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Do Females of Bactrocera dorsalis (Hendel) 
(Diptera: Tephritidae) Gain an Indirect Benefit by Mating 

with Methyl Eugenol–Fed Males? 
Assessing the Possibility that Sons of Methyl Eugenol–Fed 

Fathers Show Enhanced Lure Responsiveness and 
Mating Success

Todd E. Shelly
USDA-APHIS, 41-650 Ahiki Street, Waimanalo, HI 96795, USA

Abstract. Males of the oriental fruit fly, Bactrocera dorsalis (Hendel), are strongly 
attracted to, and feed voraciously on, methyl eugenol, a naturally occurring com-
pound found in many plants. This attraction has long served as the basis for detec-
tion and eradication strategies against this agricultural pest. Recent studies have 
examined the biological basis of this attraction and demonstrated that derivatives 
of methyl eugenol are incorporated into the male sex pheromone and that methyl 
eugenol–fed males produce a more attractive pheromone and enjoy higher mating 
success than methyl eugenol-deprived males. What remains unclear is what (if 
anything) females gain by mating preferentially with methyl eugenol–fed males. 
Data from the congeneric Queensland fruit fly, B. tryoni (Froggatt), males of which 
are attracted to raspberry ketone/cue-lure, show that males sired by cue-lure–fed 
males are better able to locate this lure than males sired by non-cue-lure–fed males. 
The present study tested this notion with B. dorsalis in a series of field cage tests as 
well as a mark-release-recapture experiment. In none of the tests conducted was a 
difference detected in lure response between males fathered by methyl eugenol-fed 
versus methyl eugenol-deprived males. Moreover, no difference in mating success 
was observed between males sired by lure-fed or unfed males. Mate choice by B. 
dorsalis females is discussed in light of these results.  
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	 Males of the oriental fruit fly, Bac-
trocera dorsalis (Hendel), are strongly 
attracted to, and feed voraciously on, 
methyl eugenol (4-allyl-1, 2-dimethoxy-
benzene-carboxylate), a naturally occur-
ring compound found in more than 450 
plant species (Tan and Nishida 2012). 
This attraction has long served as the basis 
for detection and eradication strategies 
implemented against this notorious agri-
cultural pest. For example, Steiner (1952) 
reported that, as early as 1950, methyl 

eugenol–baited traps were used in a large-
scale “scouting” program to determine the 
presence of B. dorsalis in California. In 
several well-known projects, fiberboard 
blocks impregnated with methyl eugenol 
and insecticide were used to eradicate the 
oriental fruit fly from several islands in 
the Marianas Archipelago (Steiner et al. 
1965, 1970) as well as the Japanese island 
of Okinawa (Koyama et al. 1984).  
	 While practical applications were ad-
opted more than five decades ago, insights 
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into the biological basis for male attrac-
tion to methyl eugenol have emerged only 
recently. In a series of seminal papers, 
Nishida, Tan, and colleagues (Nishida 
et al. 1988a,b, Tan and Nishida 1996) 
showed that ingested methyl eugenol is 
converted to precursors of the male sex 
pheromone. Additional studies showed 
that methyl eugenol–fed B. dorsalis males 
have a mating advantage over methyl eu-
genol–deprived males, in part owing to 
elevated pheromone calling as well as the 
production of a pheromone more attractive 
to females (Shelly and Dewire 1994, Hee 
and Tan 1998 [note that the focal species 
in this latter study, B. papayae Drew & 
Hancock, has since been synonymized 
with B. dorsalis, Schutze et al. 2015]).  
	 B. dorsalis exhibits a lek mating system 
in which males form aggregations, defend 
territories that contain no resources criti-
cal to females, and contribute only sperm 
to females (Shelly and Kaneshiro 1991). In 
such systems, females presumably select 
males based on potential genetic (or indi-
rect) benefits gained by active discrimina-
tion among available males (Kirkpatrick 
and Ryan 1991). However, the importance 
of methyl eugenol in influencing female 
choice suggests that, by selecting methyl 
eugenol–fed males and possibly obtain-
ing certain compounds transferred in the 
ejaculate, females may gain direct benefits 
(Kirkpatrick and Ryan 1991) in terms of 
enhanced reproductive output and/or their 
own survival. A test of this possibility, 
however, failed to detect any differences 
in fecundity, fertility (egg hatch rate), or 
longevity between B. dorsalis females 
mated with methyl eugenol–fed males 
versus methyl eugenol–deprived males 
(Shelly 2000). As an alternative, Shelly 
(2000) suggested that (i) the presence of 
methyl eugenol derivatives in male sex 
pheromone may indicate a superior ability 
to locate natural sources of this chemical 
in the environment and (ii) by selecting 

