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Abstract The olive fruit fly, Bactrocera oleae, has a
peculiar sexual chemoecology, guided by both male- and
female-borne olfactory cues, mostly produced in rectal
glands. Despite the research on B. oleae female phero-
mones has a long history, only few components (mainly
1,7-dioxaspiro[5.5]undecane) have been deeply investi-
gated. Detailed evidences about the chemical identity and
bioactivity of several others C;,—C;g molecules produced
in female rectal glands are lacking. We conducted GC and
GC/EI-MS, identifying nine sex-specific chemicals and an
additional compound [ethyl(Z)-9-octadecenoate], less
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abundant in females over males. Age-related production of
all compounds raised over time. In 21-day-old females, it
reached amounts from a minimum of 8.08 ng/fly (n-butyl
dodecanoate) to a maximum of 87.19 ng/fly (ethyl hex-
adecanoate). In EAG experiments, all chemicals were
perceived by both sexes. Methyl hexadecanoate and ethyl
decanoate attracted males and females, respectively. This is
the first report on a female-borne compound attracting
conspecific females in Tephritidae. Our study sheds light
on the bioactivity of female-borne pheromones involved in
the B. oleae chemoecology. Further research is ongoing to
test methyl hexadecanoate and ethyl decanoate as lures to
enhance sex pheromone blends used in IPM programmes
against B. oleae, thus improving control tools against this
key pest.

Keywords Courtship behaviour - Lek - Integrated
Pest Management - Minor sex pheromone components -
Rectal glands

Introduction

The family Tephritidae (Diptera), also known as “true
fruit flies”, contains over 4,000 species, many of which
constitute enormous threats to fruit and vegetable pro-
duction throughout the world (Benelli et al. 2014a, b). The
olive fruit fly is a tephritid carpophagous on fruits of a few
Olea species, including Olea europaea L. Nowadays, it is
considered the major pest of commercial olives world-
wide, affecting almost all the world olive production with
few exceptions in isolated areas where low temperatures
limit its occurrence (Daane and Johnson 2010). The con-
trol of B. oleae is based mainly on the use of chemical
insecticides, posing serious threats to human health and
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environmental safety (Stark et al. 2004; Thomas and
Mangan 2005). Some plant-borne compounds have been
proposed as potentially useful chemicals against B. oleae
(Canale et al. 2013a). However, they are toxic against
non-target arthropods, such as olive fruit fly parasitoids
(Benelli et al. 2013a). Concerning natural enemies, several
braconid species were proposed to improve IPM pro-
grammes against the olive fruit fly (Wang et al. 2011;
Benelli and Canale 2012), but no consistent results were
obtained in the control of B. oleae populations (Yokoyama
et al. 2008; Canale and Benelli 2012). Regarding the use
of semiochemicals in integrated pest management pro-
grammes against B. oleae, the major known component of
the female sex pheromone, 1,7-dioxaspiro[5.5]Jundecane
(DSU), has been extensively used for monitoring and
mass-trapping (Haniotakis et al. 1977). Also lure and kill
strategies have been proposed in different olive-grove
countries by formulating food baits plus DSU, with patchy
results (Daane and Johnson 2010).

