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ABSTRACT Bactrocera dorsalis (Hendel), Bactrocera papayae Drew & Hancock, Bactrocera phil-
ippinensis Drew & Hancock, and Bactrocera carambolae Drew & Hancock are pest members within
the B. dorsalis species complex of tropical fruit ßies. The species status of these taxa is unclear and
this confounds quarantine, pest management, and general research. Mating studies carried out under
uniform experimental conditions are required as part of resolving their species limits. These four taxa
were collected from the wild and established as laboratory cultures for which we subsequently
determined levels of prezygotic compatibility, assessed by Þeld cage mating trials for all pair-wise
combinations. We demonstrate random mating among all pair-wise combinations involvingB. dorsalis,
B. papayae, and B. philippinensis. B. carambolaewas relatively incompatible with each of these species
as evidenced by nonrandom mating for all crosses. Reasons for incompatibility involvingB. carambolae
remain unclear; however, we observed differences in the location of couples in the Þeld cage for some
comparisons. Alongside other factors such as pheromone composition or other courtship signals, this may
lead to reduced interspeciÞc mating compatibility with B. carambolae. These data add to evidence that B.
dorsalis,B.papayae, andB.philippinensisrepresentthesamebiological species,whileB.carambolaeremains
sufÞciently different to maintain its current taxonomic identity. This poses signiÞcant implications for this
groupÕs systematics, impacting on pest management, and international trade.
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Tropical fruit ßies of the genus Bactrocera Macquart
(Diptera: Tephritidae) are distributed principally in
Asia and the PaciÞc (Drew and Hancock 2000). The
taxonomy of this large genus is complex, including
�500 species placed in different subgenera, within
whichanumberof speciescomplexesexist(Drew1989).
Someof thesecomplexes, suchas theB.dorsaliscomplex
(Drew and Hancock 1994), the Bactrocera tau complex
(Drew and Romig 1997), the Bactrocera musae com-
plex (Drew et al. 2011), and the Bactrocera tryoni com-
plex (Clarke et al. 2011) contain important pest
species. Of these, the Bactrocera dorsalis complex is
regarded as the most economically important and ar-
guably the most taxonomically challenging (Clarke et

al. 2005). Members of this complex include the Ori-
ental fruit ßy Bactrocera dorsalis sensu stricto (s.s.)
(Hendel) (hereafter referred to as B. dorsalis), the
Asian papaya fruit ßy Bactrocera papayae Drew &
Hancock, the Philippine fruit ßy Bactrocera philippi-
nensis Drew & Hancock, the carambola fruit ßy Bac-
trocera carambolaeDrew & Hancock, and the invasive
fruit ßy Bactrocera invadens Drew, Tsuruta & White.
These species are widely acknowledged as either se-
rious agricultural pests where they occur, or as high-
level quarantine threats in countries where they are
absent but capable of invasion and establishment
(White and ElsonÐHarris 1992, Clarke et al. 2005).
IndeedB. dorsalis, B. carambolae, andB. invadenshave
invaded and become established in the PaciÞc (Vargas
et al. 2007), South America (SauersÐMuller 1991), and
Africa (Drew et al. 2005), respectively; and predictive
modeling of the geographic distribution of both B.
dorsalis and B. invadens based on climatic tolerance
suggests that these pests have the potential to invade
Mediterranean Europe and southÐeastern North
America (Stephens et al. 2007, Meyer et al. 2010).

The B. dorsalis species complex was formally re-
vised in the late 1960s to consist of 16 species (Hardy
1969), however, subsequent revisions have expanded
the complex to now include over 70 taxa (Drew 1989,
Drew and Hancock 1994, Clarke et al. 2005). These
taxonomic revisions were based predominantly on
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morphological characters; however, the characteriza-
tion and analysis of allozyme data (Yong 1995), DNA
information (Muraji and Nakahara 2002, Naeole and
Haymer 2003, Armstrong and Ball 2005, Yu et al. 2005),
morphometric characters (Iwaizumi et al. 1997; Ad-
savakulchai et al. 1998; Iwahashi 1999a,b,; Mahmood
1999; Iwahashi 2001; Drew et al. 2008), pheromone
composition (Fletcher and Kitching 1995, Wee and
Tan 2005, Tan et al. 2011), and behavior (McInnis et
al. 1999; Wee and Tan 2000a,b; Tan 2003), have since
been applied to either support or challenge the exist-
ing classiÞcation, particularly ofB.dorsalis, B. papayae,
B. philippinensis, B. invadens, and B. carambolae. The
primary aims of such studies have been to resolve
species boundaries and improve identiÞcation accu-
racy for quarantine and insect pest management of
these most damaging and taxonomically challenging
members of the complex.

Despite the large amount of work on these taxa,
there remains ongoing debate regarding the true spe-
cies status of these members of theB.dorsaliscomplex;
that is, do they all represent real biological species, or
are some of them taxonomic synonyms of a single
biological entity (Clarke et al. 2005, Drew et al. 2008,
Tan et al. 2011)? This debate has arisen because of
problems in identifying consistent and unambiguous
discriminatory taxonomic characters (morphological
or otherwise) that are universally accepted by rele-
vant authorities and workers in tephritid taxonomy,
ecology, and management (see Clarke et al. (2005) for
a review). The fundamental question therefore re-
mains whether: 1) these are real biological species for
which current diagnostic techniques are inadequate;
or 2) the diagnostic tools are adequate and the com-
plex has been ÔsplitÕ too far, with two or more Ôtaxo-
nomic speciesÕ representing a single biological species.

