrotaenia velutinana induced an increase in the response 
to plant volatiles and to the major pheromone component 
(Z)-11-tetradecenyl acetate (Stelinski et al. 2003b). In this 
case, octopamine was suggested to play a key role in the 
sensitization process, since octopamine-injected individuals 
with no pre-exposure responded similarly than pre-exposed 
insects. Also, in Rynchophorus palmarum a first stimula-
tion of acetoin reversibly sensitized the response of OSNs to 
the aggregation pheromone (4S)-2-methyl-(5E)-hepten-4-ol 
(Saïd et al. 2005). To our knowledge, only on the Egyptian 
cotton leafworm Spodoptera littoralis and Agrotis ipsilon, a 
sex pheromone-mediated sensitization (behaviorally, in the 
latter) has been reported (Anderson et al. 2003, 2007; Guer-
rieri et al. 2012; Quero et al. 2014; Abrieux et al. 2016). S. 
littoralis is a polyphagous pest of more than 80 agricultural 
crops, among others cotton, maize, rice, alfalfa, soybean and 
vegetables. The sex pheromone depends on the origin of the 
strain and is composed of up to eleven 14-carbon acetates, 
being (Z,E)-9,11-tetradecadienyl acetate (Z9,E11-14:OAc) 
always the major component (Muñoz et al. 2008; Saveer 
et al. 2014). In this insect, modulation of the pheromone 
perception was firstly reported by Anderson et al. (2003, 
2007), who showed a long-term sensitization when males 
were pre-exposed to the female sex pheromone. Thus, pre-
exposed males responded more significantly than naive 
males in behavioral assays conducted 27 h after exposure 
(Anderson et al. 2003). In addition, recordings from antennal 
lobe neurons 24 h post-exposure revealed an increase in the 
sensitivity of interneurons and a lower response threshold 
in pre-exposed males (Anderson et al. 2007). However, no 
changes of the peripheral receptors were detected in elec-
troantennographic recordings indicating that experience of 
the pheromone may elicit changes in the central nervous 
system (Anderson et al. 2007). Later, Guerrieri et al. (2012) 
reported an increase of the peripheral sensitivity to the main 
pheromone component on pre-exposed males to the natu-
ral attractant. In addition, one gene encoding pheromone 
binding protein-3 (PBP3) showed a small but significant 

upregulation upon pre-exposure, and one glomerulus 
responsive for processing the major pheromone component 
was significantly enlarged in pre-exposed males relative to 
naive insects (Guerrieri et al. 2012).

Recent studies from our group have provided evidence 
of a short-term sensitization after a brief exposure to the 
major pheromone component on antennae of S. littoralis in 
electroantennographic recordings (Quero et al. 2014). One 
of the major questions arising from this report is whether 
the increased response to the pheromone is solely restricted 
to the major component alone or to other biologically 
active compounds as well, such as other pheromone com-
ponents, plant volatiles, etc. To address this point, we have 
pre-exposed excised antennae of S. littoralis to the major 
pheromone compound and to the minor components (Z,E)-
9,12-tetradecadienyl acetate (Z9,E12-14:OAc) and (Z)-
9-tetradecenyl acetate (Z9-14:OAc) at different times after 
exposure, and measured the EAG responses to subsequent 
stimuli of the specific compound. The two minor compounds 
have been selected based on the olfactory receptors tuned 
to both compounds, i.e., SlitOR6 has been found highly 
specific to the unconjugated diene acetate (Montagné et al. 
2012), and SlitOR13 appeared also to be tuned to the same 
component and to the monoene acetate as well although in 
a less sensitive manner (de Fouchier et al. 2015). In addi-
tion, we wonder whether pre-stimuli with very low doses of 
the major compound, similar to the mean amount present in 
pheromone glands (Martínez and Camps 1988), would also 
induce sensitization. This would disclose the threshold of 
the sensitization effect.