However, these semiochemicals-based control approa-
ches rely only to the major component of the female sex
pheromone (DSU), while the B. oleae sexual chemoecol-
ogy is driven by a higher number of compounds, largely
unknown (Canale et al. 2013b). Indeed, in the olive fruit fly
the perception of sex-specific olfactory cues from both
sexes is crucial during courtship and mating (Benelli et al.
2012; Benelli 2014). The role of sex attractants produced
by males has been recently investigated. Young B. oleae
males produce DSU in the rectal glands (Levi-Zada et al.
2012). The presence of DSU in young males cannot be
considered a case of chemical mimicry (sensu Ruther and
Steiner 2008), since the mating performance of young
males is not superior to that of adults (Benelli et al. 2013b).
When olive fruit fly males become sexually mature, they
significantly increase the production of (Z)-9-tricosene, a
compound unique to males, which is able to selectively
attract females during the close-range phase only (Carpita
et al. 2012; Canale et al. 2013a). On the other hand,
knowledge about sex-specific chemicals produced by B.
oleae females has a long research history. Virgin females
produce a multi-component sex pheromone containing four
major constituents with a synergistic action: DSU and
methyl dodecanoate are produced in the rectal glands,
while o-pinene and nonanal are produced elsewhere in the
body (Baker et al. 1980; Mazomenos and Haniotakis 1981,
1985). Among these compounds, DSU is described as the
most abundant component and exhibits the highest bio-
logical activity towards males (Mazomenos and Haniotakis
1981, 1985). Recently, Gerofotis et al. (2013) highlighted
that the exposure of sexually mature male and female olive
flies to the aroma of a-pinene increases subsequent mating
success compared to non-exposed individuals. Overall, the
olive fruit fly sexual chemoecology is far from a full
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understanding. In addition to the four well-known phero-
mone components, several researches claimed that other
compounds are produced in the female rectal glands (Rossi
et al. 1978; Gariboldi et al. 1982, 1983). Among them,
there are a number of C¢—C;g fatty acid esters identified by
Gariboldi et al. (1983), but no data are available on sex-
specificity and bioactivity of such molecules. More
recently Carpita et al. (2011) provided preliminary results
about the presence of at least eight sex-specific compounds
(Cyo—1g fatty acid esters) produced by B. oleae females in
their rectal glands.

In this research, we conducted gas chromatography
(GC) and gas chromatography—electron impact mass
spectrometry (GC/EI-MS) analyses searching for sex-
specific compounds in rectal glands of olive fruit fly
females. We identified nine sex-specific chemicals, typical
of sexually mature virgin females and a further compound,
less abundant in females over males. All chemicals were
subjected to absolute quantification in relation to age.
Furthermore, we evaluated the behavioural and electro-
physiological responses of both sexes to the ten synthetic
chemicals.

Materials and methods
Olive fruit fly rearing

Insects used in this study were obtained from pupae col-
lected in a Tuscan olive-mill during late December 2013.
Pupae were then maintained in a laboratory in Pisa, under
controlled conditions (22 °C £ 1, 50-60 % RH and natural
photoperiod) to wait for adult emergence. To obtain coeval
virgin specimens, within 24 h of emergence flies were
separated according to sex and singly placed in clean glass
vials (diameter: 10 mm, length: 50 mm). Olive fruit fly
adults were fed on a dry diet (yeast extract and sucrose
mixture, at ratio 1:10 w/w), while water was provided
separately on a cotton wick (Canale and Benelli 2012;
Canale et al. 2013b).

Rectal glands extraction

Prior to glandular dissection, individuals were anaesthe-
tised using CO, and maintained at —18 °C for 5-10 min.
Rectal glands will be extracted from both virgin males and
females of 1, 4, 9, 13, 17 and 21-day-old. Using a stereo-
microscope (Leica, Germany), in each specimen the rectal
ampulla was dissected out by pulling off the Terminalia
with forceps (Canale et al. 2013b). To obtain glandular
extracts, rectal glands from ten specimens were immedi-
ately immersed in 140 pL hexane for 2 h. Extracts were
stored at —20 °C until needed.



