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Abstract
Following oviposition, females of many fruit flies deposit on the fruit surface a host-
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specifics, thereby minimizing overexploitation of hosts. We describe the oviposition
behaviour of two economically important fruit flies (Anastrepha fraterculus and
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cant reduction in fruit infestation by both conspecifics and heterospecifics (cross-
recognition). Furthermore, mated female faeces extract contains higher amounts

of methyl (9E)-hexadecenoate, methyl hexadecanoate, methyl linoleate and methyl
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(9Z)-octadecenoate than male faeces extract. Our results provide evidence for the
potential use of this ovipositional deterrent in crop protection and pest management

programmes for A. fraterculus and C. capitata.
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1 | INTRODUCTION

Thus, the HMPs can also be recognized by members of other fruit fly

species, a phenomenon known as cross-recognition (Aluja & Diaz-

Fruit flies (Tephritidae) are important pests that infest a wide range
of host plants (White & Elson-Harris, 1992). Female adult flies cause
direct damage by laying their eggs in fruits, where the larval stage
takes place. Following oviposition, females deposit on the fruit
surface a host-marking pheromone (HMP) that informs other con-
specific females of a previously infested host, thereby minimizing
overexploitation of resources (Roitberg & Prokopy, 1987). It is com-
mon to find more than one fruit fly species infesting the same fruit.

Fleischer, 2006; Prokopy et al., 1976), which reduces the competitive
interactions among larvae in fruits (Malavasi et al., 1980).

Most of the available studies so far have isolated HMP from
fruit flies' faeces using polar solvents, suggesting a polar char-
acter of this kind of pheromone (Aluja et al., 2003, 2009; Aluja &
Diaz-Fleischer, 2006; Boller & Hurter, 1985; Cheseto et al., 2018;
Edmunds et al., 2010; Kachigamba et al., 2012). Fruit flies store a
substantial amount of HMP in the midgut, which can either be
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released after egg laying through the ovipositor or with the faecal
matter (Prokopy, Averill, et al., 1982; Scolari et al., 2021). Raw faeces
material has been successfully used to deter oviposition behaviour
in a few fruit fly species in both laboratory and field conditions (Aluja
et al., 2009; Aluja & Boller, 1992; Cheseto et al., 2018; Kachigamba
et al., 2012; Katsoyannos & Boller, 1980). The use of HMP as a po-
tential management tool for fruit flies' control presents a sustainable
alternative to conventional pesticides used today (Aluja et al., 2009;
Aluja & Boller, 1992; Birke et al., 2020; Katsoyannos & Boller, 1980).

The South American fruit fly, Anastrepha fraterculus (Wiedemann),
is native to the Neotropics (Hernandez-Ortiz et al., 2015), whereas
the Mediterranean fruit fly, Ceratitis capitata (Wiedemann), is an in-
vasive pest native to the Afrotropical region (De Meyer et al., 2002).
Both are considered the most important fruit fly species in Brazil
in terms of economic importance, distribution and host plants
spectrum (Zucchi, 2001, 2007). Direct wounds, such as ovipositor
wounds and larvae damage to fruit pulp, affect the commercial value
for in natura consumption of fruits or their industrial processing
(Botton et al., 2016). In South America, A. fraterculus and C. capi-
tata host range overlaps, and the larvae of these two species can
be found sharing the same host (Devescovi et al., 2015; Malavasi
et al., 1980; Ovruski et al., 2010; Silva et al., 2011). Host marking
behaviour and pheromone extraction from faeces have been stud-
ied for C. capitata (Arredondo & Diaz-Fleischer, 2006; Kachigamba
et al., 2012; Prokopy et al., 1978), while for A. fraterculus only
host marking behaviour has already been documented (Prokopy,
Malavasi, et al., 1982).

In the present study, the effects of A. fraterculus' faeces extracts
on the oviposition behaviour of conspecifics and heterospecifics (C.
capitata) were examined. Besides, faeces extracts were also anal-
ysed by HPLC and GC/GC-MS as a first step to identify their chem-

ical profiles.