Materials and methods

Insects

Spodoptera littoralis specimens were obtained from a 
laboratory colony regularly maintained at the Institute of 
Advanced Chemistry of Catalonia (Barcelona, Spain). Lar-
vae were reared at 25 ± 2 °C and 65 ± 10% RH with a 
reversed 16:8 h L:D photoperiod on an artificial diet slightly 
modified from the previously reported (Poitout and Bues 
1974). Newly emerged males were isolated individually in 
cubic plastic containers (14 × 17 × 9 cm) until use and pro-
vided with a 10% sucrose solution ad libitum. Virgin males 
of 1–4 days old were used in all the assays.

Chemicals

Z9,E11-14:OAc (>95% purity by GC analysis), Z9,E12-
14:OAc (94.5%), and Z9-14:OAc (95%) were purchased 
from Bedoukian Research, Inc. (Danbury, CT, USA). 
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n-Hexane (SupraSolv®) was obtained from Merck (Darm-
stadt, Germany).

Electroantennographic recordings

The electroantennogram apparatus was commercially avail-
able from Syntech (Hilversum, The Netherlands) and the 
methodology used was based on standardized protocols 
(Acín et al. 2010). Briefly, one antenna from a non-anes-
thetized male was excised, and mounted on an electrode 
holder (Syntech, Kirchzarten, Germany). The basal tip of the 
antenna was placed on the reference electrode, and the distal 
tip, from which the last 2–3 antennomeres had been previ-
ously cut, on the recording electrode. A drop of conductive 
gel Spectra 360 (Parker Lab. Inc., Hellendoorn, The Nether-
lands) was added to each electrode to facilitate adhesion of 
the antenna. A flow of humidified pure air (ca. 750 mL/min) 
was continuously directed over the preparation through the 
main branch of a glass tube (7 cm long × 5 mm diameter) to 
clean the environment of the antennae and prevent desicca-
tion. The holder containing the antenna was placed 1.0 cm 
below the main branch of the air-delivery tube. Test stimu-
lations were carried out by giving puffs of air (ca. 200 mL/
min) for 200 ms through a Pasteur pipette with the aid of a 
CS-01 stimulus controller (Syntech). The pipette contained 
a piece of round filter paper (Whatman No.1) (2.5 cm diam-
eter), which contained either the solvent (hexane, 10 µL) 
alone as control or the corresponding amount of the phero-
mone component that had been dissolved in hexane at the 
required concentration, so that 10 µL of the solution pro-
vided the required dose for the experiment. The solvent was 
allowed to evaporate before the tests. Two consecutive stim-
ulations of each testing dose and compound were applied at 
60-s intervals over the antennae. Control puffs were applied 
before and after each pair of stimuli to determine the base-
line depolarization of the antennae. The output signals were 
amplified (10×), filtered (DC to 1 kHz) with an IDAC-2 
interface (Syntech), further amplified (10×), digitized on 
a PC and analyzed with the EAG Pro Version 2.0 (2005) 
(Syntech). The whole EAG preparation was enclosed in a 
Faraday cage (70 × 65 × 60 cm) connected to the ground to 
prevent extraneous electric signals. The net electroantenno-
graphic responses were calculated by subtracting the mean 
response to control before and after each stimulus from the 
mean response to the pheromone component.

Experiments

All the assays were carried out during the insects’ scoto-
phase (10:00 am–18:00 pm). First, EAG dose–response 
profiles for the major pheromone component (10–105 ng) 
were obtained for the excised right and left antenna of 

the insects, to discard any laterality in the olfactory 
response, as could occur f.i. in social bees (Anfora et al. 
2010). Recordings for both antennae were obtained from 
8 males. In pheromone pre-exposure trials, two different 
set of assays were defined. In the first set (Experiment I), 
one randomly selected antenna of each male was excised 
and initially stimulated with a puff over 1 or 10 µg of 
either Z9,E11-14:OAc, Z9,E12-14:OAc or Z9-14:OAc, and 
subsequent responses to puffs over 1 or 10 µg of the same 
compound were recorded at three different times (11, 22 
and 33 min). Ten antennae were tested for each compound 
and dose. In the second set (Experiment II), one antenna 
of each male was labeled as “treated” and the other one as 
“naive” (control). After being excised, treated antennae 
were placed on the EAG holder and pre-exposed to a puff 
of different doses (0.1, 1 and 10 ng) of Z9,E11-14:OAc, 
and then subjected to puffs over 1 µg of this compound at 
5 or 15 min after the pre-exposure. The net EAG responses 
were compared to those of the naive antennae, which were 
stimulated only with puffs over 1 µg of the major compo-
nent at 5 or 15 min after being excised. Ten antennae were 
tested for each pre-exposure dose and time.

