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Abstract 

 

                                              Abstract 
 
 

Many of Bactrocera are of particular concern throughout much of Asia and the Pacific, 

where they constitute a significant threat to agricultural production. Bactrocera 

cacuminata is a native and non-pest species in Australia, which can be used as a model 

species for studies of pest Bactrocera flies. Over the past four to five decades, 

knowledge of the ecology and biology of Bactrocera has been established based 

mostly on laboratory and semi field conditions. The behavioural strategies of 

Bactrocera have been broadly hypothesised as (1) females mate mainly only once;     

(2) adults emerging from a fruit will be full sibs, i.e. members of the same family;      

(3) there is genetic differentiation between regions but not between sites within regions 

and there is an overall pattern of IBD. Understanding aspects of the behaviour of 

Bactrocera flies is important for providing a context for other avenues of investigation 

including studies on pest management.  

 
The objective of this study was to use molecular techniques to test the hypotheses 

above in wild B. cacuminata. Specifically the aims were: 1) to estimate the level of 

polyandry, sperm utilization and sperm selection by analysing offspring genotypes 

from wild-caught females, 2) to estimate patterns of oviposition and larval 

development by analysing genotypes of flies emerging from wild fruit, 3) to estimate 

patterns of dispersal between populations on different spatial scales, within/between 

region(s). Estimates of gene flow (derived from hierarchical population genetic 

variation analyses) were used to infer patterns of dispersal.   
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For this study, six polymorphic microsatellite loci and mtDNA gene, ND4 were 

developed. The microsatellites were isolated from enriched genomic libraries 

constructed using a biotin/streptavidin capture protocol. Allele number varied between 

three and nine; the expected heterozygosity ranged between 0.29 and 0.81. No 

significant deviations from Hardy–Weinberg equilibrium or linkage disequilibrium 

were found. The ND4 comprised 668 characters including 22 (3.3%) that were 

variable and 17 (2.5%) that were parsimony informative (18% in the 1st codon 

position, 82% in 3rd ). The fragment was free of ambiguities, stop codons and indels. 

Vary low levels of variability were found at ND4 and a number of other mtDNA 

genes in B. cacuminata. 

 
Female B. cacuminata was hypothesized matting only once and offspring have the 

same father. The level of polyandry, sperm utilization and kinship among flies were 

examined in a Brisbane wild population using five polymorphic microsatellite loci 

described above, plus an additional two loci developed for B. musae. Four hundred and 

twenty offspring from 22 wild-caught gravid females were genotyped to determine the 

number of males siring each brood and paternity skew, using the programs Gerud and 

Scare. The result showed that 22.7% of females produced offspring sired by at least 

two males. The mean number of mates per female was 1.72. Paternal contributions of 

double-sired broods were skewed with the most successful male having sired between 

76.9% and 87.5% of the offspring. The polyandry and multiple paternity in B. 

cacuminata was against the hypotheses. The power of the paternity analysis showed 

that one sire was detected in 100% of simulations and 96.4% for two sires. These 

results have implications for a sterile insect technique (SIT), because the level of 

remating identified would indicate that wild females could mate with one or more 

resident fertile males, thus reducing the effectiveness of the technique.  
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I hypothesized flies emerged from a fruit were full sibs. Investigation of 101 mature 

fruit of wild tobacco fruits (Solanum mauritianum Scopoli) across five trees revealed 

that the number of successfully developing flies per fruit varied between one and seven, 

with a percentage of fruits which produced flies ranging between 20.8% and 1.0%. 

Kinship analysis of 131 flies from 40 fruits using the program Kingroup revealed that a 

higher proportion of fruits (97.5%) were found with kin dyads than were unrelated 

(2.3%). More flies (93.9%) within fruits were kin (half-, full-sibs) than were unrelated 

(2.1%). There were 77.5% of fruits with offspring of a female and 22.5% of fruits from 

at least two female. The hypothesis was not supported by the result. In fruit with two 

mothers, a female mothered most offspring within fruits, and a second female 

mothered a smaller number.  

 
Due to its continuous linear coastal distribution, I hypothesized that genetic structure 

of B. cacuminata would show a pattern of genetic differentiation among regions, but 

little differentiation among sites within regions. Approximately 30 flies were sampled 

from each of 16 populations (N=530). Three to five populations were sampled in each 

of four regions from Tully to Sydney region in east coast of Australia. Genetic 

variation was analysed using six microsatellite loci and a ND4 gene markers. 