Notwithstanding the work of previous studies into
delimiting species boundaries for members of the B.
dorsalis complex, there has been a noticeable lack of
comparative behavioral information; particularly with
respect to work on pre- and postzygotic compatibility
(e.g., mating compatibility and offspring viability, re-
spectively). While the importance of such data to help
resolve biological species boundaries is widely recog-
nized (Walter 2003), the limited research in this Þeld
is principally because of logistical and regulatory dif-
Þculties with respect to establishing live colonies of all
B. dorsalis complex pest species in a single location.
Such difÞculties arise because these taxa are generally
allopatric to each other (only B. papayae and B. car-
ambolae are sympatric) (Drew and Hancock 1994)
and quarantine concerns limit opportunities to culture
all species together for behavioral research. Conse-
quently, what is known of interspeciÞc mating com-
patibility among pest members of the complex comes
from independent pair-wise studies undertaken by
research groups using nonstandardized experimental
conditions in different countries, such as forB.dorsalis
versus B. carambolae in Suriname (McInnis et al.
1999), B. papayae versus B. carambolae (Wee and Tan
2000b) and B. dorsalis versus B. papayae in Malaysia
(Tan 2000), and B. dorsalis versus B. philippinensis in

the Philippines (Medina et al. 1998). These studies
have demonstrated varying degrees of interspeciÞc
mating compatibility, from relative incompatibility for
comparisons involving B. carambolae, to high levels of
compatibility among B. dorsalis, B. papayae, and B.
philippinensis; however, as comprehensive and acces-
sible published data are available only from McInnis et
al. (1999) and Wee and Tan (2000b), direct compar-
isons between all studies remains difÞcult. Therefore,
a need remains for a cohesive quantiÞcation of inter-
speciÞc mating comparisons among these economi-
cally important members of the complex.

The aim of the current study was to determine
mating compatibility among each of the following four
members of the B. dorsalis complex: B. dorsalis, B.
papayae, B. carambolae, and B. philippinensis. While
the taxonomic resolution of B. invadens is of equal
importance, we have not included it in this study as a
follow-up project is underway to speciÞcally examine
compatibility between African B. invadens and Asian
B. dorsalis s.s. For each possible cross among the four
taxa, prezygotic compatibility was assessed using stan-
dardized Þeld cage mating tests for all species combina-
tions. Flies were used as close to ÔwildÕ as possible, which
in practice was within Þve generations from the Þeld.

Materials and Methods

SourceMaterial.We evaluated four members of the
B. dorsalis species complex: B. dorsalis, B. papayae, B.
carambolae, and B. philippinensis. All except B. phil-
ippinensis were directly obtained as larvae or pupae
from the wild and established as fresh laboratory cul-
tures at the FAO-IAEA Insect Pest Control Labora-
tory, Seibersdorf Austria. B. philippinensis was col-
lected from the Þeld and maintained for one
generation at the National Mango Research and De-
velopment Centre (Guimaras Island, Philippines) be-
fore F1 pupae were sent to Seibersdorf. No speciÞc
permits were required for the described Þeld studies
or for the importation of live material into the Seiber-
sdorf laboratories. Collection locations were not pri-
vately owned and no endangered or protected species
were involved in the study.

Because of the recognized difÞculties in discrimi-
nating between these species, every effort was made
to obtain each from an area where it is considered
allopatric from the remaining three. The native dis-
tribution of B. dorsalis is from Pakistan to eastern
China (including Taiwan) extending southwards to
central/southern Thailand; B. papayae and B. caram-
bolae are largely sympatric with each other in their
native range in southÐeast Asia, occurring from south-
ern Thailand through the Indo-Malay Archipelago
(the species are allopatric in their invasive ranges, B.
papayae in Papua New Guinea and B. carambolae in
South America); and B. philippinensis is restricted to
the Philippines. Therefore, we obtainedB. carambolae
from its allopatric population in Paramaribo, Suriname
(ex Averrhoa carambola L.), arriving at Seibersdorf
March 2010 as �1,000 pupae; B. dorsaliswas collected
from within its native range in Saraburi, Central Thai-
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land (ex Mangifera indica L.), arriving March 2010 as
�500 pupae; and B. philippinensis was obtained from
Guimaras Island, Philippines (ex Carica papaya L.),
arriving August 2010 as �500 pupae. B. papayae were
collected in November 2010 from Serdang, Peninsular
Malaysia, where this species occurs in sympatry with
B. carambolae; however, to ensure we collected B.
papayae and not B. carambolae, �400 wild ßies were
obtained from banana (Musa acuminata x balbisiana
hybrids, varieties Mas, Berangan, and Lemak) that is
a recorded host ofB. papayaebut not forB. carambolae
(Clarke et al. 2001, SauersÐMuller 2005). Flies were
morphologically examined for external and internal
(e.g., genitalia) characters to conÞrm their identity in
accordance with their taxonomic descriptions (Drew
and Hancock 1994). In addition, Professor R.A.I.
Drew, the co-authority who described B. papayae, B.
carambolae, and B. philippinensis, also conÞrmed the
identity of the cultures based on pinned material,
diagnostic micrographs, and genitalia measurements.
Representative voucher samples were preserved as
dried (pinned) and wet (�95% alcohol) material at
both the Seibersdorf facility and Queensland Univer-
sity of Technology, Brisbane Australia.
GeneralRearingProtocol.Emerged adult ßies were

provided a standard diet of enzymatic yeast hydroly-
sate and sugar (1:3) with water supplied ad libitum.
Sexually mature ßies were exposed to egg-cups dosed
with commercial guava juice (Rubricon, Rubricon
Products, Middlesex, United Kingdom) as an oviposi-
tion stimulant, or in some cases they were provided
fruit (M. indica) for oviposition in cases where egg
cups were inadequate at early stages of colony estab-
lishment (as was the case for B. carambolae). Col-
lected eggs were incubated overnight (25 � 2�C, 65%
relative humidity [RH]) on moist Þlter paper placed
on wet sponge in petri dishes and then transferred to
carrot diet (Tanaka et al. 1970) for larval development
(27Ð28�C, 55% RH). Pupae were collected into and
sifted from moistened teak sawdust, and transferred to
either experimental (20 cm diameter � 27 cm height)
or colony cages (50 � 50 � 50 cm). The maximum
amount of material possible was used to initiate each
generation to minimize the loss of genetic variability.
Mating Compatibility Tests. Adult ßies were sexed

within 4 d of emergence that is well before sexual
maturation (15Ð20 d for wild cultures) as based on
unpublished data (M.K.S.; data not shown) and infor-
mation from previous studies (McInnis et al. 1999,
Wee and Tan 2000a). Flies were then maintained under
low-stressconditionsof100Ð200ßiespercylindricalcage
(20 cm diameter � 27 cm height). General procedures
followed those outlined in the FAO/IAEA/USDA
(2003) Manual for Product and Quality Control. For ßy
species identiÞcation, a small dot of colored water-based
paint was applied to the scutum of each ßyÕs thorax using
a soft paint-brush at least 48 h before each Þeld cage test
(colors were randomized among tests). The mating tests
were conducted using ßies aged between 20Ð30 d to
ensure 100% maturity (particularly necessary for later-
maturing B. carambolae).