Behavioural and electrophysiological responses in olive fruit fly

149

Chemical analyses, identifications and quantifications

Extracts from rectal glands of virgin males and females at
1, 4,9, 13, 17 and 21 days after emergence (starting from
early December 2013) were analysed by GC and GC/EI-
MS. For each age, three extracts (each from ten virgin
females or males) were analysed. GC analyses were per-
formed using a Dani GC 1000 instrument with PTV
injectors, equipped with a Dani DDS 1000 data station and
two-bonded FSOT column (Dani DN-5 and Dani DN-20,
both 30 m x 0.25 mm 1i.d.). GC/EI-MS analyses were
performed with an Agilent apparatus: mass selective
detector 5973 Network, 6890N Network GC system and
HP-5MS bonded FSOT column (30 m x 0.25 mm i.d.).
Both GC and GC/EI-MS analyses of extracts were carried
out under splitless conditions, injecting 3 pL of hexane
extract and using helium as carrier gas (1 mL/min); the
oven temperature was programmed as follows: 1 min at
40 °C, to 250 °C at 10 °C/min, 5 min at 250 °C, to 280 °C
at 20 °C/min, 30 min at 280 °C. To compare retention
times, a slower temperature programme was also used
(1 min at 40 °C, to 200 at 10 °C/min, to 280 at 6 °C/min,
30 min at 280 °C). Compounds were identified comparing
their mass spectra and retention times (on two columns of
different polarity) to those of commercial standards (pur-
chased from Sigma-Aldrich). Retention indices were
calculated using retention times of n-alkanes standard (C7-
C40) homologous series, injected after the extracts at the
same chromatographic conditions (above mentioned, on
HP-5MS column), according to Van den Dool and Kratz
(1963). Quantifications of identified compounds were per-
formed by GC using absolute calibration curves, obtained
by injecting pure commercial standards (three replicates) at
five concentrations ranging from 0.5 to 8.6 pg/mL. The
same pure compounds were used in bioassays.

Differences in the age-related production of chemicals
were analysed using a General Linear Model with two
factors: fly’s age and identified  chemical:
yj=u+A;+ C;+A; x C; + ¢, in which y; is the obser-
vation, u is the overall mean, A; the fly’s age (j = 1-6),
C the identified chemical (j = 1-10), A; x C the interac-
tion fly’s age x chemical and e; the residual error.
Averages were separated by the Tukey’s HSD test. A
probability level of P < 0.05 was used to test significance
of differences between means.

Electrophysiological experiments

The antennal response of 5-10-day-old B. oleae males and
females to the ten synthetic chemicals was evaluated
according to the electroantennography technique (EAG)
described in previous studies (Germinara et al. 2011; Canale
et al. 2013b). A male or female fly was inserted in a plastic

pipette tip (0.1 mL) whose end was properly cut to allow the
insect head to protrude. Two glass electrodes filled with
0.1 M KCI saline solution were used. The indifferent elec-
trode was inserted into the head at the base of the antennae
and the recording electrode was put in contact with the tip of
an antenna. AgCl-coated silver wires were used to maintain
the electrical continuity between the antennal preparation
and an AC/DC UN-6 amplifier in DC mode connected to a
PC equipped with the EAG 2.0 programme (Syntech Lab-
oratories, Hilversum, The Netherlands).

Stimuli were hexane solutions of pure chemicals applied
to a filter paper (Whatman No. 1, Brentford, UK) strip
(1 cm?) inserted into Pasteur pipettes (150 mm long). For
each compound, five dosages from 0.001 to 10 uM were
tested. Stimuli were blown by a disposable syringe into a
constant stream of charcoal-filtered humidified air
(500 mL/min) flowing in a stainless steel delivery tube
(1 cm diameter) with the outlet positioned at ~1 cm from
the antenna. During 1 s, 2.5 cm? of vapour from an odour
cartridge were added. Control (10 pL of hexane) and
standard (10 pL of a 100 pg/uL hexanal solution) stimuli
were applied at the beginning of the experiment and after
each group of five test stimuli. Intervals between stimuli
were 30 s. Stimuli were applied in ascending doses. The
amplitude (mV) of the EAG response to each test stimulus
was adjusted to compensate for solvent and/or mechano-
sensory artefacts by subtracting the mean EAG response of
the two nearest hexane controls (Raguso and Light 1998).
To compensate for the decrease in the antennal respon-
siveness during the experiment, the resulting EAG
amplitude was corrected according to the reduction in the
EAG response to the standard stimulus (Den Otter et al.
1991). Each test solution of a pure compound was tested on
five antennae of different males and females. In dose—
response curves, the activation threshold was considered to
be the lowest dose at which the lower limit of the standard
error of the mean response was greater than the upper limit
of the standard error for the lowest dilution tested (Sant’ana
and Dickens 1998). Saturation level was taken as the
lowest dose at which the mean response was equal to or
less than the previous dose (Germinara et al. 2009).

