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Abstract

The interactions between Dacini male fruit flies and phytochemical male lures are unique. Lure response, fate and its effects
after consumption on fruit fly mating behaviour are species- and lure-specific. Bactrocera frauenfeldi is known to respond to
the phenylbutanoids raspberry ketone (RK) and cue lure (CL), anisyl acetone (AA), and zingerone (ZN), which are produced
by some rainforest orchids. Here we compared the relative field responses of B. frauenfeldi males to these phenylbutanoids
in two selected locations to determine the most attractive lure for this species. We also performed gas chromatographic-mass
spectral analyses of male rectal pheromone glands to understand the fate of the ingested compounds. Results showed that B.
frauenfeldi males were most responsive to CL, equally to RK and AA, while poorly to ZN in Cairns, a site with high popula-
tion density. No significant difference was observed in Lockhart River which has a low population density of B. frauenfeldi.
Chemical analyses showed that most of the ingested phenylbutanoids were sequestered into rectal glands, either unchanged or
with minimal structural changes except for AA, which is converted to RK via a demethylation of the methoxy- to a hydroxy-
moiety and reduced to 4-(4-methoxyphenyl)-2-butanol via the keto-moiety. This study provides both practical and ecological
implications: it identified the most attractive lure, which is important for monitoring and management of B. frauenfeldi; and
based on the relative responses, conversion and retention rates by B. frauenfeldi males, revealed the ecological significance
of these phytochemical lures in plant-fruit fly co-evolution.
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Introduction

Males of many fruit fly species in the tribe Dacini (Diptera:
Tephritidae: Dacinae) have long been known to be attracted
to a particular group of plant secondary metabolites, i.e.
phenylpropanoids and phenylbutonoids, hereafter referred to
as male lures (Metcalf et al. 1983; IAEA 2003; Nishida and
Tan 2016). Male fruit flies exhibit strong attraction to and
actively forage for these lures in nature. This is followed by
phagostimulant activities upon arrival at a source (Metcalf
et al. 1983; Cunningham 1989). Such behaviour has been
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deliberately manipulated for pest management and control
of fruit fly pests using these lures for population detection,
surveillance, monitoring, suppression and eradication pro-
grammes (Tan et al. 2014; Vargas et al. 2014).

These male lures play an important role in the mating
systems of fruit flies (see reviews by Shelly 2010; Tan and
Nishida 2012; Segura et al. 2018). The consumed lures pass
through the crop, and are either metabolized into analogues
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or sequestered unaltered and transported via the haemo-
lymph to be stored in the male rectal (pheromone) gland
prior to release as air-borne volatiles (Hee and Tan 2004).
The incorporation of these analogues and sequestered com-
pounds into the fruit fly pheromone blend enhances (a)
the attractiveness of chemical sexual signals for conspe-
cific female attraction (Shelly and Dewire 1994; Tan and
Nishida 1996; Hee and Tan 1998; Wee et al. 2007, 2018b,
c; Kumaran et al. 2014a; Rabiatul and Wee 2019); and/or
(b) male behavioural sexual signalling (Shelly and Dewire
1994; Kumaran et al. 2014b; Rabiatul and Wee 2019), lead-
ing to increased male mating success. In some cases, F;
male offspring from females mated with lure-fed males was
shown to have an enhanced lure-foraging ability than those
sons from paternal males that were denied access to lures
(Kumaran and Clarke 2014). With more research conducted,
it becomes evident that male fruit flies’ sensitivity and
attraction to male lures, fate and direct physiological effects
of lures after ingestion, varies between fruit fly species and
within species between lures. For example, zingerone (ZN)
feeding increased male mating success of Bactrocera tryoni
and Zeugodacus tau, with the enhancement of mating suc-
cess effect last longer in the latter than the former, but no
significant effect on Zeugodacus cucurbitae (Kumaran et al.
2014a; Shelly 2017; Wee et al. 2018a); male B. correcta is
specifically and more attracted to p-caryophyllene than to
methyl eugenol, a common male attractant used for popula-
tion monitoring and control of this species and a few other
Bactrocera pest species (Wee et al. 2018b).