 
The study revealed low, but significant genetic structure among four regions, Sydney, 

Brisbane, Rockhampton and Tully. This was consistence with the hypothesis of this 

study. However, significant genetic variation also detected among populations within 

regions in the study was not expected. 

 
Tests for temporal variation in genetic structure analysed in three sites in the Brisbane 

region indicated that there is neither significant genetic variance between years within 
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a sample nor among years, supporting the idea that gene frequencies are relatively 

stable at a site. 

 
Evidence was found for historical population expansions of B. cacuminata in eastern 

Australia, except in the Tully region. A time since expansion of Sydney and 

Rockhampton regions was approximately 420,000 and 95,200 years ago, respectively. 

It seems that the Tully area may be an origin of B. cacuminata, although the most 

northerly fragment of the species range in the east coast of Australia was not sampled 

in this study. Bactrocera cacuminata in Sydney, Brisbane and Rockhampton regions 

may have been introduced and colonised from refugia in the Tully region or from 

further north. 
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1.1 Overview of the genus Bactrocera   

Species of the genus Bactrocera in the family Tephritidae or ‘true fruit flies’, are 

among the most important pests of fruits and vegetables in Asia and the Pacific 

(Clarke et al., 2005). Direct fruit damage caused by larval feeding, fruit drop and loss 

of export markets through quarantine restrictions are all mechanisms by which fruit 

fly infestation causes economic loss (Drew, 1989a). With adult traits that include high 

mobility and dispersive powers, high fecundity, and, in some species, extreme 

polyphagy, true fruit flies are well-documented invaders and rank high on quarantine 

target lists (Drew & Romig, 2000). Understanding aspects of the behavior of the true 

fruit flies, including mating, oviposition and movement is important for providing a 

context for other avenues of investigation including studies on pest management. 

Over the past four to five decades, knowledge of the ecology and biology of 

Bactrocera has been established based mostly on laboratory and semi field conditions 

(Clarke et al., 2005; Drew & Romig, 2000). Recently molecular markers have been 

used to investigate many aspects of the behavioural strategies of this genus including 

dispersal patterns (Zouros & Krimbas, 1969; Yu et al., 2001; Mun et al., 2003; Nardi, 

2005; Aketarawong et al., 2007) and mating ability (Zouros & Krimbas, 1970). 

Extensive literature reviews of the general biology and pest status of the Bactrocera 

can be found in a variety of sources (Christenson & Foote, 1960; Bateman, 1972; 

Prokopy, 1983; Zwolfer, 1983; Fletcher, 1987; Drew, 1989b; Fletcher & Prokopy, 

1991; White & Elson-Harris, 1992; Drew, 2000). There also has been considerable 

population ecology research conducted on a range of species of Bactrocera in 

Southeast Asia and the Pacific Region, such as the major pest species, Bactrocera 
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cucurbitae (Coquillett), B. dorsalis (Hendel), and B. tryoni (Froggatt) (Drew &Romig, 

2000). 

 
This chapter reviews behavioural strategies of Bactrocera extrapolated from research 

done on the few economically significant species in laboratory or semi field 

conditions. 

   
1.2 Biology of the genus Bactrocera  

The family Tephritidae (Diptera) is a large cosmopolitan family of Diptera, which 

includes 4500 species in 481 genera (Thompson, 1998) and is distributed in tropical, 

subtropical and temperate regions (Drew, 1989a;b; Michaux, 1999). One subfamily 

the Dacinae, or tropical fruit flies, consists of over 800 species which are believed to 

be endemic to tropical and subtropical rainforests (Drew, 1989 a;b). Dacine species 

occupy diverse habitats, from rainforests to savanna, and highly modified habitats, 

from orchards to suburbia (Drew, 1975; Agarwal, 1986; Drew, 1989a) and most 

species are exclusively frugivorous in the larval stage. The species of dacine flies 

principally belong to two genera viz. Bactrocera Macquart (>500 species) and Dacus 