Behavioural experiments

The attractiveness of the ten chemicals identified in the
female rectal glands was evaluated testing pure synthetic
chemicals vs. hexane in a two-choice bioassay conducted
in a still-air tested arena, described below. The compounds
proved as attractive towards males (methyl hexadecanoate
and methyl tetradecanoate) or females (ethyl decanoate)
were evaluated for attractiveness in Y-tube experiments,
using one and five 21-day-old female’s equivalents
(Table 1).
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Table 1 Chemicals identified in rectal glands of virgin females of Bactrocera oleae

Compound RI EI-MS data

Dosage (ng)
lfe 5fe

Ethyl decanoate, C;oEt
(19), 43 (19), 41 (19)

Methyl dodecanoate, Ci,Me
43 (19), 41 (17)

Ethyl dodecanoate, C;,Et
(19), 43 (19), 41 (18).

Methyl tetradecanoate, C4Me
(20), 43 (22), 41 (18)

n-Butyl dodecanoate, C,Bu"
(31), 43 (30), 41 (38)

Ethyl tetradecanoate, C4Et
(20), 43 (20), 41 (17)

Methyl (Z)-9-hexadecenoate,
(92)-Cy6Me

Methyl hexadecanoate, C;¢Me

43 (43), 41 (62)

(21), 43 (25), 41 (18)
Ethyl hexadecanoate, C;cEt
(21), 43 (23), 41 (17)
Ethyl (Z)-9-octadecenoate,

(92)-C,5Et 55 (100), 41 (57)

1,396 miz (%): 200 (2), 157 (17), 155 (18), 101 (42), 88 (100), 73 (21), 70 (19), 60 (16), 55 8.45

1,788 m/z (%): 256 (4), 201 (78), 183 (46), 129 (21), 73 (32), 60 (27), 57 (49), 56 (100), 55 8.08

42.25

1,525 mlz (%): 214 (4), 171 (12), 143 (15), 87 (62), 75 (12), 74 (100), 69 (9), 59 (9), 55 (19), 13.64 68.20

1,595 miz (%): 228 (5), 183 (14), 157 (15), 101 (50), 88 (100), 73 (19), 70 (18), 61 (12), 55 32.42 162.10

1,727 miz (%): 242 (6), 199 (14), 143 (18), 87 (65), 75 (15), 74 (100), 69 (11), 57 (11), 55 56.52 282.60

40.40

1,789 miz (%): 256 (8), 213 (14), 157 (18), 101 (55), 89 (13), 88 (100), 73 (17), 70 (16), 55 77.90 389.50
1,935 miz (%): 268 (4), 97 (44), 96 (45), 87 (49), 84 (45), 83 (51), 74 (68), 69 (71), 55 (100), 21.00 105.00
1,929 miz (%): 270 (8), 227 (11), 143 (17), 87 (67), 75 (19), 74 (100), 69 (12), 57 (13), 55 74.55 372.75
1,990 miz (%): 284 (11), 157 (18), 101 (60), 89 (17), 88 (100), 73 (16), 70 (15), 57 (16), 55 87.19 435.95

2,175 m/z (%): 310 (9), 101 (56), 98 (48), 97 (63), 96 (56), 88 (69), 84 (55), 83 (69), 69 (78), 32.45 162.25

Each compound is followed by its abbreviation, retention index on an HP-5MS capillary column and EI-MS spectra, as well as the relative
dosages tested in behavioural experiments, one and five 21-day-old fly equivalents (fe)