Bactrocera frauenfeldi (Schiner) is a polyphagous hor-
ticultural fruit pest infesting over 109 species of commer-
cial and native fruits belonging to 37 families (Hancock
et al. 2000; Leblanc et al. 2004, 2012). It is native to Papua
New Guinea and its surrounding islands and has invaded
several Pacific islands and north east Australia (Leblanc
et al. 2012; Royer et al. 2016). The species has long been
known to respond to two phenylbutanoids (Fig. 1), cue lure
(CL) and raspberry ketone (RK) (Drew 1974). CL is read-
ily hydrolysed to RK (Metcalf et al. 1979), which is found
as a secondary metabolite in some plant families including
Rosaceae, Asteraceae, Lamiaceae and Orchidaceae (e.g.
Deifel 1989; Nishida and Tan 2016). CL is a commonly used
male lure that attracts at least 286 fruit fly species belonging
to the tribe Dacini (IAEA 2003, Doorenweerd et al. 2018). It
was previously thought to exist only as a synthetic chemical
but was recently detected in minute quantities in daciniphil-
ous flowers (attracting only Dacini fruit flies) of Bulbophyl-
lum hortorum J J Verm, O’Byrne and Lamb (Katte et al.
2020).

Recently, in separate preliminary field tests conducted
in Australia (Royer 2015) and Papua New Guinea (Nishida
and Tan 2016), anisyl acetone (AA) and zingerone (ZN)
(Fig. 1) baited traps also attracted males of B. frauenfeldi.
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Fig.1 Chemical structures of  anisyl acetone (AA),
4-(4-methoxyphenyl)-2-butanol (AL), raspberry ketone (RK), cue
lure (CL), zingerone (ZN) and zingerol (ZL)

AA, an aromatic ketone, was amongst the first few synthetic
chemicals reported as potential fruit fly baits to the melon
fly, Zeugodacus cucurbitae (Barthel et al. 1957). AA was
recently detected in Bulbophyllum orchid flowers in Papua
New Guinea and South-East Asia regions, and it attracts
many CL/RK-responsive Dacini fruit fly species, including
B. frauenfeldi (Katte et al. 2020; Royer et al. 2020). ZN, in
contrast, is a unique phenylbutanoid compound that has the
ability to attract male fruit flies from CL/RK-responsive as
well as methyl eugenol (a phenylpropanoid; ME)-responsive
groups of Dacini fruit flies (Tan and Nishida 2000, 2007,
Nakahira et al. 2018; Leblanc et al. 2018a, b, 2019). Fur-
thermore, it is also highly specific to certain species that are
non-responsive to either CL/RK or ME (Fay 2012; Leblanc
et al. 2018a, b, 2019; Royer 2015; Royer et al. 2018, 2019).

Bactrocera frauenfeldi is one of numerous CL/RK-
responsive Dacini fruit fly species that are invasive across
the Australasian region. However, little is understood of its
interactions with phenylbutanoid lures in comparison to
other pest species, such as melon fly (Nishida et al. 1993).
Therefore, a detailed study to identify the most attractive
lure for this species and the fate of lure after consumption
by males is warranted to fill a key gap in the understanding
of male lures for the species.

In this paper, we investigated the relative field attract-
ancy of ZN, RK, AA and CL to male B. frauenfeldi in north
Queensland, Australia to determine the most attractive lure
for the species. Two locations were chosen: Lockhart River
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and Cairns with known low and high B. frauenfeldi popu-
lation densities, respectively. We also conducted chemical
analyses to understand the fate of different phenylbutanoids
after ingestion by B. frauenfeldi, on a comparative, quantita-
tive, and temporal basis.

Materials and methods
Insects

Bactrocera frauenfeldi laboratory strain pupae were obtained
from the Department of Agriculture and Fisheries (DAF),
Cairns, Queensland. Emerged flies were held in screen cages
(35x%35x%35 cm) provided with water and a mixture of pro-
tein hydrolysate-sugar (ratio 1:3) ad libitum. Flies were sex-
segregated within three days of adult emergence and main-
tained at 27 °C and 70% RH in an insectary illuminated with
natural light in addition to fluorescent lighting in a 8:16 h
light: dark regime. Sexually mature virgin flies (14—17 day-
old) were used for all studies unless otherwise stated.