2 | MATERIALS AND METHODS
2.1 | Insects

The fruit flies were obtained from laboratory colonies from
EMBRAPA Grape & Wine (28°24'32.0"S 50°53'23.9"W) and
EMBRAPA Temperate Agriculture (31°40'55.3"S 52°26'45.9"W)
(A. fraterculus) and EMBRAPA Semiarid (9°4'16.4"S 40°19'6.4"W)
(C. capitata). Pupae were placed in a Petri dish containing a layer
of moistened vermiculite, inside a 5.0 L plastic container with a
screened lid. They were maintained in controlled environmen-
tal rooms at 26+ 1°C and 65+ 10% relative humidity, under a light
regime of 14h at EMBRAPA Genetic Resources and Biotecnology
(41°43'51.4"S 47°54'10.5"W). Newly emerged adults were sepa-
rated by sex and assigned to experimental treatments. Adults were
fed ad libitum with a solid diet [sugar crystals, brewer's yeast and
hydrolysed protein (3:1:1), adapted from Salles (1992)]. Water was
provided in a plastic cup closed with a lid that was penetrated by a
cotton wick.

2.2 | Faeces extraction

The putative HMP was extracted from faeces of laboratory-reared A.
fraterculus using a slightly modified methodology described by Aluja
et al. (2003). We evaluated raw faeces extracts from virgin and mated
male and female fruit flies. Five-hundred flies were enclosed into 3.2 L
glass chambers with a screened lid with ad libitum access to food and
water. Adult flies were 8-10days old at the beginning of the experi-
ment. Once a week, during four consecutive weeks, flies were trans-
ferred to clean glass chambers, and food and water supplies were
renewed. Weekly, dead flies were replaced by individuals of similar age
to maintain a constant number of fruit flies per chamber. Dead flies,
broken wings and legs and eggs were removed from the chambers,
and the remaining material was washed with 5 ml of methanol and
sonicated for 10 min. This procedure was repeated three times. The
same chamber was then washed with 5 ml of distilled water and soni-
cated for 10 min, repeated thrice. A total of ~1500 couples for mated
flies, ~1500 individuals for both virgin and mated females, and ~1500
individuals for virgin males were used, resulting in a 60-ml extract of
each treatment. The methanolic and aqueous faeces extracts were
concentrated on a rotary evaporator at 40°C to 30ml each. The ex-
tractions were transferred to Falcon tubes and centrifuged for 15 min
at 5000rpm to remove solid residues. The resulting supernatant was
concentrated again on a rotary evaporator to a final volume of 15ml.

The stock solution was kept at 4°C until used.

2.3 | Arena bioassays

The oviposition behaviour of A. fraterculus and C. capitata in re-
sponse to faecal extracts was evaluated in closed arenas. For A.
fraterculus, the arena consisted of a plastic container (22cm 1D
x 26 cm high) with a voile fabric lid. In all bioassays, agar spheres
(3 cm diameter) wrapped in Parafilm were used as an artificial ovi-
position substrate. The artificial oviposition substrate was used
instead of real fruits to control for variation in fruit quality and
chemistry, as these features may influence fruit fly oviposition
behaviour (Aluja & Diaz-Fleischer, 2006; Papaj et al., 1992). The
Parafilm was used to prevent the diffusion of faeces extracts (pu-
tative HMP) into the plain agar portion of the artificial oviposi-
tion substrate. The tested extracts were uniformly applied to the
entire agar sphere wrapped surface with a glass micropipette
(Hirschmann, Eberstadt, Germany). Marked spheres were left at
room temperature for 30 min for solvent evaporation. In the dual-
choice experiment, two agar spheres were marked with the faeces
extracts and the other two with control solvent (methanol or dis-
tilled water, depending on the treatment). In the no-choice experi-
ment, four agar spheres marked either with methanolic or aqueous
faeces extracts or methanol or distilled water were placed in the
arena. Marked spheres were placed equidistantly on the arena's
floor (11 cm apart from each other). The position of treated agar
spheres was randomized in each arena. Four mated A. fraterculus
couples (10-20days old) were released in the arena and remained
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there for 24 h with unlimited access to water and food. Couples
were used only once. After this period, the agar spheres were dis-
sected and the laid eggs were counted.

In the dual-choice experiments, we tested: mated couples meth-
anolic faeces extract (MCM) at 50 (500pl), 10 (100pl) and 1 (10 ul)
insect equivalent dosage (IE) versus methanol (M); mated females
methanolic faeces extract (MFM) at 50, 10 and 1 IE versus M; vir-
gin female methanolic faeces extract (VFM) at 501E versus M; vir-
gin male methanolic faeces extract (VMM) at 50IE versus M; mated
couples aqueous faeces extract (MCA) at 50IE versus distilled water
(DW); mated females aqueous faeces extract (MFA) at 50IE versus
DW; virgin females aqueous faeces extract (VFA) at 50IE versus
DW; and virgin males aqueous faeces extract (VMA) at 501E versus
DW. In the no-choice experiment, we tested: MCM extract at 501E,
MCA extract at 501E, M and DW. For each experimental setup, 25
replicates were run.