Still-air arena experiments: we used the Plexiglas unit
(150 x 150 x 15 mm) described in Carpita et al. (2012)
as a still-air arena. In the centre of this unit, there was a
circular chamber (i.e. the specimen release chamber,
diameter 40 mm) connected to two other identical cham-
bers by means of two linear paths (20 mm in length,
10 mm in width), forming a 90° angle. The top of the arena
was covered with of a removable panel of glass. At the
beginning of the tests, an individual was gently transferred
to the release chamber using a glass vial and released on
the floor of the chamber. The choice for a given cue was
recorded if the fly moved to the cue within 3 min after
being released and if it engaged in searching behaviours on
the chosen cue for at least 30 s (Carpita et al. 2012; Canale
et al. 2013b). The attractiveness of the ten synthetic
chemicals was evaluated both on virgin males and females
(age 10-16-day-old), applying one or five 21-day-old
female’s equivalents (Table 1) on a filter-paper dish
(diameter 15 mm) then placed in a side chamber of the
arena. An equal clean filter paper dish was placed in the
other side chamber, and a single individual of B. oleae was
exposed in the release chamber. In all bioassays, with each
new fly, the arena was rotated clockwise 90° to avoid
positional effects. Moreover, the relative position of the
sources was randomised, to avoid that one source was
always on the right and the other on the left (Benelli and
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Canale 2013; Benelli et al. 2013b). Between each replicate,
the odour-cleaning procedure was as follows: the Plexiglas
arena (and the glass lid) was first washed for about 30 s
with hexane, then with warm water at 35-40 °C, thus
cleaned in a water bath with mild soap for about 5 min,
rinsed with hot water for about 30 s, and finally rinsed with
distilled water at room temperature (Carpita et al. 2012).
Tested chemicals were renewed at each replicate. Flies that
did not make any choice (i.e. the fly remains in the release
chamber and does not show any particular behaviour) were
excluded. For each bioassay, 40 replicates with responsive
flies were performed.

Y-tube olfactometer experiments: the attractiveness of
the chemicals identified in the female rectal glands and
proved as attractive to at least one B. oleae sex (i.e. ethyl
decanoate, methyl tetradecanoate and methyl hexadecano-
ate) in the previously described still-air arena, was
evaluated towards both B. oleae sexes testing pure syn-
thetic chemicals vs. hexane in a Y-tube olfactometer. The
system consists of a Plexiglas unit (200 x 190 x 15 mm)
consisting of a central tube (90 mm long, 15 mm large) and
two lateral arms (75 mm long, 15 mm large). A sieve inlay
in the lateral arms and extending glass tube 5.25 cm away
from the connection prevents escape of insects and serves
as an end point of each lateral arm. The top of the unit was
covered with a removable panel of glass. Humidified and
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purified air was passed into the extending glass tube
through a teflon connection at 1 mL/min. The Y-tube
olfactometer was positioned horizontally, at a height of
80 cm to the ground. Illumination was provided by verti-
cally hanging cold light lamp (20 W, 250 lux) above
(height 60 cm) the olfactometer unit. At the beginning of
the tests, a fly was gently introduced individually into the
central arm of the Y-tube using a glass vial. The choice for
a given cue was recorded if the fly moved to the cue within
3 min after being released and if it engaged in searching
behaviour on the chosen Y-tube arm for at least 30 s
(Carpita et al. 2012; Canale et al. 2013b). The attractive-
ness of the ten synthetic chemicals was evaluated towards
virgin males and females (age 10-16-day-old). Each
compound was tested at a dosage of one and five 21-day-
old female equivalents. The sample was placed on a filter
paper dish (diameter 10 mm, Whatman no. 1). After
allowing for solvent evaporation (i.e. 20 s, the filter paper
was inserted into a designated arm of the olfactometer). A
similar filter paper dish treated with the same quantity of
pure hexane was inserted into the second arm and served as
clean air control. Only first choices in which the tested fly
responded by walking into one of the two arms and
remained there at least 30 s were considered for data
analysis. If a fly did not make a choice (i.e. the fly remains
in the release chamber and does not show any particular
behaviour) within 3 min of being released, it was removed
and discarded. Flies that did not walk into any of the
arms were not counted (Carpita et al. 2012; Canale et al.
2013b). At each replicate, the olfactometer arms were
flipped around (180°) to minimise positional effect. At each
replicate, the olfactometer set up was washed as described
above for the still-air arena (Carpita et al. 2012), then air-
dried and chemicals were renewed. For each bioassay, 30
replicates carried out with responsive flies were performed.