males on the basis of these derivatives, 
females may increase the chances that 
their sons will have a high ability to locate 
methyl eugenol and hence enjoy high mat-
ing success. 
	 More recently, Kumaran and Clarke 
(2014) have investigated these same issues 
in more detail in the Queensland fruit fly, 
Bactrocera tryoni (Froggatt). Males of 
this species respond to, and ingest, rasp-
berry ketone (4-(p-hydroxyphenyl)-2-bu-
tanone) or its synthetic analogue cue-lure 
(4-(p-acetoxyphenyl)-2-butanone). As in 
B. dorsalis, males of B. tryoni that feed on 
the lure gain a mating advantage over lure-
deprived males (Kumaran et al. 2013). In 
contrast to B. dorsalis, however, females 
of B. tryoni that mated with cue-lure–fed 
males exhibited higher fecundity than 
females mated with cue-lure–deprived 
males. That is, females of this species 
derive a direct fitness benefit. Moreover, 
Kumaran and Clarke (2014) found B. 
tryoni females gained an intergenerational 
benefit as well, as sons of cue-lure–fed 
males appear better able (at least in cage 
conditions) to locate cue-lure sources than 
sons sired by unfed males. 
	 The purpose of this study was to test 
whether this same indirect benefit, en-
hanced lure-finding ability, is evident in 
B. dorsalis as well. Specifically, using 
outdoor field cages, attraction to methyl 
eugenol or flowers containing phenyl-
propanoids related to methyl eugenol 
was compared between male progeny of 
methyl eugenol–fed sires versus methyl 
eugenol–deprived sires. A mark-release-
recapture study was also conducted to 
compare attraction to methyl eugenol over 
a greater distance than possible in the field 
cages. In addition, using laboratory cages, 
mating frequency was compared between 
male progeny of methyl eugenol–fed sires 
and methyl eugenol–deprived sires in 
competition for copulations with females 
sired by eugenol-fed or methyl eugenol–
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deprived males. Female mate choice in B. 
dorsalis is discussed in light of the results 
obtained.

Materials and Methods
	 Colony establishment. The flies used 
in the study derived from a recently es-
tablished laboratory colony started with 
adults that emerged from infested guavas 
(Psidium guajava L.) collected at the 
Oahu Urban Garden Center, University 
of Hawaii, Pearl City, Hawaii, during 
May–June 2020. Fruits were placed on 
large-mesh screen in opaque, plastic tubs 
with the bottom covered by a thin layer of 
vermiculite; tubs were held on a covered 
porch under ambient environmental con-
ditions (daily maximum and minimum 
temperatures were 28.9–31.1°C and 
22.2–23.9°C, respectively, over the larval 
rearing interval). Larval development oc-
curred in situ, and larvae “popped” into 
the vermiculite where pupation occurred. 
Pupae were sifted from the vermiculite 
periodically, placed in two screen cages 
(63 by 40 by 33 cm, L:W:H; 400–500 flies 
per cage), and provided food (a mixture of 
sugar and protein hydrolysate [3:1, V:V]) 
and water ad libitum. Once flies attained 
sexual maturity (at 14–16 d; Shelly, unpub-
lished data), perforated Nalgene bottles 
(Nalge Nunc International, Rochester, 
New York) containing a sponge soaked 
in guava juice were placed in the colony 
cages for oviposition at 5–7 d intervals. 
Collected eggs were placed on artificial 
larval medium (Tanaka et al. 1969) held 
in small plastic trays, which were, in turn, 
placed in tubs over vermiculite as de-
scribed above. Colony cages and resulting 
progeny were maintained in the laboratory 
at 25°C ± 2°C and 60%–80% RH under 
natural and artificial light with an ap-
proximate 11 h:13 h (L:D) photoperiod. 
	 Experimental insects. To obtain 
individuals for experimentation, colony-
produced pupae were sifted and placed 