Field cage tests were conducted inside a glasshouse
(maintained at �25�C and �50% RH, and exposed to
natural light) that contained four partitioned ßight
cages (2.0 � 1.6 � 1.9 m), each housing a single,
nonfruiting potted Citrus sinensis Osbeck (Rutaceae)
tree of 2 m in height with a canopy of � 1.1 m in
diameter. Field cage tests were conducted between
September 2010 and March 2011, with most compat-
ibility tests undertaken between December and Feb-
ruary (however, B. dorsalis vs. B. carambolae tests
were undertaken in September and October 2010; and
B. carambolae vs. B. philippinensis tests were under-
taken in October and December 2010). We recognize
that undertaking experiments over different months
while under natural light conditions may inßuence the
outcome of experiments because of seasonal ßuctua-
tion in ambient light conditions differentially affecting
ßy behavior; however, as most comparisons were con-
ducted over a 2Ð3 mo period we do not believe this
effect was signiÞcant. We feel conÞdent in this as
while two halves of some trials were conducted at two
times of the year and 2 mo apart (e.g., B. carambolae
vs. B. philippinensis; Þrst four replicates conducted in
October, the second four conducted in December),
the results across all replicates in this instance were
statistically homogeneous (see Results).

Flies were released into the experimental Þeld cage
at a 1:2 male:female sex ratio. The biased sex ratio
sought to ameliorate the effect of differences in tem-
poral variation at the onset of sexual activity from
biasing measures of prezygotic compatibility. Prelim-
inary trials (data not presented) showed that Ôearly
starting malesÕ monopolised Ôearly starting femalesÕ in
cases of slight temporal differences between species at
onset of mating, thereby depriving Ôlate-starting malesÕ
from accessing early starting females given a 1:1 sex
ratio; this over-inßated isolation indices. With a female
biased population there was always an excess of fe-
males for mating, and should a temporal difference
exist late-starting males would still have access to at
least as many early starting females. This temporal
difference did not exist for all comparisons (see Re-
sults); however,wedecided toundertake thisprotocol
for all pair-wise tests to maintain consistency across
tests. We considered an alternative approach to ame-
liorate the problem of early mating monopolization
(i.e., replacing ßies as couples were removed), yet this
solution was decided against for the following reasons:
the continual introduction of new ßies into the arena
may disturb existing ßies; standard protocols state that
males be introduced into the mating arena for a period
of time before female release (therefore, newly in-
troduced males are ÔunequalÕ to established males and
may behave differently); and it was not possible to
identify a suitable release point for new ßies. Impor-
tantly, temporal variation in sexual activity is recorded
using this method and this information can be exam-
ined as a potential factor in cases of incompatibility.

For each replicate, 20 males of each of the two
species under study were released into a Þeld cage 1
to 2 hr before sunset (as the study species mate at
dusk), followed by the release of 40 females of each of
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the same two species �30 min afterwards (i.e., 40
males and 80 females per cage); at which point the
experimental observations began. As each pair
formed, the couples were gently coaxed into plastic
vials (3.7 cm diameter � 4.0 cm) that were capped and
sequentially numbered. The following data were re-
corded for each pair: male species; female species;
time of mating; position (cage or tree) and elevation
in the cage or canopy (low [from within the canopy
or on the Þeld cage wall] or high [the very top of the
canopy or on the Þeld cage ceiling]). Light readings
(in lux) were also made at time of mating for some
replicates (measurement made at the location of the
mating couple), along with periodic measurements of
temperature (�C) and relative humidity in the cage.
Experiments concluded when ßies became inactive,
which was after sunset when light intensity dropped
below 10 lux. Six or eight replicates were completed
for each of the possible pair-wise comparisons and
they were generally conducted over two evenings per
comparison (i.e., four replicates per evening).
Data Analysis. Relative percentages of each of the

four possible couples (i.e., Sp 1 � x Sp1 �, Sp 1 � x Sp2
�, Sp 2 � x Sp1 �, Sp 2 � x Sp2 �) for each of the
compatibility tests were calculated for each replicate.
Comparisons of means among couples were undertaken
using one-way analysis of variance (ANOVA) with post
hoc Tukey test after arcsine transformation of raw per-
centage data following Rull et al. (2012).

Sexual compatibility was measured using the Index
of Sexual Isolation (ISI) in conjunction with the Male
Relative Performance Index (MRPI) and the Female
Relative Performance Index (FRPI) (Cayol et al.
1999). Values of ISI range from �1 (complete positive
assortative mating, i.e., males and females only mating
with their respective species) to 0 (complete random
mating) to �1 (complete negative assortative mating;
i.e., all males of one species mating with all females of
the opposite species and vice versa). Values of MRPI
range from 1 (only males of one species mated; i.e., the
Þrst listed in the test) to 0 (males of both species
participated equally in mating) to �1 (only males of
the reciprocal species mated; i.e., the second listed in
the test). The FRPI is the equivalent of the MRPI but
as applied to females. The combined application of ISI,
MRPI, and FRPI provide a comprehensive measure of
mating compatibility as it demonstrates the degree of
isolation between species and the relative participa-
tion of the sexes of each species (and whether asyn-
chronous participation by the sexes is the cause of
elevated isolation indices).