Chemicals

Figure 1 shows the various phenylbutanoids used in this
study. Anisyl acetone (AA; 4-(4-methoxyphenyl)-2-bu-
tanone; CAS 104-20-1) (purity >98%); Cue lure (CL;
4-(p-acetoxyphenyl)-2-butanone, CAS 3572-06-3) (99.4%
purity); raspberry ketone (RK; 4-(4-hydroxyphenyl)-2-bu-
tanone; CAS 5471-51-2) (purity >98%); and zingerone (ZN;
4-(4-hydroxy-3-methoxyphenyl)-2-butanone; CAS 122-
48-5) (purity >96%) were obtained from Sigma-Aldrich.
We also synthesized 4-(4-methoxyphenyl)-2-butanol (AL;
4-(4-methoxyphenyl)-2-butanol; CAS 67952-38-9) and
zingerol (ZL; 4-(4-hydroxy-3-methoxyphenyl)-2-butanol;
CAS 39728-80-8) from commercial AA (TCI, Japan) and
ZN, respectively, using sodium borohydride (Wako, Japan).
The compound identification for AL was confirmed by mass
spectra fragmentation pattern and reference to NIST 11.0
library: GCMS: 180 (M +, 24%), 162 (22%), 147 (74%), 122
(18%), 121 (100%), 91 (32%), 78 (13%), 77 (21%), 45 (9%).

Field trapping

Lures were dosed at 0.5 ml (0.5 g for crystalline lures) to
0.08 ml Hy-Mal® (containing a.i. 1150 g/L maldison) dis-
pensed onto a 3.8 cm long dental wick (Livingstone Int.,
Rosebury, New South Wales). CL and AA were in liquid
form. ZN and RK, which are crystalline, were liquefied in
absolute ethanol in a ratio of 3:1. All lures were applied
with a graduated pipette to the dental wicks separately. Lures
were placed in Steiner traps made of 1 L clear cylinder hung
horizontally with 2.5 cm wide ingress tubes on the flat ends.

Traps were placed at two locations in north Queensland,
Australia, Lockhart River and Cairns, with low and high
populations of B. frauenfeldi, respectively (12.1 versus 220.8
flies/trap/week using CL-baited traps dosed at 3 mL lure to
1 mL malathion [500 g/L] in 2012-2014; Royer, unpub-
lished data). Lockhart River is on Cape York Peninsula (Lat.
— 12.79, Lon. 143.30) at an altitude of 17 m, with mean
annual rainfall of 2047 mm and mean annual temperature
25.9 °C (min. 22.0 °C, max. 29.8 °C). Cairns is in far north
Queensland (Lat. — 16.87, Lon. 145.75) at an altitude 2 m,
with a mean annual rainfall of 1987 mm and mean annual
temperature 25.0 °C (min. 20.8 °C, max. 29.1 °C).

For each location, five sites were chosen and served as
blocks. Each block consisted of four traps baited with each
of the lures and arranged in a randomised complete block
design. Traps within blocks were placed 30 m apart, and
blocks were at a minimum of 300 m apart. Traps were hung
approximately 1.5 m from the ground in or near shaded
host trees, such as tropical almonds (Terminalia catappa
L.) and mangoes (Mangifera indica L.). Traps were rotated
each week to avoid any positional effect. Trap catches were
cleared weekly for eight consecutive weeks during summers
of 2017-2018 and 2019 (Lockhart River from 13 December
2017 to 5 February 2018 and Cairns from 14 January 2019
to 11 March 2019). There were 40 replications for each lure
at each location, and trap capture was expressed as mean
flies/trap/week (FTW). Trapped flies were identified to spe-
cies under a stereomicroscope using taxonomic keys by
Drew (1989).