in plexiglass cages (40 by 30 by 30 cm, 
L:W:H) with a screened opening on the 
top and a sleeved opening on one side. 
Emerged adults were separated by sex 
within 3–4 d of emergence and placed in 
screen cages (30 cm per side; 250 flies per 
cage) with food and water as above. As de-
scribed below, experiments compared the 
lure attraction or mating success of sons 
of methyl eugenol–fed sires (these sons 
are hereafter termed treated males) with 
sons of methyl-eugenol–deprived sires 
(these sons are hereafter termed control 
males). To obtain lure-fed sires, groups 
of 75 sexually mature males (16–19 d old) 
were removed from holding cages, trans-
ferred to new cages and provided food and 
water. On the day after transfer, a cotton 
wick resting in a Petri dish and contain-
ing 1 mL of methyl eugenol (Farma Tech 
International, North Bend, Washington) 
was placed in individual cages and re-
moved after 1 h. Feeding activity was not 
monitored, but > 95% of the males likely 
fed on the lure (Shelly 1997). Methyl eu-
genol treatment was conducted in a room 
isolated from the rest of the laboratory to 
prevent inadvertent exposure to other flies. 
The same procedure was used to obtain 
methyl eugenol-deprived sires, except that 
the wick placed in the cage contained 1 
mL of water. Females are not attracted to 
methyl eugenol and were not exposed to 
the lure.
	 Lure-exposed and lure-deprived males 
were transferred to plexiglass cages (the 
same type described above) 2–3 d later 
for mating. This interval allowed conver-
sion of methyl eugenol to metabolites that 
are incorporated in the sex pheromone 
(Hee and Tan 2006) and thus release of 
a pheromone highly attractive to females 
(Shelly and Dewire 1994). In each cage, 
I placed 25 methyl eugenol–fed males or 
25 methyl eugenol–deprived males along 
with 25 females (all insects were 18–22 d 
old). Flies were introduced at 2–3 h before 
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dusk, which is the peak mating period for 
B. dorsalis (Arakaki et al. 1984). Mating 
pairs were collected by gently coax-
ing pairs into clear plastic vials. Pairs 
typically remain in copula throughout 
the night (Arakaki et al. 1984). Pairs 
usually remain together after collection, 
but pairs occasionally break apart upon 
disturbance. Such pairs were discarded, 
and only flies that remained coupled for 
at least 1 h after collection were retained. 
The following morning the males (sires) 
were discarded, and the females (dams) 
mated to lure-fed or lure-deprived males, 
respectively, were placed in separate 
screen cages with food and water. Egg 
collection and rearing of the immatures 
followed the protocol described above, 
and the resulting progeny (F2) were used 
in the experiments. Mating sessions were 
conducted multiple times over the course 
of the study and included pairs from 6–10 
plexiglass cages per night. 
	 To distinguish between treated and 
control males in the experiments, males 
were chilled on ice and marked by placing 
a small dot of enamel paint on the thorax. 
Both types of males were marked in all 
experiments, with different colors used for 
the two groups. This marking method is 
widely used in tephritid fruit fly research 
and has no apparent effect on fly vigor or 
behavior (e.g., Poramarcom and Boake 
1991, Lance et al. 2000). Males were 
marked 1–3 d before use in an experiment.
	 Lure responsiveness. Three ex-
periments were conducted at the USDA-
APHIS Hawaii Fruit Fly Laboratory, 
Halawa Valley, Oahu, during July to Sep-
tember 2020. Males used in these assays 
were 17–22 d old and were all presumably 
sexually mature. To repeat, in these exper-
iments, treated males were sons of methyl 
eugenol–fed sires, and control males were 
sons of methyl-eugenol–deprived sires.
	 Experiment 1. Attraction to methyl 
eugenol was monitored in two nylon, 