Statistical analysis

Prior to the analysis, data were checked for normality and 
outliers. When needed, a log-transformation was applied 
to normalize the data. Mean depolarization values to the 
doses of the major pheromone component were com-
pared using Kruskal–Wallis and Wilcoxon matched-pairs 
signed-rank non-parametric tests. For Experiment I, in 
which each insect had a profile with four sequential and 
correlated responses over time, a multilevel model (linear 
random-intercept regression model, LRIRM) was fitted 
using restricted maximum likelihood (REML) estimation 
method taking into account the variability within insect 
and between insect. Time, doses and their first order inter-
action were the covariates of the model at cluster (i.e., 
insect) or level-2. For each LRIRM, residual diagnostics, 
goodness of fit of the model, estimation of standard devia-
tions at insect (level-2, √σu

2) and observation levels (level-
1, √σe

2), conditional intraclass correlation coefficient (ρ) 
and determination coefficient (R2) (Snijders and Boske 
2012) were also performed. As the adjustment of the 
model predicted log-depolarization mean values and their 
95% confidence intervals, the exponential function was 
computed on these values to express them on the original 
scale. Percent increases derived from the predicted values 
and their 95% confidence intervals were also calculated. 
All the analyses were conducted using the statistical soft-
ware Stata 12.0 (StataCorp 2011) and tests were two-sided 
for a significance level α = 0.05.
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Results

Dose–response curves and laterality

EAG responses from right and left antennae were compared 
to determine possible differences in sensitivity between 
them. A similar response profile was observed for both 
antennae (Kruskal–Wallis test for all doses: p = 0.788), with 
an expected increase of the response in a dose-dependent 
manner (Fig. 1). No significant differences were apparent 
between the response of both antennae at any of the doses 
tested (Wilcoxon matched-pairs signed-rank test: for 10 ng, 
p = 0.116; 100 ng, p = 0.176; 1 µg, p = 0.116; 10 µg, 
p = 0.484; and 100 µg, p = 0.779). Based on the absence of 
laterality, the antennae to be tested in experiments I and II 
were randomly selected for each individual.

Experiment I: effect of pre‑exposure to different 
pheromone components

A pre-stimulus of the antenna with 1 or 10 µg of Z9,E11-
14:OAc elicited a significant increase of the response to subse-
quent stimuli of this chemical at different times (Fig. 2a). Thus, 
dose of 1 µg induced a significant increase of the response of 
41.6, 63.3 and 78.2% at 11, 22 and 33 min, respectively, com-
pared to the response obtained with the first stimulus (control, 
T = 0 min) (Table 1). At the dose of 10 µg, the increase of the 
response was slightly lower but statistically significant (27.5, 
49.3 and 44.4% for 11, 22 and 33 min, respectively) vs con-
trol (Fig. 2a; Table 1). With regard to the minor component 
Z9,E12-14:OAc, the increase in sensitivity was only observed 
at the highest dose (10 µg), eliciting an increase of 49.5, 51.1 

and 64.0% at 11, 22 and 33 min, respectively, vs control, simi-
larly to the values evoked by pre-exposure to 1 µg of the major 
component (Fig. 2b; Table 1). The stimulus with 1 µg did not 
trigger any changes in the antennal response. Illustrative EAG 

Fig. 1   Dose-response profile of right and left antennae of virgin S. 
littoralis males in response to five doses (10–100,000 ng) of Z9,E11-
14:OAc. No significant differences were found between the response 
of both antennae at any of the doses tested (Wilcoxon matched-pairs 
signed-rank test at α  =  0.05). Line inside the box represents the 
median depolarization of the corresponding data set; black dot outlier