Male lure feeding and rectal gland excision

Male lure feeding was conducted in the morning between
08:30 and 13:00 h. A sexually mature and virgin male was
allowed to feed on either RK, ZN or AA. RK, AA and
ZN were chosen for chemical analysis, because they were
known to exist as natural floral attractants in many plant
species when the study was conducted in 2016, while CL
was not known to exist as a natural compound then (Katte
et al. 2020). 20 ug of a known male lure was dispensed
using a 10 uL pre-calibrated microcapillary glass pipette
(Drummond®) on a piece of filter paper (4 cm dia.) placed
on a disposable Petri dish. Feeding period was limited to
30 min. Subsequently, fed-flies were removed and kept in a
500 mL ventilated plastic container provided with artificial
adult diet (see “Materials and Methods”—Insects) and water
ad libitum until required for further analysis.

After 6 h, 1-, 3- and 5-day post treatment (DPT), a treated
male was lightly cold-immobilised at — 20 °C, decapitated
and then, the rectal pheromone gland was carefully excised.
Each extracted gland was soaked in a glass insert (250 or
300 ul; Sigma-Aldrich®) with a known amount of absolute
ethanol, and 50 ng of 1-dodecanol as an internal standard
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was added. For male lure feeding and each post-feeding
treatment, six replications were conducted. The rectal glands
extracted from the respective lure-deprived males were simi-
larly processed as controls.

Chemical analysis of excised male rectal glands

Chemical analysis and quantification were conducted using
a Shimadzu 8040 Triple Quadrupole Gas Chromatography-
Mass Spectrometer (electron impact at 70 eV), equipped
with a HP-5 column (non-polar; 30 m X 0.25 mm X 0.25 um,
GS-Tek (USA), fused with silica column coated with cross-
linked bonded dimethylpolysiloxane). The carrier gas was
helium, and the oven temperature was programmed from
60 °C (1 min holding) to 240 °C (hold 1 min) at a rate of
10 °C/min.

Prior to chemical analysis, the soaked gland within the
glass insert was homogenised using a custom-made mini
glass rod. The macerated tissue in ethanol was then vortexed
and centrifuged in a fixed angle rotor at 1000 rpm for 3 min.
The supernatant was then transferred to a new glass insert
placed inside an auto-sampler vial for GC injection. One-pl
aliquot was injected into the GCMS for analysis. For quan-
tification, separate calibration curves were plotted for RK,
ZN, ZL and AL using various dosages with co-injection of
the internal standard in absolute ethanol. Based on these
calibration curves, peak areas of the respective chemicals
in each rectal gland, relative to the internal standard, were
quantified.

Statistical analysis

For field trapping data, a cross-sites meta-analysis was con-
ducted using generalised linear mixed models (GLMM) in
GenStat (2016), adopting restricted maximum likelihood
(REML). The over-dispersed Poisson distribution with the
log link function was adopted with the fixed effects of lure,
site, week of sampling, and the ‘site by lure’ interaction. The
‘site by week’ interaction was initially included in the model,
but omitted as it was not significant. The random effects
were the weekly trap services nested within the blocks, with

Table 1 Mean captures (mean flies/trap/week) of B. frauenfeldi males
using four different phenylbutanoid baited traps at five sites in a ran-
domised complete block design for eight consecutive weeks in Cairns

the temporal correlations between these successive trap ser-
vices accounted for under an autoregressive (of order one)
error structure. The variance components were restricted to
not permit negative estimates. The standard errors for each
mean were formed on the link (natural logarithm) scale and
back-transformed to counts forming asymmetrical ranges.
These were averaged to provide an approximate standard
error for each mean. Pairwise testing between the lures was
conducted using protected z-tests.

For rectal gland analysis, statistical analysis was per-
formed using Sigma Plot 12.0, and o was set at P=0.05 for
all comparisons. Data were subjected normality and variance
homogeneity tests prior to one-way analysis of variance. For
normally distributed data, means were separated by Holm-
Sidak method. When normality or homogeneity data was not
met, Kruskal-Wallis on Ranks was used, and means were
separated by Dunn’s Method.

Results
Field trapping

In Cairns, trap catches of B. frauenfeldi males ranked in
decreasing order were CL > AA =RK>ZN, whereas in
Lockhart River, trap catches were CL=AA =RK>ZN. The
main effect for lures was significant (F=10.4, df=3,308;
P <0.001), and Table 1 shows the lure means separately for
each site.