For C. capitata, the arena consisted of a plastic container (10 cm
ID x12cm high) with a voile fabric lid. Although enough shreds of
evidence indicate that female fruit flies accept artificial agar hosts
as an oviposition substrate (Aluja & Diaz-Fleischer, 2006; Arredondo
& Diaz-Fleischer, 2006; Diaz-Fleischer & Aluja, 2003), we previously
tested agar spheres for C. capitata egg-laying and females did not
oviposit in this substrate. It did not matter if the spheres were hung
from the top lid or resting on the container's floor, in both cases,
females laid eggs only on the voile lid on the top of the container.
Hence, to test if A. fraterculus MCM extract reduces C. capitata egg-
laying, we applied 500 pl of the extract directly on the voile lid, which
was divided into two areas of the same size. Four C. capitata mated
couples (10-20days old) were released in the arena and remained
there for 24 h with unlimited access to water and food. Couples were
used only once. After this period, the laid eggs on the voile lid were
counted. We tested A. fraterculus MCM extract at 50IE versus M
(N =25).

2.4 | Faeces extracts preparation for high-
performance liquid chromatography (HPLC), gas
chromatography (GC), and GC-mass spectrometry
(GC-MS) analyses

A 1-ml aliquot of the MCM, MFM, and VMM extracts was passed
through a column of aluminium oxide (500 mg; Sigma Aldrich) and
eluted with 2 ml of methanol. The obtained extracts were concen-
trated back to 1 ml under a gentle stream of charcoal filtered N,,.
After this procedure, the oviposition deterrence effect of the ex-
tracts was tested as previously described, to verify for loss of bio-
logical activity.

2.5 | HPLC analysis

Reversed-phase HPLC analysis was performed on a Shimadzu
LC-20AD (Shimadzu Corporation, Kyoto, Japan) coupled to a

Photodiode Array Detector (Shimadzu SPD-M20A PDA) set at 220,
230 and 240nm. A 10-pl injection was made on a Brownlee SSP C18
column (50 x2.1mm; Perkin Elmer). The column was eluted with
acetonitrile +0.1% TFA (solvent A) and water +0.1% TFA (solvent B),
with the following gradient: 98% A (5 min) - 75% A (15min) - 100%
A (15min) - 98% A (5 min). The solvent flow rate was 1.0 L/min held
constant. The oven temperature was maintained at 37°C. All sam-

ples were checked by triplicate injections.

2.6 | Vapour-phase extraction (VPE) for GC and
GC-MS analysis

Methanolic faeces extracts (100 ul) were transferred to 2 ml coni-
cal glass vials and extracted using VPE as described by Moraes
et al. (2008) with adaptations. A glass tube (3.2mm ID x4.5 OD
and 7.0 cm length) packed with 100 mg Porapak Q (80/100 mesh,
Supelco) with silanized glass wool plugs was used for the collec-
tion of the analytes. A gentle stream (0.2 ml/min) of charcoal fil-
tered N, was passed over the extract in the conical vial placed
in a heating block at 80°C. When the solvent was completely
evaporated, the vial attached to a Porapak Q tube was moved to
another heating block at 250°C for 1 min. The trapped volatiles
were eluted from the Porapak Q tubes using hexane (500 pl). The
eluates were stored in tightly capped vials at -20°C until required

for analysis.

2.7 | GCand GC-MS analyses

Identifications were performed on an Agilent 5975-MSD quadru-
pole mass spectrometer coupled to a gas chromatograph (Agilent
7890A) equipped with a DB-5MS column (30m x0.25mm ID,
0.25pum film, Supelco, PA, USA), a splitless injector and helium as
the carrier gas. lonization was by electron impact (70eV, source
temperature at 230°C). The injector was at 250°C. The oven
temperature was maintained at 50°C for 2 min, programmed at
5°C/min to 180°C, held for 0.1 min, then 10°C/min to 250°C, and
held for 20 min. Data were collected with ChemStation software.
Identifications were made by comparison of spectra with mass
spectral library databases (NIST, 2008) and the use of retention
indices (RI) and then confirmed by co-injection of the VPE samples
with authentic standards. The retention indices were calculated by
comparison to the retention times of a series of linear hydrocar-
bon alkanes (C4,-C,,) analysed with the same separation method.
Compounds were also analysed on an Agilent 7890-A equipped
with a flame ionization detector (FID) using the same non-polar
column and temperature programme as described above. One mi-
croliter of each sample was injected on a splitless injector, with
helium as the carrier gas. Data were collected with GC Open Lab.
The relative abundance of the compounds was expressed as the
integrated peak area of each identified compound divided by the
total peak area x100.
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2.8 | Chemicals