screen-meshed field tents (3 m diameter, 
2.5 m high) each of which contained 
three centrally placed, potted guava trees. 
One methyl-eugenol baited Jackson trap 
(Scentry Biologicals Inc., Billings, MT; 
FAO/IAEA 2018) and 1 blank Jackson trap 
were placed in each tent. In the lure-baited 
trap, methyl eugenol (with 1% naled) was 
applied to a cotton wick, which, in turn, 
was held in a perforated plastic basket and 
suspended above a sticky insert covering 
the bottom of the trap. The blank trap was 
identical except that water was placed on 
the wick. Traps were suspended from tree 
branches using a metal hanger, and the 
same branches were used in each tent for 
all trials (with positions of lure-bearing 
and blank traps being alternated between 
replicates). Trap sites were separated by 
0.8 m. In each tent, 60 treated males and 
60 control males were released at the 
same point in all replicates by placing the 
holding container (0.8 L plastic cup with 
a screen cover) on the floor of the tent at 
the maximum distance from the methyl 
eugenol-baited trap and gently opening 
the lid. Flies exited under their own voli-
tion. Males were released at 08:30 hrs, and 
traps were collected 3 h later. Two differ-
ent loadings of methyl eugenol, 0.25 and 
0.1 mL, were tested in two separate sets 
of trials. For each loading, tests were run 
in both tents on five different days for 10 
total replicates. Air temperatures ranged 
between 26 and 29°C during the trials.
	 Experiment 2. Protocol was the same 
as above except that (i) pua kenikeni 
flowers (Fagraea berteriana A. Gray ex 
Benth.) served as the attractant and (ii) 
a clear plastic cup with one-way open-
ings served as the trap. The flowers were 
obtained from a local florist and had 
been harvested either 1 d before or on 
the day of purchase and were used 1–2 d 
after purchase. Note that flowers of this 
plant do not contain methyl eugenol but 
contain two other phenylpropanoids that 
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(upon ingestion) are converted to the same 
pheromone component (trans-coniferyl 
alcohol) found in methyl eugenol–fed 
B. dorsalis males (Nishida et al. 1997). 
Laboratory assays showed strong attrac-
tion of B. dorsalis males to the flowers, 
and feeding upon them conferred a mating 
advantage over males not given access 
to flowers (Nishida et al. 1997). Flowers 
were placed in a clear plastic cup (0.8 L) 
that had four evenly spaced holes (1.5 
cm diameter) made near the top of the 
cup, with each hole having an inwardly 
projecting tube (2.5 cm) to reduce fly exit 
from the trap. A plastic lid covered the 
cup opening, thus flower fragrance was 
emitted only through the four holes on 
the side of the cup. The trap contained no 
insecticide. The same trap type was used 
for the blank, which contained yellow and 
orange plastic flowers to visually mimic 
the pua kenikeni flowers. When collected, 
foam was inserted gently into each of the 
holes, and the trap was then placed in a 
freezer to chill the captured males. Two 
different quantities, seven flowers and one 
flower, were tested in two separate sets of 
trials. For each floral loading, tests were 
run in both tents on five different days 
for 10 total replicates. Air temperatures 
during these trials were similar to those 
noted for Experiment 1.   
	 Experiment 3. Male attraction to 
methyl eugenol was also measured in 
a mark-release-recapture experiment 
conducted near the laboratory in an area 
with Plumeria spp. and Manila tamarind 
(Pithecellobium dulce (Roxb.) Benth.) 
trees. Two Jackson traps—one baited 
with 0.25 mL of methyl eugenol and one 
blank—were placed 2 m apart in a non-
flowering Plumeria tree in shaded loca-
tions approximately 2 m above ground. 
One hundred treated and 100 control 
males were released 20 m downwind from 
the traps at 08:00, and traps were collected 
24 h later. Releases were performed on 8 

