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Abstract The South American fruit fly is one of the most
destructive polyphagous pests in South America. In this
species, males gathered in aggregations emit volatiles that
attract females; however, the compounds involved in this
task remain unknown. In this study, we investigated the
chemical composition of the volatile blend emitted by
males aiming to identify the specific compounds within this
blend that elicit behavioral responses in conspecific
females. For this purpose, we performed chemical and
electrophysiological analyses and bioassays. The chemical
analyses revealed the presence of 29 compounds in head-
space samples of A. fraterculus males, of which six
compounds, i.e. o-pinene, limonene, (Z)-3-nonen-1-ol,
(E,Z)-3,6-nonadien-1-ol, a-farnesene and (S,S)-(—)-epi-
anastrephin, triggered antennal depolarization in
conspecific females. In laboratory bioassays, five out of

Handling Editor: Thomas Schmitt.

P. Milet-Pinheiro - D. M. A. Navarro
Instituto de Quimica Fundamental, Universidade Federal de
Pernambuco, Recife, Brazil

P. Milet-Pinheiro
Institute of Experimental Ecology, University of Ulm, Ulm,
Germany

N. C. De Aquino - L. L. Ferreira - R. F. Tavares -

R. C. C. Silva - A. Lima-Mendonga - L. Vanickova -

A. L. Mendonga - R. R. Do Nascimento (PX)

Instituto de Quimica e Biotecnologia, Universidade Federal de
Alagoas, Avenida Lourival de Melo Mota, s/n, Tabuleiro, CEP
57072-970, Maceid, AL, Brazil

e-mail: ruth.nascimento@pq.cnpq.br

L. Vanickova
Institute of Organic Chemistry and Biochemistry, AS CR,
Flemingovo n. 2, 166 10 Prague 6, Czech Republic

eight synthetic compounds tested individually elicited
more behavioral responses than a hexane control, but only
the synthetic mixture composed of all EAD-active com-
pounds triggered behavioral responses in females similar to
the responses to the headspace samples of conspecific
males. In an experiment under semi-natural conditions, the
synthetic mixture was more attractive to females than a
hexane control and equally attractive to headspace extracts
of males. This study reports the identification of male
volatile compounds that act as attractant for A. fraterculus
females, which may be useful for the control of this pest in
infested orchards.

Keywords South American fruit fly - Sexual pheromone -
Male-borne attractants - GC-EAD - Behavioral activity

Introduction

Anastrepha fraterculus Wiedemann (Diptera: Tephritidae)
is economically one of the most problematic pests in South
America. This polyphagous species has a strong negative
impact on commercial fruit production, causing quarantine
restrictions on fruit exports to many countries (Aluja and
Norrbom 2001; Norrbom and Korytkowski 2011). The
damages are caused by the Anastrepha females, puncturing
the fruits during oviposition and by the feeding larvae
inside the fruit that generally result in premature fruit
abortion. Moreover, the puncture facilitates the infection
with microorganisms, also causing spoilage of the fruit
(Nascimento and Carvalho 2000).

The mating system of A. fraterculus is very complex and
involves the use of auditory, visual and chemical signals
(Aluja 1994). Males release volatile compounds that attract
conspecifics to a mating site. At first, only males are
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attracted to the mating site, forming leks, and their con-
certed calling attracts females. Because these chemicals are
involved in the attraction of both males and females to the
same site, they are to be classified as aggregation phero-
mones; since they act as attractants for females, they can
also be considered as male sex pheromone. Calling males
inflate their pleural pouches and fan their wings, thereby
producing sounds and spreading emitted volatiles (Lima
et al. 2001; Nation 1989).