Hexane for HPLC (>97% redistilled), methyl hexadecanoate, and (92)-
tricosene were purchased from Sigma Aldrich (Steinheim, Germany).
Octadecanol and methyl linoleate were purchased from Cayman
Chemical (Michigan, USA). Methyl (9E)-hexadecenoate (10 mg/ml
in heptane, 1 ml ampoule) was purchased from Supelco (Missouri,
USA). Methyl oleate (99%), methyl linoleate (99%) and methyl (92)-
hexadecenoate (10 mg/ml in heptane, 1 ml ampoule) were purchased
from Sigma Aldrich (Missouri, USA).

2.9 | Dataanalyses

No-choice tests were analysed using a one-way analysis of variance
(ANOVA). For dual-choice tests, a paired t-test was used to analyse
differences in the oviposition on control and treated agar spheres. The
number of laid eggs on agar spheres and voile lid was log-transformed
to meet the assumptions of ANOVA and paired t-test. Untransformed
means are presented. For biological activity in dual-choice tests, we
also calculated a discrimination coefficient (DC): C—T/C+ T x 100
, Where C is the number of eggs laid into the control agar spheres,
and T is the number of eggs laid into faeces extracts-treated agar
spheres. DC is an index that can vary from -100 to +100. A DC value
of 100 represents a complete inhibition of oviposition in the treated
sphere/lid, while a DC of -100 indicates a complete absence of de-
terrent activity. DC = O represents no difference between treated
and control agar spheres (Arredondo & Diaz-Fleischer, 2006; Boller
& Hurter, 1985). The DC values from the individual replicates were
used to calculate the mean DC value and the confidence interval (95%

confidence level). A one-sample t-test (Z-test) was used to determine

whether DC values were significantly different from zero, and ANOVA
to determine whether there were any statistically significant differ-
ences among DC values from different doses. All analyses were carried
out using R (v.3.1.2) (R Core Team, 2020).

3 | RESULTS

3.1 | Behavioural arena bioassays
Treating the agar spheres with methanolic extracts of A. fraterculus
faeces significantly reduced the number of laid eggs by conspecific
females in dual-choice tests (Figure 1). Mated couples methanolic
faeces extracts (MCM) exhibited a biological activity, i.e. agar spheres
treated with MCM were less preferred than spheres treated with
methanol (Figure 1a). The effectiveness of MCM was observed at 50
(paired-t = -4.64, df = 24, p<0.001), 10 (paired-t = -4.69, df = 24,
p<0.001) and 1 IE (paired-t = -4.85, df = 24, p<0.001) (Figure 1a).
Similar results were obtained for mated females methanolic fae-
ces extracts (MFM) at 50 (paired-t = -7.52, df = 24, p<0.001), 10
(paired-t = -4.42, df = 24, p<0.001) and 1 IE (paired-t = -2.96,
df = 24, p = 0.004) (Figure 1b). Virgin females (VFM) and males
methanolic (VMM) faeces extracts displayed no significant differ-
ence compared with methanol treated spheres (paired-t = -0.48,
df = 24, p = 0.62; paired-t = -0.08, df = 24, p = 0.93) (Figure 1c).
Treating the agar spheres with aqueous extracts of A. fraterculus fae-
ces did not reduce the number of laid eggs by conspecific females
compared with distilled water treated spheres, showing no biological
activity (Figure 1d).

All tested doses (1, 10 and 501E) of MCM and MFM revealed a bi-

ological activity on A. fraterculus oviposition behaviour, significantly

FIGURE 1 Mean number (+SEM) of
Anastrepha fraterculus eggs laid on agar
spheres treated with different faeces
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decreasing the number of eggs laid in agar spheres treated with these
extracts (Table 1). The 50 and 10 IE dose of MCM extract exhibited
the highest biological activity, with a mean DC of 83.52+6.25 and
83.20+6.68, respectively (t = 26.27, df = 24, p<0.001; t = 24.41,
df =24,p<0.001). The 1 IE dose of MCM extract showed the lowest
biological activity, with a mean DC of 35.68 + 9.93, but still effective
in reducing oviposition behaviour (t = 7.06, df = 24, p<0.001). The
bioassays using MCM extracts showed an increase of HMP activity
with increasing doses (Table 1). The MFM extract displayed the high-
est DC value at 1 |IE dose (DC = 54.44+10.29; t = 10.38, df = 24,
p<0.001) and the lowest DC value at 501E dose (DC = 37.15+8.60;
t =8.48, df = 24, p<0.001). Despite presenting different DC values,
MFM extracts for 50, 10 and 1 IE did not have a significantly differ-
ent effect among each other (F = 2.08, df =2, p = 0.13), i.e. all doses
were equally effective in deterring female oviposition behaviour.
The other treatments (VFM, VMM, MCA, MFA, VFA and VMA) ex-
hibited no effect on oviposition, with a mean DC value lower than
6.00 (p>0.05).