Fig. 2   Mean electroantennographic response (mV  ±  95% CI) of S. 
littoralis male antennae when stimulated with different pheromone 
components at 11, 22 and 33 min after the first stimulus (T = 0 min). 
Asterisks within each dose for each compound denote statistically 
significant differences in the mean response at an specific time with 
regard to that elicited at T = 0 min (p < 0.05)
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responses at T = 0, and 11, 22 and 33 min after pre-exposure 
are shown in Fig. 3. In contrast, the monoene minor com-
ponent Z9-14:OAc did not induce significant changes in the 
response when the antennae were pre-stimulated at any of the 
tested doses (Fig. 2c; Table 1). Based on the lack of sensitiza-
tion elicited by the latter compound, we decided not to test the 
other minor component Z9-12:OAc, which had been noticed 
to induce responses also on SlitOR3, but lower than its analog 
Z9-14:OAc (de Fouchier et al. 2015).

Analysis by LRIRM showed a significant effect of the dose 
in both minor components although not in the major com-
pound, which, in turn, displayed a significant effect when 
responses at different times were compared to that at T = 0 
(Table 2). The interaction between the two covariates (dose 
and time) was found not significant, although a trend towards 
significance (0.05 < p ≤ 0.10) was detected at 10 µg and 
33 min for the two dienic acetates.

Experiment II: effect of pre‑exposure to low doses 
of the major pheromone component

After perceiving that pre-exposure to doses of 1 and 10 µg 
of Z9,E11-14:OAc increased the sensitivity to subsequent 
stimulus, we focused on the search of the lowest thresh-
old dose of the major pheromone component to induce a 

significant sensitization effect. A pre-stimulus with 0.1 ng 
of Z9,E11-14:OAc did not induce any change in the subse-
quent response to 1 µg of the major component after 5 and 
15 min in comparison to naive antennae (control) (Fig. 4a, b; 
Table 3). Pre-exposure to 1 and 10 ng of the acetate induced, 
however, a significant increase of the response after 5 min 
(58.3% at 1 ng) and after 5 and 15 min at 10 ng (38.9 and 
25.1%, respectively). No effect was observed by pre-expo-
sure of 1 ng after 15 min (Fig. 4b; Table 3). Illustrative EAG 
responses of both types of antennae (naive and pre-exposed 
to the major pheromone compound) are shown in Fig. 5.

Analysis by LRIRM revealed that neither the covariates 
antenna (pre-exposed or not) nor dose showed a significant 
effect (Table 4). A significant first order interaction between 
the covariates antenna and dose was detected, although 
the second order interaction was only close to significant 
(Table 4).

Discussion

Behavioral responses in insects may vary according to sev-
eral factors, such as physiological stages, biotic and abiotic 
environmental factors, and previous experience (Gadenne 
et al. 2016). In S. littoralis, for instance, the response of 
males to the sex pheromone can vary as a function of the 
circadian rhythm (Merlin et al. 2007) and mating status 
(Kromann et al. 2015). This behavioral plasticity acts as 
an adaptive mechanism, enabling the insects to cope with 
a wide range of stimuli in a changing environment. Previ-
ous studies in males have shown that prior experience of 

Table 1   Percent increase of the mean predicted response to three 
pheromone components of S. littoralis males at different times 
referred to that at T = 0 min

Asterisks denote statistical significance at α = 0.05 level
a  95% confidence interval

Dose  
(µg)

Time  
(min)

Increase of 
response (%)

(95% CI)a

Z9,E11-14:OAc 1 11 41.6* (23.30; 62.63)
22 63.3* (42.24; 87.60)
33 78.2* (55.19; 104.69)

10 11 27.5* (6.44; 52.70)
22 49.3* (24.69; 78.89)
33 44.4* (20.55; 72.95)

Z9,E12-14:OAc 1 11 32.4 (−5.98; 92.06)
22 42.2 (−0.48; 103.30)
33 −7.7 (−35.43; 31.90)

10 11 49.5* (6.38; 110.20)
22 51.1* (7.50; 112.42)
33 64.0* (16.69; 130.58)

Z9-14:OAc 1 11 −8.5 (−30.66; 20.81)
22 −9.1 (−31.11; 20.02)
33 −10.5 (−32.19; 18.13)