The volatile blend released by A. fraterculus males is
very complex and includes compounds belonging to dif-
ferent classes, such as terpenoids, unsaturated alcohols,
aldehydes, lactones, and pyrazines (Bfizova et al. 2013;
Caceres et al. 2009; Lima et al. 2001). In a previous work,
headspace extracts of A. fraterculus calling males (Lima
et al. 2001) were shown to be attractive to conspecific
females. However, the identity of the compounds involved
in the attraction of females remained unknown. Elucidating
the identity of the male sex pheromone constituents of A.
fraterculus is crucial for the development of effective
methods using attractants to control these flies in infested
orchards. In the present study, we aimed to identify the
compounds in headspace extracts of A. fraterculus males
involved in the attraction of conspecific females. We used
gas chromatography coupled with an electroantenno-
graphic detector (GC-EAD) and two-dimensional gas
chromatography coupled to mass spectrometry (GC x GC-
TOFMS) to detect and identify the compounds in the
headspace samples of A. fraterculus males that elicit
antennal depolarization in conspecific females. Further-
more, we performed a series of bioassays under laboratory
and semi-natural conditions to test whether EAD-active
compounds (either individually or as a blend) elicit
behavioral responses in A. fraterculus females.

Materials and methods
Insect collection

Larvae of a wild population of A. fraterculus were col-
lected directly from infested guava fruits that had been
harvested in an orchard located in the town of Coruripe
(10°8/1”S; 36°10'34"W) in the state of Alagoas, Brazil.
The larvae were placed for pupation in separate boxes
(44 cm x 35 cm x 25 cm) made of expanded polystyrene
and containing a mixture of washed sand and vermiculite.
The flies were separated by sex within 24 h after emer-
gence and placed into glass tanks (30 cm x 20 cm X
15 cm), which were kept at the laboratory of Chemical
Ecology at Universidade Federal de Alagoas (Maceid,
Alagoas, Brazil) under a 14:10 h light:dark photoperiod, at
a temperature of 25 + 1 °C and relative humidity of 60 %.
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The flies were fed a diet consisting of a mixture of mus-
covado sugar and brewer’s yeast (3:1 w/w), along with
water in a separate container. In the experiments,
9-15 days old virgin flies were used. The identification of
the species was based on the morphological characteristics
of the female ovipositor (Zucchi 2000).

The sampling of male volatiles

Groups of 20 sexually mature virgin males of A. fraterculus
were placed in a glass desiccator (180 mm high; 200 mm
diameter) and the volatiles emitted were collected using
dynamic headspace methods. The inlet of the desiccator
had been modified by the addition of an inlet tube con-
taining Tenax® (100 mg; Chromapack) to adsorb the
released volatiles. The air inside the desiccator, enriched
with the volatiles of the males, was sucked using an air
pump (Resun® AC 2600) coupled to a flow meter (Supe-
1co®) and absorbed in the Tenax filter. The air flow through
the filter was 500 mL/min for 24 h. The volatiles trapped in
the filter were then eluted with 500 pL of redistilled trace
analysis grade hexane (Sigma-Aldrich). The headspace
collection was performed in ten replicates (N = 10). The
samples were stored in 2 mL vials, which were placed in
the freezer (—5 °C) for chemical analyses and behavioral
assays.