Altogether, there were significant differences among treatments
in the mean number of eggs laid on agar spheres in no-choice tests
(Figure 2). Female A. fraterculus laid significantly fewer eggs on agar
spheres treated with MCM at 501E dose than the other treatments
(F=39.07,df = 3, p<0.001). On each treatment, there was no differ-
ence in the mean number of eggs laid on agar spheres meaning that
there was no bias of oviposition preference regarding the position of
the spheres in the arena (Figure 2).

Female C. capitata laid significantly more eggs in the voile lid area
treated with methanol than the area treated with A. fraterculus MCM
at 501E dose (paired-t = 3.83, df = 24, p<0.001) (Figure 3), indicat-
ing that A. fraterculus putative HMP has a heterospecific effect. The
mean DC value of MCM at 501E dose was 43.47+3.86 (t = 11.47,
df = 24, p<0.001; Table 1).

3.2 | Chemical analyses

The HPLC analysis did not show differences in the chemical pro-
file among MCM, MFM and VMM faeces extracts that could jus-
tify the responses observed in the behavioural assays (Supporting
Information). Therefore, the same extracts were submitted to VPE
and analysed by GC and GC-MS. The extracts analysed by GC-MS
presented qualitative differences among the treatments, and 13
compounds were identified: (1) anastrephin (Rl = 1590), (2) epianas-
trephin (Rl = 1604), (3) methyl (9E)-hexadecenoate (Rl = 1902), (4)
methyl hexadecanoate (Rl = 1925), (5) 10-heneicosene (Rl = 2079),
(6) octadecanol (Rl = 2088), (7) methyl linoleate (Rl = 2094), (8)
methyl (9Z)-octadecenoate (Rl = 2105), (9) methyl octadecanoate
(RI = 2126), (10) octadecyl acetate (Rl = 2206), (11) (9Z)-tricosene
(RI = 2279), (12) eicosanol (RI = 2292), and (13) eicosyl acetate
(RI = 2407) (Figure 4). The compounds anastrephin and epianas-
trephin are components of the male sex pheromone (Brizova et al.,
2013), and they were not identified in MFM extract. On the other
hand, methyl (9E)-hexadecenoate and methyl (9Z)-octadecenoate

were produced in higher quantities by females and only in trace
amounts by virgin males (Table 2). Despite being identified in all ex-
tracts, methyl hexadecanoate and methyl linoleate were also found
in higher quantities in MCM and MFM extracts compared with VMM
extract (Table 2).

4 | DISCUSSION

Fruit flies in the genera Anastrepha, Ceratitis and Rhagoletis mark
host fruits by dragging the aculeus and depositing HMP on the
fruit surface after oviposition (Prokopy et al., 1978; Roitberg &
Prokopy, 1987; Scolari et al., 2021). The present study provides
clear evidence that A. fraterculus mated female produces an HMP
that can be extracted from faeces and causes a significant reduc-
tion in fruit infestation by conspecifics and heterospecifics. This
type of pheromone has been successfully isolated from faeces of
different Tephritidae species (Aluja et al., 2003, 2009; Aluja &
Diaz-Fleischer, 2006; Boller & Hurter, 1985; Cheseto et al., 2018;
Kachigamba et al., 2012). Only mated A. fraterculus females pro-
duced biologically active HMP. Males and virgin females did not
seem to produce detectable amounts of the pheromone. Similarly,
R. cerasi and C. rosa young males and females produce none or only
traces of active HMP (Boller & Hurter, 1985; Cheseto et al., 2018;
Stadler et al., 1992). These results suggest a reproductive status-
dependent pheromone production for A. fraterculus female that
seems to be produced upon mating. Age-dependent pheromone
release has been demonstrated in R. cerasi and C. rosa (Cheseto
et al.,, 2018; Stadler et al., 1992); however, it does not seem to be
the case for A. fraterculus because faeces extracts were collected
from 8-10-day-old to 38-40-day-old virgin females, and no biologi-
cal activity was obtained using them, i.e. the HMP was not detected.