All behavioural assays were carried out over a period of
several weeks to account for any daily variability. For each
replicate, each fly was replaced by a new one of the same
age. Both sexes were tested daily using a random order
(Ngumbi et al. 2012). All experiments were performed
between 15.30 and 19.30 and conducted in a room uni-
formly lit with daylight fluorescent tubes (Philips 30 W/
33). Light intensity was approximately, 1,000 lux (esti-
mated over the 300-1,100 nm waveband using a LI-1800
spectroradiometer LI-COR Inc., Lincoln, NE, USA
equipped with a remote cosine receptor). The temperature
was set at 22 °C £ 1, whereas the relative humidity was
kept at 45 % £ 5.

Both for still-air arena and Y-tube experiments, for each
choice test, a likelihood Xz test with Yates correction was
used to compare the number of flies choosing the tested
chemical over the control. A probability level of P < 0.05

was used for the significance of differences between fly
choices.

Results

Gas chromatography (GC) and gas chromatography—
electron impact mass spectrometry (GC/EI-MS)

GC and GC/EI-MS analyses searching for sex-specific
compounds in rectal glands of B. oleae females, confirms
the presence of DSU (1, whose retention time under the
mentioned conditions is 9.59 min), of several carboxylic
esters (A), typical of mature females, and of high-boiling
hydrocarbons (B) present also in male rectal gland extracts.
Figure 1 shows the compounds identified in hexane
extracts of 21-day-old rectal glands of females. Among the
ester compounds, we identified ten sex-specific chemicals
(Fig. 1, chemicals 2-10) by comparing its mass spectra and
retention times to those of commercial standards. We
detected the presence of ethyl decanoate (2, C;oEt), methyl
dodecanoate (3, C;,Me), ethyl dodecanoate (4, C;,Et),
methyl tetradecanoate (5, C;4Me), n-butyl dodecanoate (6,
C,Bu"), ethyl tetradecanoate (7, C4Et), methyl(Z)-9-
hexadecenoate (8, (Z2)-9-C¢Me), methyl hexadecanoate (9,
C,Me) and ethyl hexadecanoate (10, C;cEt). All com-
pounds are present only in the female rectal gland extracts.
We also identified ethyl(Z)-9-octadecenoate (11, (Z)-9-
C,gEt), a compound produced in higher quantities by male
rectal glands over female ones (about seven times more,
230.15 &£ 2.73 ng in rectal glands of 21-day-old males).

The nine female-specific chemicals (2-10) and 11 were
subjected to absolute quantification in relation to age
(Fig. 2). We found significant differences in the com-
pounds’ production over time as function of the fly’s age
(Fs.146 = 2,093.212, P < 0.001), the identified chemical
(Fo.140 = 347.668, P < 0.001) and the interaction fly’s
age x identified chemical (Fys 193 = 117.048, P < 0.001).
The production of the ten chemicals in female rectal glands
reached a maximum at 21 days from emergence (Fig. 2).
At that time, they contained a mean of 8.45 ng of 2
(SD £ 0.14), 13.64 ng of 3 (SD =+ 0.80), 32.42 ng of 4
(SD £ 1.15), 56.52 ng of 5§ (SD = 3.19), 8.08 ng of 6
(SD £ 0.05), 77.90 ng of 7 (SD = 2.36), 21.00 ng of 8
(SD =+ 0.18), 74.55 ng of 9 (SD +£ 3.03), 87.19 ng of 10
(SD =+ 1.49), 32.45 ng of 11 (SD =+ 0.40).

Electrophysiological experiments
The sensitivity of male and female B. oleae antennae

towards increasing concentrations of authentic standards of
compounds identified in the female rectal glands are
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Fig. 1 Typical GC/MS chromatogram obtained from hexane extracts
of 21-day-old Bactrocera oleae female (lower line, red) and male
(upper line, black) rectal glands, showing: 1 = 1,7-dioxaspiro[5.5]un-
decane (absent in 21-day-old male rectal gland extracts).
(A) compounds unique to the female rectal gland extracts: 2 = ethyl
decanoate (C;oEt); 3 = methyl dodecanoate (C,Me); 4 = ethyl
dodecanoate (Ci,Et); 5 = methyl tetradecanoate (C;4;Me); 6 = n-