Fabricius (>200 species) (Thompson, 1998). There are 20 species complexes in the 

subgenus Bactrocera, and B. cacuminata (Hering) is one species in the B. dorsalis 

species complex (Drew, 1989b). The Bactrocera dorsalis complex contains 75 

described species, largely endemic to Southeast Asia. The complex includes a few 

species that are polyphagous pests of international significance, including B. dorsalis 

sensu stricto, B. papayae Drew and Hancock, B. carambolae Drew & Hancock, and B. 

philippinensis Drew & Hancock. Given this economic significance, the complex has 

attracted attention from both theoretical and applied researchers. Bactrocera dorsalis 

s.s. and B. cacuminata have been used as model systems for studying mating systems, 
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advancing our understanding of insect use of plant-derived chemicals for mating 

(reviewed by Clarke et al., 2005, and reference therein). A significant amount of 

information on the ecology, life histories and behavior is available on the complex 

(Bateman, 1967; 1968; Pritchard, 1969; Fletcher, 1973; Fletcher, 1974a; b), and has 

been reviewed by Bateman (1972) and Fletcher (1987) and is discussed further in the 

following sections. 

 
1.2.1 Distribution of the subfamily Dacinae in Australia 

The Dacinae (Tephritidae: Dacinae) have a wide zoogeographic distribution, covering 

Afrotropical, Oriental and Australian regions (Drew, 1975). Ninety-six species have 

been recorded in Australia and these are mainly distributed in five coastal areas 

(Figure1.1) (Hooper & Drew, 1989).  

 

 

Figure 1.1 Approximate distribution of tropical fruit flies in Australia (Hooper & 
Drew, 1989). B. Eastern Queensland; C. South-eastern Australia; D. South Australia; 
E. Western Australia; F. Northern Territory 
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The study organism of this project, B. cacuminata, is distributed throughout eastern 

Australia (Area B, C) from Cape York in the north to the East Gippsland district in 

the south (Figure1.2) (Drew et al., 1982). 

 

                                

Figure 1.2 Distribution of B. cacuminata in Australia (Drew et al., 1982) 

 

1.2.2 The life cycle of Bactrocera  

Nearly all known dacines have the same basic life cycle (Fletcher, 1987). A “typical” 

life circle of a dacine fly (Figure 1.3) is generalized based on a synthesis of the 

literature as follows. 

 
Gravid female fruit flies lay their eggs in the flesh of fruit. Larvae hatch from the eggs 

after about 42 hours (at 250C) and feed on the fleshy fruit, reaching the prepupal stage 

in approximately nine days (Bateman, 1967).  The prepupae emerge from the fruit, 

burrow and pupate into the soil (Christenson, 1960; Prokopy, 1984; Fletcher, 1987). 
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Pupal development occurs in the soil and is completed in about 12 days (Bateman, 

1967; Gibbs, 1967).  The teneral adults emerge from the puparia and tunnel their way 

out of the soil and fly into the foliage. Adult flies then forage for sugars, protein, 

moisture and specific phytochemicals in their habitat. Once sexual maturity is attained, 

adult flies search for mates and copulation ensues. The resultant gravid female then 

reinitiates this cycle (Figure 1.3). 

 

 

 

Figure 1.3 Generalized life cycles of tropical fruit flies (Source: Raghu, 2002) 

 

1.2.3 Dispersal behavior  

Adult Bactrocera disperse soon after emerging from the puparia. The aim of dispersal 

has been hypothesized to overcome the density-dependent consequences of 

intraspecific competition (Fletcher, 1974a), and to forage for vital resources to ensure 
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their survival and reproduction, principally moisture for metabolism, protein for 

sexual maturity, carbohydrates to fuel foraging and courtship behaviour (Drew & 

Hooper, 1983; Courtice & Drew, 1984; Slansky, 1985; Fletcher, 1987) and certain 

plant derived chemicals (e.g. methl eugenol and raspberry ketone) for sexual selection 

(Metcalf, 1990; Shelly, 1994; Tan & Nishida, 1996; Raghu & Clarke, 2003a) and 

copulation duration (Raghu & Clarke, 2003b). Much of the published research has 

confirmed the existence of a spatially dispersed pattern with different life-history 

stages occupying different resources spatially and temporally (Nishida & Bess, 1957; 

Nishida, 1980; Hendrichs & Hendricks, 1990; Hendrichs et al., 1991; Warburg & 

Yuval, 1997; Yuval, 1999). For example, immature adult flies of B. cacuminata 

specially forage for sugar and protein, whereas, sexually mature adults forage for 

sugars during the day and respond to methyl eugenol at dusk (Raghu & Clarke, 

2003a). 