Mean weekly trap catches over time at each location are
shown in Fig. 2. The two locations had notably different
overall fly densities, although the relative trap catches using
the different lures were similar. At Lockhart River (with low
population density of B. frauenfeldi), mean FTW was less
than 3 for all the lures. There was no significant difference
in the mean FTW between AA, CL and RK (Table 1), while
no B. frauenfeldi was captured in ZN-baited traps throughout
the eight-week trapping trials. In Cairns, which has a high
population density during summer, CL-baited traps captured
the highest number of B. frauenfeldi males amongst the
lures tested (ca. 130 FTW). This was followed by RK and

(14 January-11 March 2019) and Lockhart River (13 December
2017-5 February 2018)

Lures Mean + S.E. (flies/trap/week)

Region AA CL RK ZN

Cairns 91.40+8.30° 127.97 +£11.54* 79.11+£7.19° 0.36+0.03¢
Lockhart River 2.75+1.46 2.76+1.47° 2.15+1.14° 0.00+0.00°

Means within the same row with different letters are significantly different at P=0.05

AA, Anisyl acetone, CL, cue lure, RK, raspberry ketone, ZN, zingerone
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Fig.2 Captures (mean flies/trap/week) of B. frauenfeldi males using
different lure-baited traps in Lockhart River (13 December 2017-5
February 2018) and Cairns (14 January—11 March 2019; bottom).
Anisyl acetone (AA), raspberry ketone (RK) and zingerone (ZN). ZN
captured zero flies at Lockhart River and very low numbers of flies at
Cairns (data not shown)

AA-baited traps, which captured an average of 80-90 FTW,
while ZN trapped very low number of males throughout the
eight-week trapping trials (Table 1). Bactrocera frauenfeldi
populations gradually declined over the trapping periods in
both sites. From previous trapping in Cairns and Lockhart
River, populations generally peak around December to Feb-
ruary (Royer JE, unpublished data).

Rectal gland analyses

Chemical analyses consistently showed the presence of two
major endogenous spiroacetal compounds in the rectal gland
of B. frauenfeldi males recently reported by Noushini et al.
(2020), with (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5,5]
undecane being most abundant followed by (E,E)-2,8-di-
methyl-1,7-dioxaspiro[5,5]undecane (Fig. 3). The consumed

RK was sequestered into the rectal glands unchanged, while
AA was converted into RK and AL. The consumed ZN was
largely sequestered in the rectal gland unchanged, with a
small portion converted into ZL (Fig. 3).

Table 2 shows the quantities of phenylbutanoid ana-
logues present in the male rectal gland at 6 h, 1-, 3- and
5-day after an initial feeding on each of the respective phe-
nylbutanoid attractants. Following consumption of RK, sig-
nificant quantities were accumulated on a temporal basis
in the rectal glands of B. frauenfeldi males (F=5.709,
df=3, 20; P=0.005). From the initial amount of 20 pg RK
offered, approximately 35% was sequestered at 6 h post-
feeding (Table 2). Quantities of RK detected had increased
significantly to ca. 70% from the initial 20 ug RK offered
(13.3-13.9 pg per gland) at 1- and 3-DPT, respectively
(0.013 < P <0.008; Holm-Sidak method), before decreasing
to ca. 12 pg per gland (~60%) at 5-DPT (Table 2).

After consumption, AA was converted to RK and AL
(Table 2). In the rectal gland, the accumulation of RK
increased significantly with time post-feeding (H=9.298,
df=3; P=0.026, Kruskal-Wallis), while the amount of AL
remained at or below 1.5 pg per gland (F'=0.154, df=3, 18;
P>0.05). At 6 h post-feeding, the amount of RK detected in
the male rectal gland was ca. 0.8 pug. Thereon, the accumu-
lated RK increased significantly with time, from ca. 1.8 pg
to ca. 3.7 ug per gland at 1-day and 3-day, respectively
(P <0.05, Dunn’s Method). At 5-DPT, the amount of RK
varied greatly between individual glands, with an average of
3.81+1.43 pg per gland (Table 2). Interestingly, the average
amount of pooled RK and AL present in the rectal gland
was not more than 25% of the AA offered to the male B.
frauenfeldi at any given time.