Electrophysiology

To detect the compounds from the headspace samples of A.
fraterculus males that are potentially involved in the
attraction of conspecific females, electrophysiological
analyses were performed on a gas chromatograph (Thermo
GC Ultra, Thermo Scientific, Milan, Italy) equipped with a
flame ionization detector (FID) and a VB-5 column
(B0 m x 0.25 mm i.d. x 0.25 pm film, ValcoBond) and
coupled to an EAD setup (heated transfer line, two-channel
universal serial bus acquisition controller) provided by
Syntech (Kirchzarten, Germany). Electronic flow control
was used to maintain a constant helium carrier gas flow of
1 mL/min. An aliquot of the solvent headspace samples
(2 pL) was injected in splitless mode at an oven temperature
of 40 °C and an inlet temperature of 150 °C, followed by
opening the split valve after 1 min and increasing the oven
temperature at a rate of 6 °C/min to 200 °C. The final tem-
perature was held for 5 min. The column was split at the end
by a splitter into two pieces of deactivated capillary (length
40 cm, i.d. 0.25 mm). One capillary was led to the FID and
the other to the head preparation. Virgin females of A. frat-
erculus (10-20 days old, N = 6) were used for the analyses.
The head of an individual was excised from the thorax using
micro-scissors. The base of the head and the tip of one
antenna were mounted between two glass capillary
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electrodes, which were filled with insect Ringer solution
(8.0 g/LNaCl, 0.4 g/LKCl, 0.4 g/L CaCl,) and connected to
silver wires, closing an electric circuit. The amplified
antennal signal was led to the EAD interface. A compound
was considered to be EAD-active when it elicited a depo-
larization response in at least three of the six antennae.

Gas chromatography—mass spectrometry analyses

The headspace extracts of A. fraterculus males were ana-
lyzed on a LECO Pegasus 4D GC x GC-TOFMS
instrument (LECO Corporation, St. Joseph, MI, USA)
equipped with a cryogenic modulator. The first-dimension
chromatographic column (column 1) was 30 m x 250 pm
i.d. x 0.25 pum ZB-5MS (Phenomenex, CA, USA). The
second-dimension chromatographic column (column 2)
was 2m x 100 pm id. x 0.20 pm RTX-50 (Restec,
Bellefonte, PA, USA). Helium (1 mL/min) was used as the
carrier gas in a constant flow mode. The Agilent 7683
autosampler (Agilent, Palo, Alto, CA, USA) injected 1 pL
of the sample in the splitless mode in a 220 °C inlet onto
column 1. The column 1 was held at 40 °C for 2 min, then
ramped at 5 °C/min to 270 °C, then at 20 °C/min to
320 °C and held for 2 min. The temperature of the column
2 oven was constantly 10 °C higher than that of the column
1 oven. The transfer line was 260 °C and the ion-source set
point was 220 °C. The detector voltage was 1,750 V and
the first filament bias was —70 V. Mass spectra were col-
lected from m/z 10 to 600 at 100 spectra/s. The data were
processed and consecutively visualized on 2D and 3D
chromatograms using the LECO ChromaTOF software. A
series of n-alkanes (Cs—C,,; Sigma-Aldrich) were co-
injected with authentic samples to determine their retention
indices. The compounds were identified by a comparison of
their mass-spectra fragmentation patterns, retention times,
and retention indices with previously published data
(Adams 2007; Vanickova 2012; Vanickova et al. 2012) and
synthetic standards (see below).

Chemicals

Except for (S,5)-(—)-epianastrephin, which was provided
by Prof. Jim Nation (University of Florida, Gainesville,
USA), and the mixture of (E,E):(Z,E)-a-farnesene in a
proportion of 4:1, (hereafter called a-farnesene), which was
provided by Dr. Blanka Kalinova (IOCB, Czech Republic),
all chemicals were purchased either from Sigma-Aldrich,
Brazil [(1R)-(4)-a-pinene, (1S)-(—)-a-pinene, B-pinene,
camphene, ethyl hexanoate, (1R)-(+)-limonene, (15)-(—)-
limonene, linalool, camphor, (Z)-3-nonen-1-ol] or from
Penta, USA [(E,Z)-3,6-nonadien-1-0l]. The purities were
>95 % based on the results from capillary gas
chromatography.