 
Several authors indicate that Bactrocera species are capable of high level of dispersal. 

Hely et al. (1982) reported adult Queensland fruit fly (B. tryoni ) travelling some 

distance in a lifetime, up to 64 km (wind-assisted) over water, while gravid females 

move from host trees that no long bear acceptable fruit over several tens of kilometers 

for a new host (Chapman,1982). Further studies of the melon fly (B. cucurbitae) have 

shown dispersal of up to 200 km (Miyahara & Kawai, 1979). Drew et al. (1984) also 

found that B. tryoni and B. neohumeralis can disperse at least 60 km and B. bryoniae 

100 km from breeding areas to new hosts. Moreover, studies on B. dorsalis, B. 

cucurbitae and B. zonatus (Qureshi et al., 1975; Fletcher, 1989), in which laboratory-

reared sterile flies were released, indicated that these species can migrate up to 65 km 

from the release site. Less information is available about the dispersal of B. 

cacuminata, although Raghu et al. (2002) and Raghu & Clarke (2003b) observed that 
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adults left the host plants after emergence and can fly up to 100 km to new hosts 

(Drew et al., 1984).  

 
Knowledge about the dispersal of Bactrocera has been derived by four main methods, 

i.e. 1) the recapture of marked flies in traps located at varying distances; 2) field 

observations on the appearance and disappearance of adults in relation to host fruit 

availability; 3) the trapping of adults in areas where host plants are absent; and 4) 

observations on movements in relation to overwintering (Fletcher, 1989a; Drew and 

Romig, 2000). The levels of dispersal, however, remain conjectural, as much of the 

information available is based on the recapture of males in lure traps after their release 

en masse at a central point (Fletcher, 1989a). Furthermore, the flies used have often 

been laboratory reared and irradiated before release, and it is known from both field 

experiments and flight-mill studies that this can have an effect upon their flight 

capabilities (Hamada, 1980; Fletcher, 1989a). 

  

1.2.4 Mating behaviour of dacine fruit flies 

A number of authors have suggested that the larval host plant is the centre of activity 

of ecology and behaviour of Bactrocera, with courtship, mating and oviposition 

occurring there (Drew & Lloyd, 1987, 1989a;b, Drew & Romig, 2000, Metcalf, 

1990). For example, sexually mature male melon flies, B. cucurbitae gather at specific 

times of day in aggregations or leks on a larval host plant, then set up single-leaf 

territories on leaves not fruit, from which they emit sex pheromones and produce 

calling songs (Kuba et al.,1984). However, Bateman (1972) proposed that mating is 

not necessarily on the host tree. Further study on B. cacuminata (Hering) by Raghu 

(2002) also indicated that adult flies of this species mate and feed elsewhere, being 

almost entirely absent on the larval host plant.  The host, Solanum mauritianum 
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Scopoli, is the primary site of mating for B. cacuminata in nature and the idea that 

host plant is the centre of activity for dacine fruit flies remains robust (Drew et al. 

2008).  

It has been suggested that female dacines generally mate only once in their life while 

males mate repeatedly (Barton-Browne, 1957; Fay & Meats, 1983; Mazomenos, 

1989). However, there are certain debates on the mating and oviposition behavior of 

adult flies. Mazomenos (1989) using laboratory studies reported that female olive fruit 

flies, B. oleae (Gmelin) are oligogamous and can mate 1-3 times during their life, 

while males on the other hand, as generally reported, are polygamous and can mate 

daily if receptive females are available.  

 

1.2.5 Oviposition and larval development 

The gravid females of tephritid flies seek for acceptable fruit in larval host plants to 

oviposit (Nishida & Bess, 1957). The females choose oviposition sites based on a 

variety of factors, including host-plant chemicals and physical stimuli (Prokopy, 

1977), fruit size and ripeness, presence of recent natural or artificial punctures in the 

fruit and prior experience with fruit (Papaj et al., 1989; Papaj et al., 1992; Prokopy et 

al., 1978; Prokopy et al., 1994; Prokopy et al., 1989). They may also be influenced by 

pheromones deposited by other females on the fruit surface after egg laying (Prokopy, 

1981a), and/or by the presence of larvae (or their effects) already within the fruit flesh 

(Prokopy, 1981b). 