Approximately 65% of the ingested ZN was sequestered
as early as 6 h with a small fraction being converted to ZL
(Table 2). The quantities of ZN and ZL accumulated in the
male rectal glands, ranging from 13-17 pg per gland and
55-99 ng per gland (65-85% from the initial 20 ug ZN
offered), respectively, remained high and not significantly
different over time (F(ZN)=0.95; F(ZL)=1.161, df=3, 20;
P>0.05).

Discussion

The current results suggest that CL serves as the most
attractive lure for B. frauenfeldi, followed by AA and RK,
as indicated by the highest FTW in Cairns, which has a
high fly population density. This is the first account of AA
being an equally effective lure as RK in trapping B. frau-
enfeldi males. AA has previously trapped B. frauenfeldi
in Australia (Royer 2015) and low numbers of other CL/
RK-responsive species in Australia and New Caledonia
(Royer 2015; Royer et al. 2019, 2020). Although ZN was
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Fig.3 Gas chromatograms

of rectal gland extracts of
Bactrocera frauenfeldi males
after consuming selected
phenylpropanoid attractants:
control, anisyl acetone (AA)-
fed, raspberry ketone (RK)-fed,
and zingerone (ZN)-fed males.
Compound 1 =(E,E)-2,8-di-
methyl-1,7-dioxaspiro[5,5]
undecane (Rf=7.12 min);
compound 2 = (E,E)-2-ethyl-
8-methyl-1,7-dioxaspiro[5,5]
undecane (R¢=8.20 min);

IS =internal standard, 1-dode-
canol (Rr=11.673 min);

AL =4-(4-methoxyphenyl)-
2-butanol (Rt=12.16 min);
RK =raspberry ketone
(Rt=12.64 min); ZN =zinge-
rone (Rt=13.78 min); ZL =zin-
gerol (R#=14.08 min)
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Table2 Amounts (mean+ SE;

Lure-fed Compound Mean + SE (pg/gland)

pg per gland) of rectal detected

volatiles in male rectal gland 6h 1 day 3 day 5 day

of Bactrocera frauenfeldi at

different time intervals after AA AA 0 0 0 0

initial feeding on selected AL 1.50+0.60* 1.20+0.16 1.22+0.40° 1.15+0.31°

phenylbutanoid attractants RK 0.85+0.44" 1.76 £0.64° 3.76+0.67° 3.81+1.43%®
RK RK 7.41+1.64° 13.34+1.36° 13.86+0.71° 11.84+0.99°
ZN ZN 13.05+1.63% 16.92+2.53* 16.78 +0.96* 13.04+2.66"

7L 0.05+0.02* 0.09+0.02% 0.10+0.01* 0.08+0.02*

Anisyl acetone (AA), 4-(4-methoxyphenyl)-2-butanol (AL), raspberry ketone (RK), zingerone (ZN) and

zingerol (ZL)

the least effective phenylbutanoid lure in attracting B. frau-
enfeldi males in the field, laboratory observations showed
that the males readily feed on ZN at close range (Wee SL,
personal observation).

Fruit fly-lure response is a species-specific and lure-spe-
cific phenomenon. Males of a fruit fly species may show
responses to more than one lure; and when they do, there is
usually a particular lure that it would be most attracted to
(Barthel et al. 1957; Metcalf et al. 1979, 1983; Royer 2015;
Royer et al. 2018, 2019; Wee et al. 2018a, b), as also dem-
onstrated in this study. According to Metcalf et al. (1979,
1983), tephritid male fruit flies’ response to lures implicated
an intimate plant-fruit fly co-evolution relationship with pos-
itive reinforcement towards mutualistic benefits. The Dacini
fruit flies seemingly had developed specific olfactory sensil-
lae preadapted for responding to these male lures at a very
low olfactory threshold, often at nanogram or submicrogram
levels (Wee et al. 2002, 2018a, b).