Ninety-Þve percent conÞdence intervals of isola-
tion indices (ISI, MRPI, and FRPI) for each of the six
treatments were calculated to determine deviations
from random mating (ISI � 0) or equal participation
by the respective sexes (MRPI and FRPI � 0). Con-
Þdence intervals that included zero were considered
to represent cases of random mating and equal par-
ticipation between the species (our H0). Heteroge-
neity �2 analyses across replicates for each treatment
were undertaken to determine if data could be com-
bined before further analysis. After heterogeneity

tests, chi-squared tests of independence were applied
to determine if males mated predominantly with fe-
males of one species over the other.

The mean time to begin mating (mating latency)
was estimated by calculating how many minutes had
elapsedbetween the timeeachcouple initiatedmating
and the time of the Þrst observed mating couple
(�time zero) within each particular cage replicate.
Although we could have analyzed mating time against
time of ofÞcial sunset on the day of each replicate,
light intensity is known to heavily inßuence mating
behavior in Bactrocera species (Roan et al. 1954, Bar-
tonÐBrowne 1957) and differences in cloud cover and
the physical location of each Þeld cage resulted in
altered light intensity for different cages during each
experiment. Our assumption was, therefore, that am-
bient localized light conditions were satisfactory for
mating when the Þrst couple mated and this biological
light requirement would be approximately uniform
across replicates. Statistical analyses were conducted for
each of the six pair-wise tests, with latency data for each
of the four possible mating combinations combined be-
fore one-way ANOVA (with Tukey post hoc test where
appropriate) to determine signiÞcant differences (� �
0.05) in latency among mating combinations.

We conducted a one-way ANOVA (with Tukey
post hoc test where appropriate) on arcsine trans-
formed percentage data of couples collected on the
tree for each of the six pair-wise mating tests to de-
termine if there was a signiÞcant difference in couple
location (cage or tree). Similarly, one-way ANOVA on
arcsine transformed proportion elevation data were
undertaken to determine if there was a signiÞcant
difference among the four possible couples with re-
spect to their location in the Þeld cage (low or high),
with an associated t-test for each couple to determine
signiÞcant differences between proportion of couples
collected from high versus low elevation.

Results

Eight replicates of mating compatibility tests were
completed for all pair-wise comparisons except be-
tweenB.papayaeandB.philippinensis, forwhich there
were six replicates. The overall mean percent of mated
couples for each pair-wise cross ranged from an av-
erage of 57.5 to 85.4% (Table 1).

Total numbers and mean percentages of each of the
four possible mating-pair combinations (i.e., Sp 1 � x
Sp1 �, Sp 1 � x Sp2 �, Sp 2 � x Sp1 �, Sp 2 � x Sp2
�) for the six compatibility tests are presented in Fig.
1. One-way ANOVA on arcsine-transformed percent-
age-mated data for each of the possible mating com-
parisons revealed signiÞcant differences between the
numbers of each mating-pair combination across rep-
licates for all crosses (Table 1).Post hocTukey tests for
combinations involving B. dorsalis, B. papayae, and B.
philippinensis revealed no consistent patterns of dif-
ferences between the proportions of homotypic ver-
sus heterotypic couples (Fig. 1). In contrast, treat-
ments involvingB. carambolae showed a much greater
dichotomy between the relative numbers of homo-
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versus heterotypic couples, especially that of B. dor-
salis versus B. carambolae for which homotypic cou-
ples signiÞcantly outnumbered heterotypic couples;
and in particular those pairs involving B. carambolae
males and B. dorsalis females for which there were
only seven couples (Fig. 1).

Ninety-Þve percent conÞdence intervals included
isolation indices corresponding to random mating

(i.e., ISI � 0) for all treatments among B. dorsalis, B.
papayae, and B. philippinensis (Fig. 2). By contrast all
conÞdence intervals for isolation indices calculated
for treatments involvingB. carambolaedid not include
0, but tended toward values indicative of positive as-
sortative mating (i.e., mating incompatibility) (Fig. 2).

Males of both species participated equally in cop-
ulations for all tests (based on 95% C.I. about the mean

Table 1. Mean overall percentage of possible couples mated for each species combination and results of ANOVA testing for significant
differences in the relative proportions of each of the four possible mating pairs for each combination (i.e., Sp 1 � x Sp1 �, Sp 1 � x
Sp2 �, Sp 2 � x Sp1 �, Sp 2 � x Sp2 �)

Combination
Overall % mated

(mean � SE)

ANOVA

F df P

B. dorsalis(F5) vs B. papayae(F1) 74.1 � 3.6% 5.74 3,28 0.003
B. dorsalis(F4,F5) vs B. philippinensis(F3,F4) 63.8 � 4.0% 3.48 3,28 0.029
B. papayae(F1) vs B. philippinensis(F4) 85.4 � 4.2% 3.61 3,20 0.031
B. dorsalis(F2,F3) vs B. carambolae(F2,F3) 67.8 � 3.7% 29.94 3,28 	0.001
B. carambolae(F3) vs B. philippinensis(F2) 66.3 � 3.4% 26.19 3,28 	0.001
B. carambolae(F5) vs B. papayae(F1) 57.5 � 4.5% 12.58 3,28 	0.001

Fn � no. of laboratory-bred generations from wild.

Fig. 1. Relative percentages and total numbers of each possible couple formed for each of the six mating comparisons
among B. dorsalis (B. dor), B. papayae (B. pap), B. philippinensis (B. phi), and B. carambolae (B. car). Numbers in bars are
total numbers of each couple formed summed across replicates. Different letters denote statistically signiÞcant differences
(� � 0.05) between relative numbers of couples formed (one-way ANOVA with Tukey post hoc test using arcsine-
transformed percentage data) within each comparison.
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of MRPI) except that of B. dorsalis versus B. papayae
(more B. dorsalis males mated; P (0.06 � � � 0.30)).
Females of both species participated equally in copula-
tions for all tests except for B. carambolae versus B.
papayae (P (0.15 � � � 0.61)) andB. carambolae versus
B. philippinensis (P (0.13 � � � 0.43)), for which more
B. carambolae females mated in both tests (Fig. 2).