different days, with positions of baited and 
blank traps alternated between successive 
replicates. Daily minimum and maximum 
air temperatures ranged from 23–24°C 
and 30–32°C, respectively, on test days. 
	 Mating competitiveness. Mating trials 
were conducted in the laboratory using the 
same plexiglass cages described above. 
For each cage, 15 treated and 15 control 
males were introduced along with either 
15 treated (sires were methyl eugenol-fed) 
or 15 control (sires were deprived methyl 
eugenol) females. As in the lure respon-
siveness experiments, treated and control 
males were marked 1–3 d before testing 
with different colors of paint; females 
were not marked, since only one female 
type was used per cage. While greater than 
natural densities, these numbers nonethe-
less allowed ample space for females to 
“ignore” calling (wing-fanning) males, 
move away from approaching males, and/
or reject male mounting attempts. Flies, 
all of which were sexually mature virgins 
(18–24 d old), were released in the cages 
2–3 h before sunset, and room lights were 
extinguished. Cages were placed near 
west-facing windows. Mating pairs were 
collected as described above. Mating tri-
als were conducted over 10 days, with one 
cage with treated females and one cage 
with control females observed per day.  
	 Statistical analysis. Numbers of 
treated and control males (i) attracted 
to methyl eugenol–bearing wicks or pua 
kenikeni flowers or (ii) obtaining copula-
tions in the mating competitiveness trials 
were compared using t-tests as raw data or 
log10 transformed data met assumptions of 
normality and equal variance in all cases. 
Means ± 1 SE are given.  

Results
	 No difference in attraction to methyl 
eugenol or the pua kenikeni flowers was 
detected between treated and control 
males in any of the experiments conducted 
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(Table 1). Few males were found in the 
blank traps. Over all replicates (20 total) 
in Experiment 1, blank traps had 0, 1, or 
2 males in 15, 2, and 3 replicates, respec-
tively. No males were found in the blank 
traps in any of the replicates (28 total) 
conducted for Experiments 2 or 3. 
  	 Both treated and control females ap-
peared to mate randomly. On average, 
treated females mated with 5.7 ± 0.61 
treated males and 5.5 ± 0.54 control males 
per replicate (t = 0.24, df = 18, P = 0.85). 
On average, control females mated with 
5.6 ± 0.52 treated males and 5.5 ± 0.45 
control males per replicate (t = 0.15, df = 
18, P = 0.89).

Discussion
	 The reasons why B. dorsalis females 
mate preferentially with methyl eugenol-
fed males remain unknown. Females 
do not appear to derive direct benefits, 
as previous work (Shelly 2000) showed 
that neither longevity, fecundity, nor 
fertility (egg hatch rate) differed signifi-
cantly between females mated to methyl 
eugenol-fed or methyl eugenol-deprived 
males. Motivated by research on B. tryoni 
(Kumaran and Clarke 2014), the present 

study was undertaken to investigate a 
possible intergenerational benefit and 
compared lure-finding ability of B. dor-
salis males sired by methyl eugenol–fed 
versus methyl eugenol–deprived males. 
However, based on three different experi-
ments conducted in field cages or in the 
open field and involving both pure methyl 
eugenol or chemically similar phenylpro-
panoids in pua kenikeni flowers, there was 
no evidence that male progeny of methyl 
eugenol–fed sires were more attracted to 
the lures than male progeny of methyl 
eugenol–deprived males. In addition, sons 
of methyl eugenol–fed males did not enjoy 
a mating advantage over sons of methyl 
eugenol–deprived males. Other potential 
indirect benefits, such as accelerated larval 
and/or pupal development, have not been 
assessed in B. dorsalis and could be im-
portant. At present, however, no benefit of 
female choice has yet been identified for 
this species. 
	 As outlined above, the situation for 
B. dorsalis differs substantially from B. 
tryoni, and based on these two species, 
it appears that the role of male lures in 
mate selection by female tephritids may 
vary among species. To my knowledge, 

Table 1. Results of the lure responsiveness experiments. Means ± 1 SE are given along 
with results of the t-tests. Ten replicates were performed for each amount of attractant 
in Experiments 1 and 2, and 8 replicates were performed for Experiment 3. 
		         