According to Metcalf and Metcalf (1992), the 2-butanone
side chain, is a primary chemical moiety for fruit fly attrac-
tiveness. All tested phenylbutanoid lures possess the
2-butanone side chain which is responsible for attracting
the CL/RK-responsive fruit flies. For ZN, apart from the
butanone side chain that attracts the CL/RK-responsive fruit
flies, it also possesses a methoxy-moiety attached to the
benzene ring that enables attraction of ME-responsive fruit
flies (Tan and Nishida 2000, 2007; Nishida and Tan 2016).
However, in the case of B. frauenfeldi, this additional meth-
oxy-moiety in ZN may have affected the chemical molecu-
lar conformation in olfactory perception of male lures thus
rendering the low to zero responsiveness in B. frauenfeldi
towards ZN in the field. In general, vapour pressure directly
affects the volatility of a chemical, but in this case, low
attraction of B. frauenfeldi to ZN was unlikely to be caused
by this, as the vapour pressure of ZN is at least six times
higher than RK. By comparison, the vapour pressure for
CL and AA are five and 349 times that of RK, respectively
(Hanssen 2015; Park et al. 2016). The low attractiveness of
ZN appears to strengthen our previous finding that chemi-
cal molecular conformation is more important than vapour

pressure in fruit fly olfactory perception of phytochemical
lures (Wee et al. 2018a).

Our study also shows that different fruit fly population
density could potentially affect the outcome and interpreta-
tion of a comparative lure-response field trial. At the low
population density site (Lockhart River), there was no dif-
ference in the trap captures of B. frauenfeldi between CL,
RK and AA. However, when the same trial was repeated
in Cairns, a site with a high population of B. frauenfeldi, a
significant difference was found in the FTW between these
lures. This may be due to the population density of B. frau-
enfeldi at Lockhart River being too low to enable the relative
attractiveness of lures to be compared statistically and in a
meaningful manner. Moreover, low numbers of B. frauen-
feldi males were also trapped at ZN-baited traps in Cairns,
while none were captured in the low fly populated with at
Lockhart River. ZN had previously captured low numbers
of B. frauenfeldi in similar sites in Cairns (Royer 2015).
Interestingly, this species was not attracted and trapped by
ZN in Papua New Guinea, even though the FTW there was
three times higher than that of Cairns (Royer et al. 2018).
One possible explanation for this discrepancy is the envi-
ronmental conditions in Cairns differed from that of Papua
New Guinea, with the former received higher mean annual
rainfall (1992 mm) than the latter (1017 mm). According to
Wee and Shelly (2013), differences in environmental condi-
tion, e.g. a wetter versus a drier local climate, may affect
fruit fly response to male lures.

The decline in B. frauenfeldi over the trapping period is
thought to be due to declining populations rather than the
lure becoming depleted. From previous trapping, B. frauen-
feldi population peaks vary from year to year, but generally
in Lockhart River the peak is December to January and in
Cairns, January to February (Royer JE unpublished data).
This corresponds with the declines seen here from mid-Jan-
uary in Lockhart River and February in Cairns. Lure loss
due to fly consumption before they were knocked down by
the insecticide is possible but unlikely to have a great impact
on lure depletion. Moreover, 500 mg of lure was used in this
study. CL has been shown to have a release rate of 0.38 mg/
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day at 24 °C and 0.62 mg/day at 27 °C and RK a release rate
of 0.02 mg/day at 24 °C (Metcalf and Metcalf 1992). Even
at CL’s highest release rate, only 35 mg would be released
over the eight-week trapping period. Therefore, the use of
500 mg is ample for the eight-week trapping period.

Chemical analyses showed that the consumed RK was
sequestered unaltered into the male rectal gland of B. frau-
enfeldi. A similar fate is also reported for RK with other RK/
CL-responsive Dacini males, namely Z. cucurbitae (Coquil-
lett), Z. tau (Walker) and B. tryoni (Froggatt) (Nishida et al.
1993; Tan and Nishida 1995, 2000; Nakahira et al. 2018).
Although chemical analysis on CL-fed B. frauenfeldi males
was not included in this study, the aforementioned chemical
analyses for Z. cucurbitae, Z. tau and B. tryoni have con-
sistently shown that CL was invariably converted into RK
(references as cited above). Park et al. (2016) showed that
CL remained intact in the atmosphere up to the point of
contacting a fly’s chemoreceptors, where CL is subsequently
hydrolysed to form RK.