Fig. 2 Age-related production 100

butyl dodecanoate (C,Bu"); 7 = ethyl tetradecanoate (C 4Et);
8 = methyl (Z)-9-hexadecenoate [(Z)-9-C;¢Me]; 9 = methyl hexade-
canoate (Ci;sMe); 10 = ethyl hexadecanoate (C;¢Et); with the
exception of 11 = ethyl (Z)-9-octadecenoate [(Z)-9-CgEt)], that is
present in minimal quantities in female rectal glands, if compared to
male ones. (B) high-boiling hydrocarbons (present also in male rectal
gland extracts, see Carpita et al. 2012)

of pheromone components
(except 1,7-
dioxaspiro[5.5]undecane) in
Bactrocera oleae females. Data
are means of three replicates,
each performed by extracting
the glandular content of 10
rectal ampulla-associated
glands. T-bars represented
standard deviations
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— Ethyl dodecanoate (C12Et)
— Methyl tetradecanoate (C14Me)
— n-Butyl dodecanoate (C12Bu)
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Methyl hexadecenoate ([9Z]C16Me)
Methyl hexadecanoate (C16Me)
Ethyl hexadecanoate (C16Et)
— Ethyl octadecenoate ([9Z]-C18Et)

30

20 A

reported in Fig. 3. In the dose range tested, all compounds
elicited measurable EAG responses in both sexes. For all
compounds, the amplitude of male and female EAG
responses increased with dose. The lowest activation
thresholds were recorded for C,¢Et, C;,Et, C;,Bu", C,4 Et,
(2)-9-CgEt in both sexes and for C;Me in males at the
0.01 uM dose. The mean amplitude of male EAG response
decreased from 1 to 10 pM dose for C;,Me, C;,Et, C,4Me,
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21
Age (days)

C,Bu", C4Et, (£2)-9-C|,Me, and C4Me suggesting satu-
ration of receptors at the lowest dose. In females, a similar
pattern was observed only for C,4Et (Fig. 3).

Behavioural experiments

In still-air arena experiments, methyl hexadecanoate tested
at five 21-day-old female equivalents evoked attraction
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towards males (xz =4.225, df=1, P =0.039). Also
methyl tetradecanoate tested at one 21-day-old female
equivalent attracted males (XZ = 4225, df=1,
P = 0.039) (Fig. 4a). Furthermore, ethyl decanoate was
attractive to females, at both tested dosages (one 21-day-
old female equivalent: Xz =4.225,df = 1, P = 0.039; five
21-day-old female equivalents: v =4225 df=1,
P = 0.039) (Fig. 4a).

Y-tube experiments confirmed the attraction towards
males of methyl hexadecanoate tested at five 21-day-old
female equivalents (12 = 5.630,df = 1, P = 0.018), while
methyl tetradecanoate resulted unattractive (Fig. 4b).
Moreover, the attractiveness of ethyl decanoate towards
females was confirmed for both tested dosages (one and
five 21-day-old female equivalents: 12 = 4.030, df =1,
P = 0.045) (Fig. 4b).

Discussion

Results highlighted the presence of nine sex-specific
compounds produced in the rectal glands of olive fruit fly
virgin females. Furthermore, an additional component
[ethyl(Z)-9-octadecenoate], produced in lower quantities
by females than males, was also identified. Our findings
confirmed earlier records of methyl dodecanoate (Ma-
zomenos and Haniotakis 1981, 1985), ethyl dodecanoate,
methyl tetradecanoate, ethyl tetradecanoate, methyl(Z)-9-
hexadecenoate, methyl hexadecanoate and ethyl hexade-
canoate (Gariboldi et al. 1983) by previous researchers.
Furthermore, we reported three new compounds present in
the rectal glands of olive fruit fly females: ethyl decanoate,
n-butyl dodecanoate and ethyl(Z)-9-octadecenoate. Inter-
estingly, the three new compounds we found in B. oleae
female rectal glands have never been detected as semio-
chemicals of other Tephritidae species (Benelli et al.
2014a, b; El-Sayed 2014). On the other hand, several other
compounds reported by previous research have been not
found in our analyses of rectal glands of olive fruit fly
females [e.g. n-butyl hexanoate, ethyl hexadecenoate, n-
butyl tetradecenoate, n-butyl hexadecanoate, n-butyl
hexadecenoate, ethyl octadecanoate, methyl(Z)-9-octadec-
enoate and n-butyl octadecenoate] (Gariboldi et al. 1983).
Previous identification of these chemicals in extracts of B.
oleae female rectal glands may be due to misleading mass-
spectra interpretation or sample contamination with foreign
chemicals.