Anastrepha fraterculus putative HMP in faeces extracts was found
to be soluble in methanol. Here we report on sequential methanolic
extractions followed by aqueous extractions. The aqueous extracts
did not display any biological activity on A. fraterculus oviposition
behaviour, indicating that methanol is an effective solvent for the
type of compounds comprising the HMP blend. So far, the HMPs
currently identified are complex polar compounds with low volatil-
ity, considerable persistence and solubility in polar solvents, such
as N-[15(B-glucopyranosyl)-oxy-8-hydroxypalmitoyl]-taurine found
in R. cerasi (Hurter et al., 1987), N-(2,14-dimethyl-1-oxopentadecyl)-
glutamic acid in A. ludens (Aluja et al., 2003; Edmunds et al., 2010),
glutathione in C. cosyra (Cheseto et al., 2017), and glutamic acid in
C. rosa (Cheseto et al., 2018). Fruit flies HMPs are water and metha-
nol soluble, but methanol was proved to be a more efficient solvent
than water (Diaz-Fleischer et al., 2004). Moreover, previous studies
reported that methanol does not affect fruit flies' behaviour once
evaporated (Aluja et al., 2009; Arredondo & Diaz-Fleischer, 2006;
Diaz-Fleischer et al., 2004).

Many Tephritidae flies tend toward uniformity of egg dispersion
among the available host fruits to achieve optimal utilization of re-
sources for larval development. This phenomenon was postulated
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Respondent Dose

species Treatment Control (IE)? DC+ClI

Anastrepha MCM M 50 83.52+6.25

fraterculus MCM M 10 83.20+6.68

MCM M 1 35.68+9.93
MFM M 50 37.15+8.60
MFM M 10 43.76 +10.08
MFM M 1 54.44+10.29
VFM M 50 3.22+4.19
VMM M 50 0.47+6.19
MCA DW 50 579+728
MFA DW 50 2.01+6.89
VFA DW 50 0.87+7.93
VMA DW 50 2.13+4.53

Ceratitis capitata MCM M 50 43.47 +7.41

TABLE 1 Discrimination coefficient
(DC) (mean + confidence interval, Cl)

of Anastrepha fraterculus and Ceratitis
capitata against agar spheres treated with
methanolic and aqueous faeces extracts
of A. fraterculus

p value®

p<0.001
p<0.001
p<0.001
p<0.001
p<0.001
p<0.001
p=0.15
p=0.89
p=0.13
p=0.81
p=0.85
p=0.89
p<0.001

Abbreviations: MCA, mated couples aqueous faeces extracts; MCM, mated couples methanolic
faeces extracts; MFA, mated females aqueous faeces extracts; MFM, mated females methanolic
faeces extracts; VFA, virgin females aqueous faeces extracts; VFM, virgin females methanolic
faeces extracts; VMA, virgin males aqueous faeces extracts; VMM, virgin males methanolic faeces

extracts.
Insect equivalent.

One-sample t-test was used to determine whether DC values were significantly different from

zZero.

(a) (b) FIGURE 2 Mean number (+SEM) of

25 - 25 - a a a a Anastrepha fraterculus eggs laid on agar

spheres treated with different faeces

20 + 20 1 extracts and solvent control in no-choice

15 4 15 4 tests. (a) Mated couples methanolic faeces

10 4 10 extracts (MCM) at 50 insect equivalent
2 5 5 | dose (IE). (b) Methanol (M). (c) Mated
% a a a a couples aqueous faeces extracts (MCA) at
- 0 —=m == 0 T T T ) 501E. (d) Distilled water (DW). Means with
:—f MCM MCM MCM MCM M M M M the same letter are not different (ANOVA
° 50IE 50IE 50IE 501E p>0.05)
2
5 (@ (@
§ 25 - 25 -
=20 - 20 -

15 - a a a a 151 a a a a

10 10

5 A 5 4
0 - 0 - . . T
MCA MCA MCA MCA DW DW DW DW
50IE 50IE 50IE 501E
Treatments Treatments

to be the ecological significance of HMP (Prokopy et al., 1976). In
the no-choice experiment, such a pattern was evident once all agar
spheres were equally infested (there were no significant differences
in the mean number of eggs per agar sphere). Usually, A. fraterculus
lay one egg per oviposition bout, but more than one egg can be found
per clutch (Nascimento & Oliveira, 1996). Anastrepha ludens females

are more likely to lay eggs in lightly infested fruits than in heavily in-
fested fruits. However, when uninfested fruits are not available, fe-
males exploit already occupied fruits (Papaj & Aluja, 1993). It is also
true for A. fraterculus, as agar spheres treated with MCM and MFM
extracts might be equivalent to a heavily infested fruit and over time,
as females oviposit in control agar spheres (methanol-treated), these
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FIGURE 3 Mean number (+ SEM) of Ceratitis capitata eggs laid
on voile lids treated with Anastrepha fraterculus mated couples

faeces extracts (MCM) at 50 insect equivalent dose (IE) and

methanol (M) in dual-choice tests. Means with the same letter are

not different (paired t-test p>0.05)