Chi-squared tests of independence demonstrated
statistical homogeneity for all replicates for all com-
parisons (B. dorsalis vs.B. papayae�2 � 8.76,P� 0.270;
B. dorsalis vs. B. philippinensis �2 � 11.43, P � 0.121;
B. dorsalis vs. B. carambolae �2 � 2.06, P � 0.956; B.
papayae vs. B. philippinensis �2 � 0.41, P � 0.955;
B. papayae vs. B. carambolae �2 � 4.61, P � 0.708; B.
philippinensis vs. B. carambolae �2 � 8.45, P � 0.295).
Consequently chi-squared tests of independence were
conducted on summed replicates within comparisons.

Two crosses involvingB. dorsalis, B. papayae, andB.
philippinensis displayed nonsigniÞcant results based
on analysis of summed replicates, implying there was
no bias by males to mate with females from either
species. These crosses were B. dorsalis versus B. pa-
payae (�2 � 2.52; P� 0.112) and B. papayae versus B.
philippinensis (�2 � 0.26; P � 0.610). In contrast the
mating comparison of B. dorsalis versus B. philippi-
nensiswas statistically signiÞcant, implying that males
mated signiÞcantly more often with homotypic fe-
males than with heterotypic females (�2 � 5.81; P �
0.016). This result was driven chießy by a single outlier
replicate for which there were a disproportionately
high number of homotypicB. dorsalis couples (57% of
all couples obtained) as compared with the remaining
seven replicates. This outlier replicate was conducted
simultaneously as one other replicate that used ßies

Fig. 2. Index of Sexual Isolation (ISI) and relative performance indices for males (MRPI) and females (FRPI) with
associated 95% CIs calculated for each of the six mating compatibility comparisons among B. dorsalis, B. papayae, B.
philippinensis, and B. carambolae. Dotted line (0.00) represents random mating.
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prepared at the same time and that had been sourced
from identical stock material; however, this parallel
replicate did not have the same high number of ho-
motypic B. dorsalis couples (20% in this instance).
Closer analysis of the data revealed no information as
to why one outlier replicate resulted in twice as many
homotypic B. dorsalis couples and we are hence un-
able to explain why this occurred. However, if this
replicate is removed and the remaining seven repli-
cates reanalyzed, the result subsequently becomes
nonsigniÞcant (�2 � 2.08; P � 0.149).

Forcrosses involvingB. carambolae, thechi-squared
test of independence for each cross showed that males
mated signiÞcantly more with homotypic females than
with heterotypic females (B. dorsalis vs.B. carambolae
�2 � 109.04, P 	 0.001; B. papayae vs. B. carambolae
�2 � 29.98, P 	 0.001; B. philippinensis vs. B. caram-

bolae �2 � 42.97, P 	 0.001). Males of B. carambolae
mated with far fewer heterotypic females (ranging
from a contribution of 3.2Ð8.2% of couples within a
cross) relative to reciprocal males mating with B. car-
ambolae females for each of the three crosses (B.
dorsalis 12.0%, B. papayae 21.2%, and B. philippinensis
25.0%) (Fig. 1).

Mating latency data of copulation initiation for cou-
ples from across combinations are presented in Fig. 3.
Wheremeasurementswere taken, coupleswere found
to start mating anywhere between 320 lux to over 2,000
lux. Averaged across all combinations and comparing
only for homotypic couples, B. philippinensis mated
Þrst with a latency of 29.5 � 1.6 min (n� 181) at mean
light intensity of 409.7 � 70.6 lux (n � 40), followed
byB. carambolaewith a latency of 30.2 � 1.3 min (n�
263) at an average of 202.7 � 25.4 lux (n � 35), then

Fig. 3. Mating latency as average time since Þrst couple observed for couples formed for each of the six mating
compatibility comparisons among B. dorsalis (B. dor), B. papayae (B. pap), B. philippinensis (B. phi), and B. carambolae (B.
car). Couple combinations with different letters are signiÞcantly different from each other (� � 0.05) based on one-way
ANOVA followed by Tukey post hoc test (no letters � no signiÞcant difference among couples).

April 2013 SCHUTZE ET AL.: MATING COMPATIBILITY OF FOUR B. dorsalis COMPLEX SPECIES 701



B. dorsalis with 37.1 � 1.5 min (n� 235) and 172.4 �
25.9 lux (n � 25), and Þnally B. papayae at 41.1 � 2.3
min (n � 141) and 318.3 � 68.0 lux (n � 33). With
respect to each cross, there was no signiÞcant differ-
ence in latency among couple combinations for B.
dorsalis versusB. papayae (F(3,233) � 0.387, P� 0.762),
B.dorsalisversusB.philippinensis(F(3,200) �2.139,P�
0.097), B. papayae versus B. philippinensis (F(3,201) �
0.006, P� 0.999), and B. papayae versus B. carambolae
(F(3,180) � 0.954, P � 0.416) (Fig. 3). A signiÞcant
difference in mating latency was observed, however,
in 1) the cross of B. dorsalis versus B. carambolae
(F(3,213) � 9.755, P 	 0.001) for which homotypic B.
carambolae couples had a signiÞcantly reduced la-
tency as compared with the remaining three combi-
nations; and 2) B. carambolae versus B. philippinensis
(F(3,208) � 2.801, P 	 0.05) for which there was a

signiÞcant difference in latency between the hetero-
typic combinations (see Fig. 3).