10 11 2.4 (−19.72; 30.64)
22 11.8 (−12.35; 42.63)
33 1.1 (−21.24; 29.81)

Fig. 3   Illustrative electroantennographic responses of an excised 
antenna to 10 µg of Z9,E12-14:OAc at T = 0 min (pre-exposure) and 
three different times after pre-exposure. Horizontal black bar upon 
each trace denotes the duration of the puffed stimulus
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the sex pheromone increases the sensitivity to this stimu-
lus at central and peripheral levels (Anderson et al. 2003, 
2007; Guerrieri et al. 2012; Quero et al. 2014). Here, we 
present evidence that a brief exposure to the major phero-
mone component Z9,E11-14:OAc and to the minor Z9,E12-
14:OAc on excised antennae of S. littoralis males induces 
higher responses to successive stimuli not only to the major 
compound, as reported previously (Quero et al. 2014), but 
also on the diene minor component. No sensitization effect, 
however, was observed on the monoene minor component 
Z9-14:OAc. Three functional classes of sensilla have been 
identified so far on male antennae of S. littoralis: a long 
trichoid sensilla (LT1) housing one OSN population tuned 
to the major pheromone component (Ljungberg et al. 1993; 

Quero et al. 1996); another less-abundant type (LT2) hous-
ing two OSNs, one of them tuned to the diene minor com-
ponent and to the behavioral antagonist Z9-14:OH (Ljung-
berg et al. 1993); and a third long trichoid sensilla (LT3), 
located on the distal part of the antennae, which housed 
one OSN responding to the minor diene acetate and to the 
minor monoene acetates Z9-14:OAc and Z9-12:OAc (de 
Fouchier et al. 2015). The short-term peripheral sensitiza-
tion observed in our EAG experiments was triggered by two 
doses of the major component (1 and 10 µg) and by the high-
est dose (10 µg) of the minor component Z9,E12-14:OAc. 
This difference in sensitivity is probably related with the 
higher abundance of pheromone receptors (PRs) respond-
ing to the major component relative to the minor compound 

Table 2   Effect of dose and time on the antennal response of S. littoralis males to different pheromone components (Experiment I)

REML estimates derived from the linear random-intercept model. Estimated regression coefficients and their 95% confidence intervals (CI) are 
reported under “fixed part” and the standard deviations under “random part”
ρ conditional intraclass correlation coefficient, R2 determination coefficient
* p ≤ 0.05; o0.05 < p ≤ 0.10
a  Reference categories in parenthesis

Z9,E11-14:OAc Z9,E12-14:OAc Z9-14:OAc

Number of observations 108 84 91
Number of insects 27 21 23 
Observations per insect 4 4 Min = 3, 

max = 4 
(mean = 3.957)

Response variable
 Log (depolarization mean, mV)

Fixed parta Coef. (95% CI) Coef. (95% CI) Coef. (95% CI)

Dose (1 µg)
 10 µg 0.220 (−0.055; 0.496) 1.098* (0.589; 1.606) 0.530* (0.087; 0.972)

Time (0)
 11 min 0.348* (0.209; 0.486) 0.295 (−0.062; 0.653) −0.089 (−0.366; 0.189)
 22 min 0.491* (0.352; 0.629) 0.352 (−0.005; 0.710) −0.095 (−0.373; 0.182)
 33 min 0.578* (0.440; 0.716) −0.080 (−0.437; 0.277) −0.111 (−0.388; 0.167)

Dose by time interaction (10 µg, 0 min)
 10 µg, 11 min −0.105 (−0.332; 0.122) 0.107 (−0.387; 0.600) 0.112 (−0.257; 0.482)
 10 µg, 22 min −0.090 (−0.317; 0.138) 0.060 (−0.433; 0.554) 0.207 (−0.162; 0.576)
 10 µg, 33 min −0.211o (−0.438; 0.017) 0.576o (−0.082; 1.069) 0.122 (−0.251; 0.495)

Constant −0.113 (−0.280; 0.055) −1.313* (−1.682; −0.945) −0.568* (−0.901; −0.235)

Random part

Estimate of the random-intercept 
(insect level or level-2) standard 
deviation (√σu

2)

0.286 0.433 0.433

Estimate of the residual (observation 
level or level-1) standard deviation 
(√σe

2)

0.206 0.407 0.317

Derived estimates
 ρ 0.659 0.530 0.652
 R2 47.57% 55.68% 24.03%
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(Ljungberg et al. 1993; Quero et al. 1996; de Fouchier et al. 
2015).