FIGURE 4 GC-FID chemical profiles of
Anastrepha fraterculus' methanolic faeces
extracts submitted to vapour phase
extraction. (a) Mated females methanolic
extract (MFM). (b) Virgin males methanolic
extract (VMM). (c) Mated couples
methanolic extract (MCM). Compounds:
(1) anastrephin, (2) epianastrephin, (3)
methyl (9E)-hexadecenoate, (4) methyl
hexadecanoate, (5) 10-heneicosene, (6)
octadecanol, (7) methyl linoleate, (8)
methyl (9Z)-octadecenoate, (9) methyl
octadecanoate, (10) octadecyl acetate,
(11) (92)-tricosene, (12) eicosanol and (13)
eicosyl acetate

Detector response (pA)

(@
300
250
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became lightly infested and more preferred as oviposition hosts. In
the no-choice tests, when all agar spheres were treated with MCM
extract, the mean number of laid eggs were lower than that of
methanol-treated agar spheres (control), clearly demonstrating that
faeces extracts contained an HMP that reduces fruit infestation.
The discrimination coefficient values showed an increase of
biological activity increasing the dose for MCM extract, similar to
other studies using raw faeces extracts of other fruit fly species
(Arredondo & Diaz-Fleischer, 2006; Boller & Hurter, 1985). Most
previous studies used raw faeces extracts from mated couples fruit
flies (Aluja et al., 2003, 2009; Aluja & Diaz-Fleischer, 2006; Boller &
Hurter, 1985), and our results corroborate the effectiveness of these
kinds of extracts. However, faeces extract from mated females only
(MFM) showed a different pattern, in which all doses had similar bi-
ological activity. Kachigamba et al. (2012) also used MFM extracts
and showed that C. cosyra females increased host discrimination as
the concentration of faeces extracts increased, in a similar fashion
as MCM extracts. Such differences could be possibly related to dif-

ferent bioassay methodologies (artificial vs. natural fruits), fruit fly
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TABLE 2 Relative abundance (%) of compounds in Anastrepha
fraterculus methanolic faeces extracts submitted to vapour-phase
extraction

Percentage (%)
Compounds RI? MFM VMM MCM
Anastrephin® 1590 - Present Present
Epianastrephin® 1604 - Present  Present
Methyl 1902 4.9 0.7 7.9
(9E)-hexadecenoate
Methyl hexadecanoate 1925 6.8 3.6 15.9
10-Heneicosene 2079 2.7 12.4 49
Octadecanol 2088 34.6 334 27.7
Methyl linoleate 2094 4.4 2.3 6.9
Methyl 2105 1.4 0.3 2.5
(9Z)-octadecenoate
Methyl octadecanoate 2126 1.6 0.7 2.4
Octadecyl acetate 2206 3.8 2.3 2.7
(9Z)-Tricosene 2279 2.5 9.9 3.7
Eicosanol 2292 35.1 33.9 24.4
Eicosyl acetate 2407 2.1 0.5 1.0

Abbreviations: MCM, mated couples methanolic extract; MFM, mated
female methanolic extract; VMM, virgin male methanolic extract.
?Retention indices calculated from the retention times on a DB-5
column.

bThese compounds were not included in the relative abundance
because they are components of male sex pheromone.

species and the amount of active pheromonal components present
in the extracts.

We decided to start the chemical analysis of faeces extracts
using HPLC based on previous studies and on the fact that HMP
molecules usually have low volatility. Nonetheless, we could not
spot any qualitative or quantitative differences among the ex-
tracts (MCM, MFM and VMM). The chromatograms showed no
differences regarding the chemical profile and the wavelength of
the peaks. The HMP of A. ludens, the compound N-(2,14-dimethyl-
1-oxopentadecyl)-glutamic acid, was identified by GC-MS with
ionization by electron impact (Aluja et al., 2009). Therefore, we
submitted the faeces extracts to a vapour-phase extraction (VPE)
and analysed them by GC/GC-MS. Using these techniques, we
could detect qualitative and quantitative differences among the
extracts. The compounds methyl (9E)-hexadecenoate, methyl
hexadecanoate, methyl linoleate and methyl (9Z)-octadecenoate
were found in higher abundance in females' faeces extracts (MFM
and MCM); besides, the compounds methyl (9E)-hexadecenoate
and methyl (9Z)-octadecenoate were found only in trace amounts
in male faeces extract and seem to be a female-specific compo-
nent. These kinds of compounds have never been reported in
the faeces of Tephritidae flies, but long linear and non-saturated
hydrocarbons, and their alcohols and esters, have already been