Laboratory bioassays

To test the attractiveness of male headspace extracts to
the virgin females of A. fraterculus as well as of the
individual synthetic compounds and mixture composed of
EAD-active compounds, bioassays were performed in a
glass container (28 cm x 10 cm x 15 cm) covered on
the upper open side by clear nylon screen. For each
replicate, three virgin females were marked with odorless,
non-toxic dyes of different colors and placed in the bio-
assay arena 1 h before testing. Solutions of the synthetic
standards were prepared according to the relative pro-
portions of each compound in natural headspace male
extracts [1.5:1.5:30:30:0.1:2:26:9 (1R)-(+4)-o-pinene:(1S)-
(—)-o-pinene:(1R)-(+)-limonene:(15)-(—)-limonene:(Z)-3-
nonen-1-ol:(E,Z)-3,6-nonadien-1-ol:a-farnesene:(S,S)-(—)-
epianastrephin, respectively] at total concentration of
100 ng/mL hexane. This particular concentration was
chosen based on preliminary laboratory assays, in which
we tested different concentrations of the synthetic mix-
tures (c = 0.1, 10, 100 ng/mL). One eppendorf tube
containing 0.01 mg of a biopolymer {poly[B-(1 — 4)-2-
acetamido-2-deoxy-p-glucose]} and 100 pL. of each
treatment to be tested was placed in the central top
position of the bioassay arena, resulting in headspace
concentrations of four males’ equivalent (4ME) or 10 ng
of the individual compounds or synthetic mixture of
compounds per eppendorf tube, respectively. The
impregnation of the biopolymer microspheres with the
respective solutions was performed 24 h before the
experiments. This method controls the release of the
compounds according to their volatilities (Shailaja et al.
1997). The following compounds and mixtures have been
tested: 1 = (1R)-(+)-a-pinene, 2 = (15)-(—)-o-pinene,
3 = (1R)-(+)-limonene, 4 = (15)-(—)-limonene, 5 = (Z)-
3-nonen-1-o0l, 6 = (E,Z)-3,6-nonadienol, 7 = a-farnesene,
8 = (S5,9)-(—)-epianastrephin, 9 = the synthetic mixture
of EAD-active compounds, 10 = male headspace extract
(4ME), 11 = hexane (control). In total, ten replicates for
each compound or mixture, respectively, were performed.
Each bioassay lasted 20 min and the behaviors exhibited
by each group of three marked females per replicate were
recorded and characterized using a video camera (Nikon®,
D5000, 18-55 VR) together with the data of two simul-
taneous observers. The behavioral response of females
constitutes the two observed variables: (1) agonistic and
searching behavior <1 cm around the odor source
(walking around with antennation, short flight and fight
among females) and (2) touching the odor source and
remaining there for more than 2 min. These behaviors
have been previously described by Robacker (1988) for
Anastrepha ludens. After each assay, we cleaned the
arena with acetone, methanol and distillated water,
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respectively. All behavioral assays were performed
between 07.00 a.m. and 10.00 a.m. with a completely
randomized design.

Semi-field bioassays

The attractiveness of the treatment that elicited response in
females similarly to male headspace extracts in the labo-
ratory assays was performed under semi-natural conditions.
We used a square clear nylon screen cage (4 m>
width x 2 m high), which was mounted in the field of the
campus of Universidade Federal de Alagoas (09°39'57"S;
35°44'06"W). To partially provide the natural conditions
required by flies, four small trees (1.5 m high) in plastic
pots (30 cm high, 50 cm diam.) were placed within the
cage: two Araga trees (Psidium araca Raddi) and two Fig
trees (Ficus ficus L.). The potted trees were arranged
equidistantly to each other in the corners of the cage. Two-
choice assays were performed using McPhail traps (Isca
Technologies, Brazil). The traps were hung at 15 cm from
the top of cage above of the Araca trees. To prevent flies
from escaping, 250 mL of water with Tween-20 (Sigma-
Aldrich, Brazil) (1 mL of Tween-20 in 1 L water) was
added to each trap. After each replicate, the position of the
traps was rotated clockwise thus averaging out possible
positional effects. For each treatment, the eppendorf tube
containing 0.01 mg of microencapsulated biopolymer (as
described above) was placed in the field cages 1 h before of
the release of flies. The synthetic mixture was offered at
doses of 100 pg. This particular concentration was chosen
based on the preliminary semi-field bioassays, in which we
tested different concentrations of the synthetic mixtures
(c = 10, 100, 500 pg/mL). In the first set of experiments,
we evaluated the attractiveness of the synthetic mixture
against a control (traps without baits) and in the second the
synthetic mixture against male headspace extracts. Thir-
teen females of A. fraterculus were released into the field
cage daily at 07:00 h, and the number of flies caught per
trap was counted and recorded at 17:00 h of the same day.
The uncaught flies were removed from the field cages and
used only once during the experiments. The first and sec-
ond sets of experiments were repeated five times each.
Bioassays were performed on sunny days, with mean
temperature and relative humidity of 30 + 2 °C and
77 £ 5 %, respectively.