  
Oviposition choice appears to minimize conspecific competition in a host. Bactrocera 

species reduced interference competition among larvae by avoiding oviposition in 

fruits which already contained larvae (B. tryoni, Fitt, 1984; B. jarvisi, Fitt, 1984; 

melon fly (B. cucurbitae), Prokopy & Koyama, 1982; B. oleae Gmelin, Cirio, 1971; 
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Girolami et al., 1981; B. dorsalis, Green et al., 1993). No species of Bactrocera is 

known to deposit a pheromone as many other tephritids do (Fitt, 1984, and reference 

therein; Fletcher, 1987;  Prokopy, 1972, and reference therein) and laboratory 

experiments showed that Bactrocera females do not avoid oviposition in fruits which 

contain eggs, as distinct from fruits containing larvae (Pritchard, 1969). 

 Little is known about whether or not the eggs of each female have equal chances to 

develop further in the same oviposition site.   

 
The survival and development of Bactrocera fly eggs and larvae in a host fruit is 

poorly understood. One such study (Fitt, 1986) observed oviposition preference and 

larval performance of five Bactrocera species in seven cultivated fruits in large cages 

where groups of 10-30 naive females were provided. The study showed that different 

species laid a varying number of eggs in their usual host, ranging from 55 eggs per 

wild tobacco fruit, S. mauritianum by B. cacuminata to about 170 – 200 as observed 

by B. tryoni Frogg. in tomato (Lycopersicon esculentum Mill.) and B. jarvisi in 

Barringtoniaceae (Planchonia careya). Moreover, survival in the normal host from 

newly hatched larva to pupa was about 78% in B. cacuminata and B. cucumis French 

and about 40% in B. tryoni, B. jarvisi and B. musae (Tryon). Balagawi et al. (2005), 

using laboratory-reared B. tryoni, reported that up to 83% of eggs survived through to 

the pupal stage in ripe Roma fruit. No in-depth studies of developmental success of 

eggs and larvae, especially survival to adult and genetic composition of the flies 

within fruits has been undertaken in the field.  

 
Successful development of larvae living in groups within fruits has been reported in 

several Bactrocera species (B. tryoni, Bateman, 1967; B. opiliae Drew & Hardy, Fitt, 

1981b). Living in groups may provide fitness benefits to individuals (Krause & 
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Ruxton, 2002).  However, it has also been suggested that scramble competition 

among larvae results in a high overall mortality of B. cacuminata and B. opiliae Drew 

& Hardy even at moderate levels of overcrowding (Drew & Hooper, 1983; Fitt, 

1981a). Up to 80% of newly hatched larvae of B. tryoni and B. jarvisi died when 

placed into fruits containing 2-3 day old larvae of the same or a different species (Fitt, 

1984). Consequently, investigation of successful development in a fruit and levels of 

kinship among larvae within a fruit may have profound implications for the 

understanding of larval performance behavior and social organization of flies within a 

fruit. Such studies would permit insights into many aspects of reproduction and larval 

behaviour in cases where direct observation is impractical. 

 

1.2.6 Molecular techniques applied to the study of biology and genetic structure in 

tephritid flies 

 
The behavioural strategies that have been studied relating to movement, mating, 

oviposition and larval development have been principally in terms of direct 

observation with demographic (population or community ecology) (Tilman,1982; 

Turchin, 2001) and autecological approaches (Raghu, 2002; Raghu & Clarke, 2003a; 

Raghu & Lawson, 2003). Genetic techniques provide a different approach to 

understanding species biology by using DNA markers.   

 
In the last decade, genetic markers have been used to study the behaviour and 

population genetic structure of a number of species of tropical fruit fly. 