	 Trapped males
	 Test arena	 Attractant	  Treated	 Control	 t 	 P
		         
Experiment 1
	 Field tent	 Methyl eugenol (0.25 mL)	 39.2 (1.8)	 38.7 (1.8)	 0.19	 0.85
	 Field tent	 Methyl eugenol (0.10 mL)	 32.2 (2.0)	 33.4 (2.2)	 0.40	 0.69
		         
Experiment 2
	 Field tent	 Pua kenikeni (7 flowers)	 29.0 (2.1)	  26.1 (2.5)	 0.93	 0.36
	 Field tent	 Pua kenikeni (1 flower)	 10.8 (1.0)	 12.7 (1.4)	 1.08	 0.29
		         
Experiment 3
	 Open field  	 Methyl eugenol (0.25 mL)	 17.0 (1.9)	 18.9 (1.1)	 0.86	 0.41
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the impact of male lure feeding (or ex-
posure, see below) on female fitness has 
been investigated in only three other 
tephritid species, with results differing 
among them. Males of the melon fly, 
Zeugodacus cucurbitae (Coquillett), are 
attracted to and feed on cue-lure and 
thereby gain a mating advantage over 
lure-deprived males (Shelly and Vil-
lalobos 1995). However, unlike B. tryoni 
(also a cue-lure responder), females mated 
to lure-fed males showed no increase in 
fecundity, fertility, or longevity relative to 
lure-deprived males. Likewise, there was 
also no effect of male lure-feeding status 
on egg-to-pupa development time (Shelly 
and Nishimoto 2017). In the remaining 
cases, males of the Mediterranean fruit 
fly, Ceratitis capitata (Wiedemann), and 
males of the South American fruit fly, 
Anastrepha fraterculus (Wiedemann), 
display enhanced mating success if ex-
posed to the odor of ginger root oil (Shelly 
2001) or guava fruit (Psidium guajava 
L.; Vera et al. 2013), respectively. In C. 
capitata, females mated to ginger root 
oil-exposed males showed no increase in 
reproductive performance (Shelly 2005), 
whereas in A. fraterculus females mated 
to males exposed to guava volatiles had 
higher fecundity than females mated to 
non-exposed males (Bachmann et al. 
2019). 
	 In conclusion, research devoted to the 
link between lure feeding or exposure 
and mating success of male tephritids 
has outpaced investigation of the fitness 
consequences to choosy females. More-
over, these consequences apparently vary 
among different species. Nonetheless, 
where fitness benefits have been identi-
fied, study of the molecular mechanisms 
responsible appears a fruitful avenue of 
research, particularly in light of recent 
interest in environmental effects on male 
ejaculate and subsequent female reproduc-
tion and offspring viability and perfor-

mance (e.g., Bonilla et al. 2016, Macartney 
et al. 2018). The overall nutritional state 
of males is known to influence ejaculate 
composition and offspring phenotype in 
insects (Bonduriansky and Head 2007), 
and several studies suggest that metaboli-
cally important micronutrients, such as 
amino acids (Lederhouse et al. 1990) or 
vitamins (Yossa et al. 2015), may have a 
similar effect. Possibly, then, in the case of 
B. tryoni, male consumption of raspberry 
ketone/cue-lure alters the non-sperm com-
ponent of the ejaculate in some way that 
influences female fecundity and the lure 
responsiveness of the male offspring. 
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