There was no signiÞcant difference in the propor-
tion of the four possible couples occurring on the tree
relative to the cage for any crosses involving B. dor-
salis, B. papayae, and B. philippinensis (B. dorsalis vs.
B. papayae: F(3,28) � 1.238, P� 0.315; B. dorsalis vs. B.
philippinensis: F(3,28) � 0.195, P� 0.899;B. papayae vs.
B. philippinensis: F(3,20) � 0.969, P � 0.427). For the
comparison of B. dorsalis versus B. papayae and B.
dorsalis versus B. philippinensis most couples were
collected from the cage wall (i.e., 	50% from the tree)
whereas for B. papayae versus B. philippinensis most
couples were collected from the tree (Fig. 4). Further,
while more homotypic B. carambolae couples oc-
curred on the tree relative to the other three combi-
nations for the B. carambolae versus B. philippinensis

Fig. 4. Average percentage of respective couples collected from the tree for of each of the six mating compatibility
comparisons among B. dorsalis (B. dor), B. papayae (B. pap), B. philippinensis (B. phi), and B. carambolae (B. car). Couple
combinations with different letters are signiÞcantly different from each other (� � 0.05) based on one-way ANOVA of arcsine
transformed percentage data followed by Tukey post hoc test (no letters � no signiÞcant difference among couples).
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cross (i.e., as compared with B. philippinensis homo-
typic and both heterotypic combinations), this differ-
ence was not statistically signiÞcant (F(3,27) � 0.946;
P� 0.432) (Fig. 4). There was, however, a signiÞcant
difference in couple location for the B. dorsalis versus
B. carambolae and B. papayae versus B. carambolae
crosses (F(3,24) � 16.865, P	 0.001 and F(3,25) � 5.430,
P	 0.01, respectively). The majority of homotypic B.
carambolae couples and those heterotypic couples in-
volvingB. carambolae females for theB.dorsalisversus
B. carambolae cross were collected from the tree as
compared with couples involving B. dorsalis females
(that were predominantly collected from the cage
wall) (Fig. 4). This was mirrored in the cross between
B. papayae and B. carambolae for which those couples
involving B. carambolae females were mostly collected
from the tree as compared with predominantly cage-
collected couples involving B. dorsalis females (Fig. 4).

SigniÞcantly more couples involving B. dorsalis, B.
papayae, and B. philippinensis were collected from
high in the Þeld cage (at either the very top of the
canopy or from the ceiling of the cage) relative to
lower in the canopy or the side of the cage (Table 2).
However, some mating tests involving B. carambolae
resulted in couples being collected signiÞcantly more

frequently from lower within the mating arena (Table
2). This was particularly the case for the B. dorsalis
versus B. carambolae mating test for which couples
involving B. carambolae females were collected sig-
niÞcantly more often from lower in the canopy/cage
relative to those couples involving B. dorsalis females
(Table 2). This trend was also evident for the B. car-
ambolae versus B. philippinensis (except for the B.
philippinensis male x B. carambolae female combina-
tion for which 95% of couples were collected from a
high elevation), however, while this difference among
couples was not statistically signiÞcant, there was dif-
ference in the proportion of high and low elevation
couples of B. carambolae male x B. philippinensis fe-
male (Table 2). Similarly, there was no signiÞcant
difference in elevation among couples for the B. car-
ambolae versus B. papayae test, with all couples of all
four crosses being collected from the high elevation in
the Þeld cage (Table 2).

Discussion

While considerable effort and resources have been
applied toward assessing the genetic, morphological,
and physiological relationships among B. dorsalis, B.

Table 2. Mean (�SE) percentages of all mating combinations collected from one of two elevations within the field cage for all six mating
compatibility tests among four B. dorsalis complex species

Cross Elevation
t-test

Male Female High Low

B. dorsalis B. dorsalis 90.59% � 2.92 9.41% � 2.92 t � 10.301; df � 14; P 	 0.0001
B. dorsalis B. papayae 93.86% � 3.02 6.14% � 3.02 t � 11.661; df � 14; P 	 0.0001
B. papayae B. dorsalis 90.92% � 4.78 9.08% � 4.78 t � 8.795; df � 14; P 	 0.0001
B. papayae B. papayae 81.55% � 8.01 18.45% � 8.01 t � 5.076; df � 14; P 	 0.0001

One-way ANOVA F � 0.565; df � 3, 28; P � 0.643
B. dorsalis B. dorsalis 96.13% � 2.54 3.87% � 2.54 t � 14.620; df � 14; P 	 0.0001
B. dorsalis B. philippinensis 87.53% � 5.40 12.47% � 5.40 t � 7.311; df � 14; P 	 0.0001
B. philippinensis B. dorsalis 92.01% � 3.98 7.99% � 3.98 t � 9.729; df � 14; P 	 0.0001
B. philippinensis B. philippinensis 81.53% � 5.19 18.47% � 5.19 t � 9.925; df � 14; P 	 0.0001

One-way ANOVA F � 2.388; df � 3, 28; P � 0.090
B. papayae B. papayae 83.07% � 8.75 16.93% � 8.75 t � 4.674; df � 10; P 	 0.001
B. papayae B. philippinensis 89.40% � 2.37 10.61% � 2.37 t � 10.907; df � 10; P 	 0.0001
B. philippinensis B. papayae 79.40% � 5.76 20.60% � 5.76 t � 5.175; df � 10; P 	 0.0001
B. philippinensis B. philippinensis 84.32% � 5.59 15.68% � 5.59 t � 5.780; df � 10; P 	 0.0001

One-way ANOVA F � 0.287; df � 3, 20; P � 0.834
B. carambolae B. carambolae 42.31% � 12.42A 57.69% � 12.42a t � �1.097; df � 12; P � 0.294
B. carambolae B. dorsalis 80.00% � 20.00AB 20.00% � 20.00a t � 2.121; df � 8; P � 0.067
B. dorsalis B. carambolae 47.55% � 14.23A 52.45% � 14.23a t � �0.408; df � 12; P � 0.690
B. dorsalis B. dorsalis 97.14% � 2.86B 2.86% � 2.86 t � 15.355; df � 12; P 	 0.0001

One-way ANOVA F � 4.906; df � 3, 22; P 	 0.01
B. carambolae B. carambolae 76.41% � 4.17 23.59% � 4.17 t � 5.986; df � 14; P 	 0.0001
B. carambolae B. philippinensis 71.43% � 14.87 28.57% � 7.37a t � 2.038; df � 12; P � 0.064
B. philippinensis B. carambolae 95.31% � 4.69 4.69% � 7.19 t � 12.068; df � 14; P 	 0.0001
B. philippinensis B. philippinensis 91.76% � 4.25 8.24% � 3.87 t � 9.467; df � 14; P 	 0.0001