Four possible PRs have been identified in the S. littoralis 
male transcriptome (Legeai et al. 2011). By expression in 
Drosophila OSNs, two of them, SlitOR6 and SlitOR13, have 
been found to detect minor pheromone components, being 
SlitOR6 highly sensitive to the diene acetate Z9,E12-14:OAc 
(de Fouchier et al. 2015). SlitOR13, in turn, was less sensi-
tive and non-specific since it displayed similar responses to 
the minor diene and the monoene Z9-14:OAc in addition to 
smaller responses to Z9-12:OAc (de Fouchier et al. 2015). 
This receptor appeared to be housed in the third type of 
sensilla LT3 (see above). The lack of sensitization elicited 
by the monoene acetate Z9-14:OAc could be explained by 
the lower sensitivity displayed by SlitOR13. The absence 

of the sensitization effect would not be related either to the 
removal of the last 2–3 flagellomeres of the antenna because 
according to Binyameen et al. (Binyameen et al. 2012) the 

Fig. 4   Mean electroantenno-
graphic response (mV ± 95% 
CI) of naive and treated anten-
nae of S. littoralis males to 
1 µg of Z9,E11-14:OAc after 
being previously stimulated 
with different amounts of the 
chemical. Asterisks within 
each dose denote statistically 
significant differences between 
the responses of both types of 
antenna (p < 0.05)

Table 3   Percent increase of the mean predicted response to 1 µg of 
Z9,E11-14:OAc of pre-exposed antennae at different times and doses 
of the major pheromone component

Asterisks denote statistical significance at α = 0.05 level
a  95% confidence interval

Pre-exposure 
dose (ng)

Time (min) Increase of 
response (%)

(95% CI)a

0.1 5 4.2 (−13.16; 24.95)
15 −1.5 (−18.57; 19.25)

1 5 58.3* (34.77; 86.05)
15 7.1 (−11.47; 29.66)

10 5 38.9* (17.51; 64.21)
15 25.1* (3.41; 51.44)

Fig. 5   Illustrative electroantennographic responses of naive anten-
nae (upper traces) and pre-exposed antennae with Z9,E11-14:OAc 
(10  ng) (lower traces) to puffs of 1  µg of Z9,E11-14:OAc at 5 and 
15 min. Horizontal black bar upon each trace denotes the duration of 
the puffed stimulus
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distal part of the antenna would comprise at least up to 15 
flagellomeres.

The sensitization evoked by a minor component such 
as Z9,E12-14:OAc is remarkable because it may convey 
implications of ecological relevance. As in many moths, 
Spodoptera spp. shares the same components in their sex 
pheromone bouquets (Guerrero et al. 2014). This overlap-
ping in pheromone composition could induce interspecific 
interactions, including olfactory-guided heterospecific 

attraction and cross mating, with severe ecological and 
evolutionary consequences (Groning and Hochkirch 
2008; Burdfield-Steel and Shuker 2011). For instance, the 
pheromone blend of the sibling species S. litura includes 
the dienes Z9,E11-14:OAc and Z9,E12-14:OAc and the 
monoenes Z9-14:OAc and E11-14:OAc, all of them also 
found in S. littoralis (Guerrero et al. 2014; Saveer et al. 
2014) although the unconjugated diene acetate has only 
been reported in some strains and in low relative amounts 

Table 4   Effect of pre-exposure dose, recording time and treated/naive antenna on the antennal response to the major pheromone component of 
S. littoralis (Experiment II)

REML estimates derived from the linear random-intercept model. Estimated regression coefficients and their 95% confidence intervals are 
reported under “fixed part” and the standard deviations under “random part”
ρ conditional intraclass correlation coefficient, R2 determination coefficient
* p ≤ 0.05; o0.05 < p ≤ 0.10
a  Reference categories in parenthesis in fixed part
b  Antenna covariate (treated/naive) refers to whether antenna was pre-exposed or not