This is the first report of chemical analysis on the fate
of AA, a lesser known natural phenylbutanoid, after con-
sumption by a Dacini male. The consumed AA was bio-
transformed into RK and AL and stored as major and minor
components, respectively, in the rectal glands of B. frau-
enfeldi males. The biotranformation of AA to AL involves
a reduction of the keto- to a hydroxy-moiety. A similar
reduction scheme also occurs in other fruit fly species. For
instance, consumed ZN was reduced to ZL in B. dorsalis
(Tan and Nishida 2000), Z. cucurbitae and Z. tau (Nakahira
et al. 2018), as well as B. frauenfeldi in this study; CL/RK
was reduced to rhododendrol in Z. cucurbitae and Z. tau
(Nakahira et al. 2018) and B. tryoni (Kumaran et al. 2014a,
b). All of these reduced chemical forms are usually present
in minute/trace amount or may only be occasionally detected
in male rectal glands. However, the demethylation of the
methoxy-moiety of AA to a hydroxy-moiety to form RK is
rather unusual and an interesting biochemical phenomenon
that warrants in-depth biochemical investigations.

The attraction of B. frauenfeldi males to CL, AA, RK
and ZN and their consumption, bio-conversion and accu-
mulation in the male pheromone glands are interesting
behavioural and physiological phenomena. The trend
of RK accumulation shows that the consumed RK was
detected in the rectal gland as soon as 6 h, peaked at 1- to
3 -DPT and began to decrease at 5-DPT onwards, possibly
being released as pheromonal components during court-
ship, as seen in the other mentioned CL/RK-responsive
species (Nishida et al. 1990, 1993; Tan and Nishida 1995,
2000; Nakahira et al. 2018). Although the accumulation
of RK and AL following AA consumption showed a sig-
nificant increase with time, the pooled amount of RK and
AL appeared to be low compared to other male lures, rep-
resenting about 25% of the total AA offered. Observations
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during fly feeding showed that B. frauenfeldi males would
more readily feed on ZN than AA at close range, i.e. once
they located the lure source, the males spent a longer time
feeding on ZN than AA. This may explain the lower accu-
mulation rate of lure metabolites for AA-fed males. The
reason behind this behaviour is not known and needs fur-
ther investigation.

Conversely, following the consumption of ZN, over half
the amount consumed was detected in the rectal gland at
6 h but most ZN was retained in the rectal gland for up to
5-DPT without any indication of decrease. Although the
functional importance of ZN in B. frauenfeldi is yet to be
clarified, the results may indicate ZN has a relatively small
role in the chemical ecology of B. frauenfeldi. This may
explain why B. frauenfeldi males are not strongly seek-
ing for ZN in the field although they readily feed on ZN
at close range. Nevertheless, the discoveries of AA, RK
and ZN in flowers of certain daciniphilous Bulbophyllum
species (Tan and Nishida 2000, 2005, 2007; Nishida and
Tan 2016; Nakahira et al. 2018; Katte et al. 2020) and the
Dacini assemblage attracted to these flowers in tropical
rainforests may have demonstrated the relative ecological
and physiological significance of these phenylbutanoids in
the mutualistic interactions between Dacini fruit fly fauna
and Bulbophyllum orchid flora via floral synomone (Tan
and Nishida 2015).

The attraction, consumption, bio-conversion and dynam-
ics of the lure metabolite accumulation may offer a glimpse
of the ecological importance and utilisation of phenylbuta-
noids by the Dacini fruit flies, so as to improve mate attrac-
tion and male mating competitiveness. Our study indicates
that: (a) CL is the most attractive lure while AA is equally
attractive as RK for B. frauenfeldi males; (b) the conversion
of ingested AA into RK and AL by B. frauenfeldi males
involves a demethylation of the methoxy- to a hydroxy-moi-
ety, and a reduction of the keto-moiety, respectively; (c) the
relative responses, conversion and retention rates of differ-
ent lures by B. frauenfeldi males might be of ecological and
plant-fruit fly co-evolutionary significances.
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