described in faeces of other Diptera species, such as Drosophila

melanogaster (Keesey et al., 2016). In D. melanogaster, such com-
pounds led to increased feeding and aggregation behaviour. As
methanol can accidentally cause the formation of chemical de-
rivatives, such as methyl esters from carboxylic groups (Maltese
et al., 2009), we performed the same extraction procedure, but
using diethyl ether. We found similar chemical profiles using both
solvents (methanol and diethyl ether), indicating that the fatty acid
methyl esters identified were not methylation by-products (data
not shown). Caution, therefore, is needed to prevent the formation
of artefacts due to interactions with solvents during the extraction
and storage of samples that may lead to incorrect chemical char-
acterization and biological conclusions (Sauerschnig et al., 2018).
To make sure the identified compounds were faeces-related, we
analysed the artificial diet content using methanolic extraction
and VPE. Our chemical analyses showed that diet did not pres-
ent any of the compounds found in faeces extracts (Supporting
Information). While it is clear that faeces extracts contain HMP
components, it still is open for debate whether the identified
compounds are HMP related. The chemical nature of the already
identified HMP from other Tephritidae species differs from the
kind of compounds we identified here (Aluja et al., 2003; Cheseto
et al,, 2017, 2018; Edmunds et al., 2010; Hurter et al., 1987).
Potentially, we could have overlooked other compounds present
in faeces extracts, such as long-chain fatty acids, as VPE technique
used here does not cover such molecules. Further studies using
synthetic standards should evaluate the role of the identified com-
pounds in A. fraterculus oviposition behaviour.

Deposition of HMP following egg-laying provides important
information not only to conspecific females but also to females
from other species. However, there is considerable variation in
heterospecific pheromone recognition. Prokopy et al. (1976),
studying different species in the Rhagoletis genus, proposed that
species from different intrageneric groups do not recognize each
other's HMP, whereas species within the same group have dif-
ferent recognition degrees. This prediction was not supported
in various Anastrepha species, in which species from different
groups (fraterculus species group: A. ludens and A. oliqua vs. ser-
pentina species group: A. serpentina) recognized each other's HMP
(Aluja & Diaz-Fleischer, 2006). Our results showed that species
from different genera are also able to recognize heterospecifics
HMP, such as C. capitata that discriminated against hosts marked
by A. fraterculus faeces extracts. We have not tested if complete
cross-recognition exists in A. fraterculus and C. capitata, but given
that in nature these two species compete for resources and their
host range overlaps widely (Devescovi et al., 2015), and that under
laboratory conditions they avoid laying eggs in fruits recently in-
fested by heterospecific females (Liendo, 2013), it is reasonable to
believe that A. fraterculus might also discriminate against C. capi-
tata HMP. Complete interspecific cross-recognition has previously
been reported to A. ludens, A. obliqua and A. sepentina (Aluja &
Diaz-Fleischer, 2006). Interspecific recognition of HMP also oc-

curs in C. capitata, C. fasciventris, C. rosa and C. cosyra (Kachigamba
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et al., 2012), and R. pomonella, R. mendax and R. cornivora (Prokopy
et al., 1976). Although females benefit from recognizing both con-
specific and heterospecific HMP, avoiding oviposition in the pres-
ence of the former seems to be more advantageous.

Evidence from at least three genera within the Tephritidae fam-
ily suggests that HMP is a promising tool in the management of fruit
flies. Field experiments spraying faeces extracts and synthetic for-
mulations of HMP caused a significant reduction in fruit infestation
(Aluja et al., 2009; Aluja & Boller, 1992; Birke et al., 2020; Edmunds
et al., 2010; Katsoyannos & Boller, 1980). Considering aspects of ap-
plicability and production cost of control methods, the phenomenon
of cross-recognition allows the use of just one HMP against many fruit
fly species. Future studies should focus on the identification of the
bioactive compounds that comprise A. fraterculus HMP and field trials
to evaluate its effectiveness outside laboratory conditions in a more

realistic scenario.
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