Number of observations 136
Number of insects 68
Observations per insect 2
Response variable
Log (depolarization mean, mV)

Fixed parta Coef. (95% CI)

Dose (0.1 ng)
 1 ng −0.007 (−0.263; 0.249)
 10 ng −0.155 (−0.416; 0.105)

Time (5 min)
 15 min 0.266o (−0.012; 0.544)

Dose by time interaction (0.1 ng, 15 min)
 1 ng, 15 min 0.028 (−0.355; 0.411)
 10 ng, 15 min 0.113 (−0.273; 0.499)

Antenna (naive)b

 Treated 0.041 (−0.141; 0.223)
Antenna by dose interaction (treated, 0.1 ng)
 Treated, 1 ng 0.419* (0.176; 0.662)
 Treated, 10 ng 0.288* (0.041; 0.535)

Antenna by time interaction (treated, 5 min)
 Treated, 15 min −0.056 (−0.319; 0.208)

Antenna by dose by time interaction (treated, 0.1 ng, 15 min)
 Treated, 1 ng, 15 min −0.335o (−0.698; 0.028)
 Treated, 10 ng, 15 min −0.049 (−0.415; 0.317)

Constant 0.180o (−0.012; 0.371)

Random part

 Estimate of the random-intercept (insect level or level-2) standard deviation 
(√σu

2)
0.241

 Estimate of the residual (observation level or level-1) standard deviation 
(√σe

2)
0.218

Derived estimates
 ρ 0.55
 R2 20.8%
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(Nesbitt et al. 1973; Tamaki and Yushima 1974; Dunkel-
blum et al. 1982; Saveer et al. 2014). The role of Z9,E12-
14:OAc in field trapping has yielded controversial results 
as the presence of only 0.5% combined with the major 
component Z9,E11-14:OAc was highly attractive to males 
(Kehat and Dunkelblum 1993), whereas catches were 
reduced significantly when present at 5–10% of the phero-
mone lure (Kehat et al. 1976). These results highlight the 
importance of the amount of Z9,E12-14:OAc in mediat-
ing attraction to the pheromone source since ratios out of 
the optimum range may lead to an undesired antagonistic 
effect. It would be possible that an increased responsive-
ness to the unconjugated acetate after a first pre-exposure 
might facilitate a more accurate discrimination of the air-
borne pheromone bouquets for finding conspecific mates, 
thus avoiding the encounter with heterospecific females.

Our results also show that exposure to sub-threshold 
amounts (doses that do not evoke reliable and significant 
EAG responses relative to control) of the major pheromone 
component significantly increases the male response to 
the following stimulations of the chemical. This increase 
is closely related to the pre-exposure dose and the time 
span between pre-exposure and subsequent recordings. 
When searching for a potential mate, a male will encoun-
ter scarce and patchy pheromone-plumes mixed with a 
wide array of odors from the environment. Therefore, it is 
crucial for males to discriminate the relevant stimuli from 
the background. Under this context, a short-term sensitiza-
tion induced by minor amounts of the major pheromone 
compound would increase the sensitivity of the peripheral 
nervous system for the sex pheromone molecules, allow-
ing the male to orient towards the emitting source more 
efficiently and reducing energy costs.

In summary, for the first time we report a sensitiza-
tion effect at the peripheral level elicited by a short pre-
exposure stimulus on S. littoralis isolated antennae to high 
doses of the major and minor sex pheromone components 
Z9,E11-14:OAc and Z9,E12-14:OAc, respectively. The 
effect was also noticed by pre-exposure of the antennae to 
sub-threshold amounts of the major pheromone compound, 
pointing out to a higher sensitivity at the peripheral level 
of the pre-exposed antennae when compared to the naive 
ones. The sensitization effect displayed by sex pheromone 
components may represent an additional tool that males 
rely on for a more effective discrimination of the olfactory 
bouquets present in the environment, particularly of those 
pertaining to closely related species, with the aim of find-
ing conspecific mates more efficiently.
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