In our experiments, we observed that the age-related
production of all compounds raised over time and in
21-day-old females reached amounts ranging from a min-
imum of 8.08 ng/fly (n-butyl dodecanoate) to a maximum
of 87.19 ng/fly (ethyl hexadecanoate). These quantities are
lower if compared with the DSU production in B. oleae
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females of comparable age (ranging from 3,000 to
4,000 ng/fly) (Canale and Benelli 2012), while they are
close to the mean production of the main male sex pher-
omone component, (Z)-9-tricosene (about 50 ng/fly for
sexually mature males) (Canale et al. 2013b). Noticeably,
this latter compound is involved in the sexual communi-
cation of B. oleae through transfer on male urotergal
glands. Indeed, it has been demonstrated that its amount on
male urotergal glands is due to the transfer of rectal content
to urotergal glands through a peculiar leg rubbing behav-
iour (Canale et al. 2013b, see also Webb et al. 1976; Shelly
and Kaneshiro 1991; Bricefio et al. 1996). Conversely, no
leg rubbing behaviour has been observed in B. oleae
females (Canale et al. 2013b). The role of urotergal glands
in females is still unclear and deserves further efforts
(Raspi et al. 1997), as well as additional research is also
needed about their chemical characterization.

All identified compounds were proved as active in EAG
experiments and evoked EAG dose-dependent responses,
even if with different activation thresholds (ranging from 0.01
to 1 uM). Similar patterns of EAG responses have been
observed testing DSU and (Z)-9-tricosene with the same
experimental apparatus. Male flies showed an activation
threshold to both DSU and (Z)-9-tricosene of 0.1 pM, while
female flies had an activation threshold of 0.1 to DSU and 0.01
to (Z)-9-tricosene (Canale et al. 2013a, b). Behavioural assays
highlighted that only two molecules evoked attraction towards
conspecific flies. Methyl hexadecanoate showed dose-
dependent attraction towards virgin males, while ethyl de-
canoate was attractive towards virgin females. Dose-
dependent attraction is not rare in Tephritidae flies (Benelli
etal. 2014a, b). Good examples about the olive fruit fly are the
male urotergal glands containing (Z)-9-tricosene, attractive
towards virgin females only when tested at groups of ten
(Canale et al. 2013b) as well as the synthetic (Z)-9-tricosene,
attractive to virgin females only when tested at 1.5 or 3 male
rectal gland equivalents (Carpita et al. 2012). The finding
concerning the attractiveness evoked by ethyl decanoate
towards other virgin females is surprising. Indeed, to the best
of our knowledge, no female-borne chemicals attractive to
conspecific females have been reported for tephritid flies (El-
Sayed 2014). In addition, the lekking sex in B. oleae is the
male (Benelli 2014), thus the chemoecological role of this
molecule is unclear. Ethyl decanoate may be involved in
female-female aggressions for single oviposition sites,
recently described for the olive fruit fly (Benelli 2014, 2015a,
b). Further research on this point is strongly encouraged.

Overall, our research sheds light on the age-related
production and bioactivity of some female-borne over-
looked chemicals involved in the olive fruit fly chemical
ecology, adding valuable information to understand the
mating system of this fly. Furthermore, our findings have
pivotal potential applications in B. oleae control strategies.
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Fig. 4 continued (b)
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Methyl hexadecanoate and ethyl decanoate can be suitable
lures (for males and females, respectively) to enhance sex
pheromone blends tested in long lasting pheromone dis-
pensers (Gil-Ortiz 2012). This can improve the success of
IPM programmes against the olive fruit fly, improving the
success of monitoring, mass-trapping and “lure and kill”
tools against this key tephritid pest. Further research is
ongoing to test blends of DSU plus the two mentioned
esters in long lasting dispensers.
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