Statistical analyses

For the laboratory bioassays, the One-way-ANOVA test
was used to compare the mean responses of females among
the treatments regarding the two behavioral modalities
observed (P < 0.05). Normality of data and homogeneity
of variances were assessed using the Liliefors and Levene’s
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tests, respectively. The Tukey-HSD test was used for a
posteriori pairwise comparisons (o < 0.05). The analyses
were performed in BioEstat 5.0 (Ayres et al. 2007).

For the field-cage bioassays, a Wilcoxon signed-rank
test was used to compare: (1) the number of females caught
by the trap baited with the synthetic mixture composed of
all EAD-active vs. the trap baited with a hexane control
and (2) the number of females caught by the trap baited
with the synthetic mixture composed of all EAD-active vs.
the trap baited with male headspace samples. The
tests were performed using the spreadsheet provided by
http://www.biostathandbook.com/wilcoxonsignedrank.html
(accessed 12 September 2014; see also McDonald 2009).

Results

Chemical analyses of headspace extracts of A.
fraterculus males

The GC x GC-TOFMS analyses revealed the presence of
29 compounds in the headspace extracts of A. fraterculus
males. The compounds represent a complex mixture of
diverse chemical structures including terpenoids, alcohols,
aldehydes, ketones and esters (Table 1). The major com-
ponents (>19 %) were identified as limonene and (E,E)-o-
farnesene. Minor components (1-7 %) included 2-hexa-
none, o-pinene, 2-ethylhexan-1-ol, p-cymene, indane, (E)-
B-ocimene, (E,Z)-3,6-nonadien-1-0l, (Z,E)-a-farnesene,
suspensolide, anastrephin and epianastrephin. Some vola-
tiles were detected only in trace amounts (<0.1 %),
including (Z)-3-nonen-1-ol. The stereochemistry of limo-
nene and o-pinene could not be determined.

Electrophysiological analyses of headspace extracts
of A. fraterculus males

The GC-EAD analyses with the headspace samples of A.
fraterculus males revealed six compounds in this complex
blend eliciting consistent depolarization in the antennae of
conspecific females (Table 1; Fig. 1). The compounds
eliciting antennal depolarization were o-pinene, limonene,
(Z2)-3-nonen-1-ol and (E,Z)-3,6-nonadien-1-ol, a-farnesene
and (§,5)-(—)-epianastrephin, the latter eliciting the stron-
gest antennal response in females of A. fraterculus.

Behavioral response of Anastrepha fraterculus females
to synthetic compounds in the laboratory assays

The bioassays showed that the headspace extract of A.
fraterculus males, as well as the individual compounds and
their mixture eliciting antennal depolarization, mediated
behavioral responses in conspecific virgin females (Fig. 2a,
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Table 1 The chemical compounds (average percentage + standard
deviation) identified by GC x GC-TOFMS in the headspace extracts
(N = 10) of twenty calling males of Anastrepha fraterculus

No. Compound RI Rl Mean £ SD

1 3-Hexanone” 791 795 tr

2 2-Hexanone’ 796 788 2.97 £ 0.08
3 Hexanal® 801 800 0.60 + 0.02
4 o-Pinene™® 938 939 2.13 £ 0.06
5  Camphene® 956 953 tr