One-way ANOVA F � 2.333; df � 3, 27; P � 0.096
B. carambolae B. carambolae 86.52% � 5.47 13.48% � 5.47 t � 7.192; df � 14; P 	 0.0001
B. carambolae B. papayae 100.00% � 0.00 0.00% � 0.00*
B. papayae B. carambolae 88.13% � 4.53 11.88% � 4.53 t � 7.794; df � 14; P 	 0.0001
B. papayae B. papayae 92.38% � 5.13 7.62% � 5.13 t � 8.849; df � 12; P 	 0.0001

One-way ANOVA F � 1.923; df � 3, 25; P � 0.152

High elevation is deÞned as the top of the canopy of the test tree or the ceiling of the cage; low elevation is deÞned as the mid-lower canopy
or the side-lower cage wall. Letters within a column presented instances of signiÞcant differences in elevation among couples within a test
(following one-way ANOVA on arcsine transformed percentage data with Tukey post hoc test).
aCases where there is no signiÞcant difference (� � 0.05) between high and low elevation as determined via pair-wise t-test on

arcsine-transformed data for each male/female couple (*, denotes the single case where a statistical test was not possible because of no variation
among replicates for B. carambolae �/B. papayae �).
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papayae, B. philippinensis, and B. carambolae, this
study represents the Þrst instance where all four spe-
cies have been simultaneously examined for their pr-
ezygotic mating compatibility. We demonstrate high
compatibility among all comparisons of B. dorsalis, B.
papayae, andB. philippinensis as evidenced by random
mating; but relative incompatibility between any of
these three members of the B. dorsalis complex and B.
carambolae as demonstrated by signiÞcant deviation
from random mating (toward assortative mating).

Previous research has found varying levels of sexual
compatibility among these four members of the B.
dorsalis complex which generally agrees with our Þnd-
ings. In separate pair-wise studies, Tan (2003) and
Medina et al. (1998) reported high levels of mating
compatibility between B. dorsalis versus B. papayae
and B. dorsalis versus B. philippinensis; and subse-
quently argued that they represent the same biological
entity or are at least “not distinct genetic species” (Tan
2003). Hybrid progeny of B. dorsalis and B. papayae
were also successfully reared up to the third genera-
tion with no evidence of hybrid sterility (Tan 2003).
An afÞnity among these three species is further ex-
empliÞed by the body of work on male pheromone
constituents for these three taxa. Bactrocera dorsalis,
B. papayae (originally called ÔMal BÕ), and B. philip-
pinensis (ÔPhilippine BÕ) possess similar male rectal
gland components, albeit with minor yet consistent
differences (Perkins et al. 1990); and subsequent male
pheromone studies have recorded similar results (Tan
2000). According to the recognition concept of spe-
cies, in that a species is Ôthat most inclusive populations
of individual biparental organisms which share a com-
mon fertilization systemÕ (sensu Paterson (1985)), all
levels of analysis into the mating systems of these
species so far imply that B. dorsalis, B. papayae, and B.
philippinensis represent the same species for which
the only mechanism preventing reproduction is their
allopatric distributions. Importantly, we recognize the
next step toward fully resolving sexual compatibility
among these species is to complete postzygotic studies
through to the F2 stage as species may demonstrate little
to no discrimination at the prezygotic level (i.e., ran-
domly mate); however, there may be breakdown in sub-
sequent generations resulting from parental hybrids.

The situation regarding B. carambolae is different.
As in the study of McInnis et al. (1999), we found a
relatively high degree of mating incompatibility be-
tween B. dorsalis and B. carambolae because of the
disproportionately high number of homotypic couples
formed relative to heterotypic ones (92% homotypic
couples for both species in McInnis et al. (1999); 86%
in the current study). Similarly, and even though ex-
periments were conducted under a no choice sce-
nario, Wee and Tan (2000b) showed that B. papayae
females exposed to B. carambolae and B. papayae
males formed 95 � 9.5 homotypic couples compared
with only 8.0 � 4.6 couples with B. carambolaemales.
Importantly, however, when B. carambolae females
were exposed to males of both species under the same
nochoice scenario therewasnopreference(16.0�2.1
homotypic B. carambolae and 16.7 � 5.2 heterotypic)

(Wee and Tan 2000b). This observation is partially
supported by our results, in thatB.dorsalis, B. papayae,
and B. philippinensis males were more successful at
mating with B. carambolae females as compared with
B. carambolaemales mating with heterotypic females.
This is mirrored for B. philippinensis and to a lesser
degree B. dorsalis (possibly because this comparison
was conducted with earlier-generation closer-to-wild
ßies). In this case at least, it seems males of B. papayae
and B. philippinensis did not actively discriminate be-
tween homotypic females or those of B. carambolae
and if we had conducted our experiments under a no
choice scenario as did Wee and Tan (2000b) we may
have obtained similar results.

A number of possible explanations have been pro-
posed to explain differences in mating behavior be-
tween B. carambolae and other members of the com-
plex. Wee and Tan (2000b), for instance, propose that
male B. papayae ßies are more aggressive and promis-
cuous maters that their B. carambolae counterparts.
Furthermore, differences in pheromone constituents
betweenB. carambolae and the other three species are
well documented (Perkins et al. 1990). As stated
above, B. dorsalis, B. papayae, and B. philippinensis
males have very similar rectal gland compounds (Per-
kins et al. 1990, Fletcher and Kitching 1995) that are
considerably different from those of B. carambolae.
Male pheromones are emitted at dusk and are accom-
panied by vigorous wing fanning to produce a Ôpher-
omone cloudÕ (Ohinata et al. 1982). These phero-
mones are generally regarded as important for
attracting females to males (Shelly and Kaneshiro
1991), however, a number of other physiological roles
of these male-emitted pheromone clouds are possible
such as female excitation (Bellas and Fletcher 1979) or
as an aggregation cue to attract other males (Tan
2000). While we did not record speciÞc data, our cage
observations closely mirrored those documented for
Hawaiian Þeld B. dorsalis ßies (Shelly and Kaneshiro
1991) in that the clear majority of males within the
mating arena did not engage in wing fanning, yet many
ÔnonfannersÕ still successfully mated with females
without obvious courtship behavior. It is clear that
further studies into proximal mate recognition cues
among these species are necessary.