6  PB-Pinene* 985 980 0.79 £ 0.33
7  Myrcene® 991 991 0.43 +£0.04
8  Ethyl hexanoate® 996 996 0.62 £ 0.08
9  p-Cymene” 1,030 1,033 4.09 £ 1.36
10  2-Ethylhexan-1-0l” 1,030 1,029 2.10 £ 0.31
11 Limonene™® 1,035 1,036 44.0 + 2.84
12 (Z)-B-Ocimene® 1,035 1,034 0.81 + 0.09
13 5-Ethenyldihydro-5-methyl- 1,044 — 0.13 £ 0.02

2(31‘{)—furan0neb

14 Indane® 1,046 1,048 1.49 £+ 0.53
15 (E)-p-Ocimene® 1,059 1,060 6.34 £ 1.15

16 Linalool®
17  Camphor®
18 (2)-3-Nonen-1-01*¢

1,101 1,100 tr
1,141 1,143
1,158 1,159 tr

19 (E,Z)-3,6-Nonadien-1-0l*¢ 1,160 1,161 1.21 £ 0.39
20 Bornyl acetate” 1,293 1,291 0.30 £+ 0.06
21 (E)—ot—Bergamoteneb 1,435 1,436 0.18 &£ 0.01
22 (Z)—B—Farneseneb 1,448 1,443 0.22 £ 0.04
23 (Z,E)-o-Farnesene™* 1,492 1,495 2.73 £ 0.70
24  Germacrene D° 1,502 1,499 tr

25  Suspensolide” 1,509 1,506 1.03 £ 0.17

26 (E,E)-o-Farnesene™*

27 Caryophyllene oxide®

28 Anastrephinb

29  (S,S)-(—)-Epianastrephin™©

1,510 1,508 19.47 4+ 1.32
1,606 1,606 tr

1,610 1,617
1,625 1,621

1.59 £ 0.04
6.33 £ 1.20

The stereochemistry of limonene and o-pinene was not determined

RI the retention index, Rl the referential retention index from lit-
erature (Adams 2007; Biizova et al. 2013; Vanickova 2012;
Vanickova et al. 2012), tr trace amount (<0.1 %)

* Compounds identified by comparison with synthetic standards

° Compounds identified by comparison with published data (Adams
2007; Rocca et al. 1992)

¢ Compounds which triggered the antennal response in A. fraterculus
conspecific females

b). With regards to behavior 1 (agonistic and searching
behavior <1 cm around the odor source), the mean number
of responses by females also differed significantly among
treatments (F999 = 230.4, P < 0.0001). Post hoc com-
parisons indicated that all treatments tested elicited more
responses in conspecific virgin females than a hexane
control. In relation to behavior 2 (touching the odor source

and remaining there for more than 2 min), the mean
number of responses by females differed significantly
among treatments (Fjg999 = 123.6, P < 0.0001). Post hoc
comparisons revealed that, with the exception of the two o-
pinene enantiomers and (Z)-3-nonen-1-ol, all treatments
tested elicited more positive responses of females than the
hexane control. However, only the mixture of all EAD-
active compounds was as effective as the male headspace
extracts in eliciting contact by females (Fig. 2a). Again,
only the synthetic mixture of all EAD-active compounds
was as efficient as the male headspace extracts in this
respect (Fig. 2b).

Behavioral responses of A. fraterculus to synthetic
compounds in a field cage

The traps baited with the mixture of synthetic EAD-active
compounds caught significantly more A. fraterculus
females than the control traps (Fig. 3a). However, females
did not show any preference for the mixture of EAD-active
compounds over the headspace male extract (Fig. 3b).

Discussion

This study represents a first step to identify and evaluate the
volatiles released by A. fraterculus males, which act as
attractant to conspecific females. Several compounds
identified in the headspace extracts of sexually mature
males of A. fraterculus in the present study (e.g. 2-ethylh-
exan-1-ol, limonene, (Z)-3-nonen-1-ol, (E,Z)-3,6-nonadien-
1-ol, a-farnesene, (E,E)-suspensolide, anastrephin and epi-
anastrephin) were previously reported as components of
volatile blends emitted by males of the A. fraterculus from
eight different populations from Brazil, one from Argentina
and one from Peru (Bfizova et al. 2013; Caceres et al. 2009;
Lima et al. 2001). The use of GC x GC-TOFMS technique,
however, with its significant higher sensitivity and a better
separation of co-eluting compounds, allowed the identifi-
cation of further components, which had not been
previously reported for Anastrepha species (Lima-Mendo-
nca et al. 2014). From the twenty-nine compounds
identified here, eleven are reported for the first time as
constituents of the volatile blend emitted by A. fraterculus
males, namely o-pinene, camphene, B-pinene, myrcene,
camphor, bornyl acetate, caryophyllene oxide, 5-ethe-
nyldihydro-5-methyl-2(3H)-furanone, 3-hexanone,
hexanal, and indane. Most of these compounds have pre-
viously been identified as plant volatiles (El-Sayed 2014)
and may derive from residues of the larval diet, as reported
for other Tephritidae species, such as Ceratitis capitata
(Vanickova 2012; Vanickova et al. 2012).
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Fig. 1 Example of gas limonene
chromatography-
electroantennogram analysis of
an extract of headspace volatiles
from Anastrepha fraterculus
males. Top trace shows the
chromatogram; bottom trace
shows the female’s antennal
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Fig. 2 Mean responses of A. fraterculus females to EAD-active
synthetic compounds (tested individually or as a blend), male
headspace extracts, and a hexane control in laboratory assays
(N = 10). a Agonistic and searching behavior <1 cm around the

The results provide strong evidence that the volatile
blend released by calling males of A. fraterculus includes
components acting as female attractants. These findings are
in agreement with previously published studies on A. sus-
pensa, A. obliqua, and A. serpentina, which show that
females of these species are attracted to headspace extracts
of conspecific calling males (Lopez-Guillén et al. 2011;
Nation 1975; Robacker et al. 2009). By using the GC-EAD
technique, we were able to determine the compounds of the
complex blend that are potentially involved in the attrac-
tion of females. The results of the bioassays do not only
show that the EAD-active compounds are involved in
female attraction, but also that different compounds might
play different roles in the mating behavior of A. fratercu-
lus. For example, as regards agonistic and searching
behavior, all tested compounds attracted more females than
a hexane control. These behaviors may be interpreted as a
first step in the complex mating process of this species, i.e.
attracting females to the mating site. Since mate is strongly
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odor source and b touching the odor source and remain for more than
2 min. Box and whisker represent standard error and deviation,
respectively. Distinct letters indicate significant differences among
treatments (Tukey’s Post Hoc HSD test, P < 0.05)

associated with host plants, the use of plant-typical com-
pounds (e.g. limonene, pinene, among others) would help
females to find simultaneously mating and brood sites
(Robacker and Hart 1986). However, after approaching a
mating site, females must rely on specific compounds,
which would signalize potential mate partners. Indeed, as
regards behavior 2 (i.e. touch to the odor source and
remaining there for more than 2 min), which seems to be
more linked with mating per se, male-borne compounds
[e.g. (E,Z)-3,6-nonadien-1-ol and (S,S)-(—)-epianastrephin]
are highly attractive to females, whereas some plant-typical
compounds (e.g. a-pinene and (Z)-3-nonen-1-ol) are not.
This indicates that (E,Z)-3,6-nonadien-1-ol and (S,S)-(—)-
epianastrephin are key pheromone components, which
allow females to recognize males. Although our results
suggest distinct roles for individual compounds, it is
noteworthy to mention that, for both behavior modalities
measured, only the synthetic mixture was as effective as
the male headspace extracts in eliciting behavioral
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Fig. 3 Median percentage of A. fraterculus females caught in semi-
field two-choice bioassays (N = 5). Traps baited with a synthetic
mixture of EAD-active compounds vs. either hexane (a) or male
headspace extracts (b). Boxes and whiskers represent the first and
third percentiles and maximum and minimum values, respectively.
Differences between samples in each bioassay were assessed by
Wilcoxon signed-rank test. n.s. not significant, ***P < 0.001