Other factors may also contribute to reduced com-
patibility between B. carambolae and the other three
members of the B. dorsalis complex studied here. As
for other species of fruit ßy for which differences in
mate location has been observed (Vera et al. 2006), we
demonstrate variation in the location of couples
within the mating arena for some comparisons. For
both B. carambolae versus B. papayae and B. caram-
bolae versus B. dorsalis the location of couples varied
considerably among combinations and seemed to be
driven by the location of females whether they occur
on the cage or tree. For both comparisons the majority
of couples involving B. carambolae females occurred
on the tree, whereas most of the couples involving B.
dorsalis or B. papayae females occurred on the Þeld
cage (usually on the ceiling) (Fig. 4). Additionally,
there was a considerable difference in the elevation
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within the Þeld cage for which couples were collected
from depending on the male/female combination;
particularly for the comparison involving B. carambo-
lae and B. dorsalis. For this comparison a greater pro-
portion of couples involving B. carambolae were col-
lected from lower in the mating arena (28Ð33%) as
compared with the homotypic B. dorsalis couples that
were almost exclusively collected from high in the
Þeld cage (Table 2). Unexpectedly, however, this was
not evident for the test between B. carambolae and B.
papayae for which �80% of all four couple combina-
tions were collected from high in the mating arena.
Furthermore, the reverse situation occurred for the
test between B. carambolae and B. philippinensis for
which while there was no difference in the location of
couples with respect to cage or tree, there was a
relative increase in the number of couples involvingB.
carambolae occurring lower in the Þeld cage as com-
pared with the homotypic B. philippinensis mating
pairs (and one heterotypic combination; Fig. 4, Table
2). Similar differences in couple location have been
observed for populations of the tephritid Anastrepha
fraterculus (Wiedemann) for which an Ôecological iso-
lationÕ hypothesis (sensu Dobzhansky (1937)) has
been proposed (Vera et al. 2006). ÔTemporal isolationÕ
may also result in reduced compatibility, as is the case
of many closely related taxa of fruit ßy, such as B.
tryoni and B. neohumeralis, for which the latter mates
at dusk and the former in the middle of the day; and
despite their close genetic and biological afÞnity these
two species rarely encounter each other for the pur-
pose of mating (Clarke et al. 2011). Our results do not,
however, show any strong differences between spe-
cies in terms of time of mating, with all species gen-
erally mating an average of 20Ð30 min before sunset
and with no particular variation in mating latency that
correlates with measures of incompatibility. Therefore,
our data does not support the hypothesis that time of
mating betweenB. carambolae and the other species is a
causalagent forreducedmatingcompatibility,butrather
that other subtle behavioral differences, including pre-
ferred mating location (alongside other factors such as
pheromone composition), may play more important
roles that deserves further attention.

We do, however, recognize thatB. carambolae used
in these trials was sourced from its invasive range of
South America. These ßies likely represent a popula-
tion that has experienced a bottleneck and subse-
quently has reduced genetic variation. This may result
in South AmericanB. carambolae behaving differently
from B. carambolae from its native range of Asia. Re-
cent phylogenetic studies by the authors (under re-
view) do, however, reveal both Asian and South
American B. carambolae to belong to the same mono-
phyletic clade, and our results closely parallel behav-
ioral studies undertaken by others using Asian mate-
rial (listed above). We endorse further investigation
using B. carambolae from its home range in future
compatibility assessments; especially between Asian
and South American members of this species to de-
termine the degree of sexual compatibility among B.
carambolae between its native versus invasive range.

Mating compatibility experiments conducted in this
study closely followed guidelines as detailed in the
qualitycontrolmanualused for assessing insectquality
in relation to the sterile insect technique (SIT) (FAO/
IAEA/USDA 2003). The differences between the man-
ual and our study are the inclusion of data from couples
collected from the cage wall and the doubling of female
to male ratios in the Þeld cage. We agree with Vera et al.
(2006) in that couples caught on the Þeld cage wall
should be included in mating compatibility studies
among closely related cryptic species, as different spe-
cies may exhibit diverse preferences in their choice of
mating location, or be inßuenced by the other species
present in the mating arena. As such the exclusion of
cage wall-caught couples from analysis may result in
these observations being overlooked and the identi-
Þcation of possible causes of incompatibility (e.g.,
ecological isolation) missed. Second, we doubled the
female to male ratio to ameliorate the potential effects
of slight differences in time from adversely inßating
isolation indices. We consider this to avoid the po-
tential of all females of one species from being mo-
nopolized by a species (or population) of males that
may begin mating vigorously yet slightly earlier than
males of the other group. Considering the objective of
this study was mating compatibility and not strictly
competition among males (for which equal ratios
should be used), we consider future work assessing
mating compatibility among cryptic species for the
purposes of identifying species limits use females at
double ratio where slight temporal differences may
occur.

In conclusion, we demonstrate for the Þrst time
within a single study that B. dorsalis, B. papayae, and
B.philippinensismate randomly with each other under
seminatural Þeld cage conditions, yet all these mem-
bers of the B. dorsalis complex are equally relatively
incompatible with B. carambolae.We believe that in
addition to previously reported differences between
these species (e.g., pheromone composition), espe-
cially forB. carambolae, that behavioral variation (e.g.,
differences in mating location) contribute to the mat-
ing incompatibility observed here between B. caram-
bolae and the remaining three species. While these
data alone cannot be used to redeÞne species limits or
to assert full sexual compatibility (because of the ab-
sence of full postzygotic testing; not completed in this
study yet underway) and the inherent caveats of ar-
tiÞcial cage studies (Walter 2003), we consider our
results closely parallel previous research suggesting
that B. dorsalis, B. papayae, and B. philippinensis rep-
resent the same biological species (Medina et al. 1998,
Wee and Tan 2000b, Tan 2003, Krosch et al. 2013,
Schutze et al. 2012). Such an outcome has signiÞcant
implications not only for their taxonomic identities,
but has consequences for pest management (espe-
cially for the SIT for which knowledge of species limits
and mating compatibility are critical) and interna-
tional trade.
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