responses by A. fraterculus females. These results are in
agreement with the unit model of female attractant pro-
posed for Anastrepha ludens (Robacker 1988), in which
pheromone components act as a unit to elicit each and/or
all repertoire of behaviors.

Interestingly, except for a-pinene, all EAD-active com-
pounds found in A. fraterculus were previously identified in
the blend of volatiles released by males of three other sister
species, i.e. A. suspensa (Rocca et al. 1992), A. ludens
(Rocca et al. 1992, Robacker and Garcia 1990; Robacker
and Hart 1985), and A. obliqua (Lopez-Guillén et al. 2011),
which were collected using the headspace technique.
Among the EAD-active compounds, (S,S)-(—)-epianastre-
phin was responsible for the strongest antennal
depolarization in A. fraterculus females. This lactone has
already been identified in other species of Anastrepha, such
as A. ludens (Robacker and Hart 1985) and A. suspensa
(Rocca et al. 1992). In the females of A. ludens, (S,S)-(—)-
epianastrephin also elicited the strongest antennal depolar-
ization among the compounds tested (Robacker and Hart
1986). However, it only triggered behavioral responses when
offered in combination with either (Z,Z)-3,6-nonadien-1-ol
or (Z)-3-nonen-1-ol (Robacker 1988). The observed syner-
gistic activity of compounds might play a crucial role as
reproductive barrier among Anastrepha species, since the
volatiles released by males of phylogenetically related species
are quite similar (Lopez-Guillén et al. 2011). Thus, specific
combinations of compounds, rather than individual compo-
nents might mediate intraspecific and interspecific recognition
unambiguously. Indeed, many insect pheromones are multi-

component blends (Ayasse et al. 2001; Kroiss 2008). In A.
fraterculus, quantitative and qualitative variation of male
pheromone blends of distinct populations has been shown
(Bfizova et al. 2013). Besides, males and females of the
chemically distinct populations were reported to be partially or
fully incompatible in mate choice tests (Dias 2012; Vera et al.
2006). The qualitative and/or quantitative differences in the
composition of the multi-component pheromone might influ-
ence the decision of the female for conspecific or
heterospecific males. Future experimental studies integrating
electrophysiological analyses and behavioral assays and test-
ing the attraction of females to the volatiles released by males
of different species or populations are necessary to better
understand the significance of variable volatile blends as
reproductive barriers in the genus Anastrepha.

During the last decades, several studies have demon-
strated a successful implementation of semiochemicals in
the effective control of some tephritid species using the host
marking pheromone (HMP), host plant kairomones, and
allomones (Aluja et al. 2009; Howse 1989; Nigg et al. 1994;
Shelly and Villalobos 2004). However, to date, no approach
has been undertaken in A. fraterculus, using male sex pher-
omones as a strategy for pest control. Our bioassays
performed under semi-field conditions showed that traps
baited with synthetic mixtures captured more flies than a
hexane control and that the synthetic mixture captured
females as effectively as male headspace extracts. Further-
more, the high number of females captured in the bioassays
(at least 30 %) indicates that the use of male-borne attrac-
tants could be an interesting alternative for controlling (or at
least reducing) the infestation by A. fraterculus in fruit crops.
The behavioral activity of the compounds identified here will
be evaluated in future field tests.
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