Microsatellites, or simple sequence repeats (SSR’s), are tandemly repeated motifs of    

1 - 6 bases, and are usually characterized by a high degree of length polymorphism 

(Edwards et al., 1992). Microsatellite assays have rapidly become established as a 

powerful method for the analysis of mating systems and population structure (Bruford 
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& Wayne, 1993; Dowling et al.,1996). This is because (1) they are highly 

polymorphic, even in species lacking polymorphism at allozyme loci (Hughes & 

Queller, 1993), (2) it is possible to score codominant genotypes with exact allele sizes, 

and (3) access via PCR makes it possible to work from extinct as well as extant 

populations (Dowling et al., 1996). Using three to twelve polymorphic microsatellites, 

multiple paternity has been proven as a mating strategy in field populations of a 

variety of Drosophila (Diptera: Drosophilidae) species, such as D. melanogaster, D. 

buzzatii, D. simulans and D. mojavensis (Harshman & Clark,1998; Imhof et al., 1998; 

Jones & Clark, 2003; Bundgaard et al., 2004; Schlötterer et al., 2005; Good et al., 

2006); and the Mediterranean fruit fly, Ceratitis capitata (Wiedmann) (Bonizzoni et 

al., 2002). In Bactrocera, mating strategies have only been studied in the olive fruit 

fly, B. oleae, which was shown to mate multiply in a wild population (Zouros & 

Krimbas, 1970). This study used two allozyme loci as markers. Thus direct evidence 

regarding mating frequency of females in wild populations is limited and multiple 

mating of females is inconclusive in other Bactrocera species. Microsatellite loci have 

also been used to assess population genetic structure in numerous studies (Jarme & 

Lagoda, 1996; Paetkau et al. ,1995; Slatkin, 1995; Primmer et al., 1996).  

 

 The genetic structure of a population is derived from the combined effects of genetic 

drift, mutation, natural selection and gene flow, with gene flow resulting from the 

dispersal of individuals (or gametes) among populations (Slatkin, 1985). If dispersal 

is restricted by barriers and / or low because of poor dispersal abilities of the species 

studied, differentiation between populations will occur due to natural selection and/or 

random genetic drift (Slatkin, 1985). A population genetic pattern known as "isolation 

by distance" (IBD) results from a decrease in the genetic similarity among 
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populations as the geographic distance between them increases. IBD is a commonly 

observed phenomenon in natural populations (Slatkin, 1993). In contrast, substantial 

gene flow between two populations will result in a shared genetic structure between 

geographically separate populations with little differentiation (Slatkin, 1985). So, 

patterns and levels of genetic differences between populations are in part a reflection 

of an organism’s extent and mechanism of dispersal activity (i.e. gene flow) (Slatkin, 

1985; Hughes et al.,  2000). These ideas have been tested empirically in several 

species of insects (Hughes et al., 2000; Rank, 1992; Wishart et al., 2001; Gibbs et al., 

1998).  

  
The genetic structure of a population can be revealed by various genetic techniques 

and the distribution of variation within and among populations examined by different 

methods may differ. Uniparentlly inherited loci (e.g., mitochondrial DNA; Y-linked 

loci; most chloroplast DNA) are generally expected to show less variation within 

populations and more between populations than are biparentally inherited loci (e.g., 

autosomal nuclear loci such as microsatellites) (Baverstock & Moritz, 1996). 

Although various molecular techniques have been used to study the genetic structure 

of population of animals, mitochondrial DNA and microsatellites are the most 

commonly used in recent years (Templeton, 2004). 

 
To date, genetic structure and geographical variability have been analysed on a few  

economically important Bactrocera species. Using six microsatellites, B. tryoni was 

found to show significant population spatial structure in eastern Australia (Yu et al., 

2001). Studies on the pumpkin fruit fly (B. depressa) in Japan and Korea showed 

levels of genetic variation among populations in each country, as indicated by both 

nuclear and mtDNA gene markers (Mun et al., 2003). Moreover, they also found a 
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population range expansion within each country, and a recent invasion of pumpkin 

fruit fly from Korea to Japan. Nardi et al. (2005) studied population structure and 

colonization history of the olive fly, B. oleae, with microsatellites and mtDNA 

markers. He concluded that there was significant population differentiation among 

Pakistani, African, Mediterranean basin and American regions. Africa is the origin of 

flies infesting cultivated olive, and the recent invasion of olive flies in the American 

region most likely originated from the Mediterranean area. More recently, 

Aketarawong et al. (2007) evaluated the population genetic structure of the oriental 

fruit fly, B. dorsalis sensu stricto, in Far East Asia, South Asia, Southeast Asia and the 

Pacific Area using microsatellites. The results revealed that the species had undergone 

a recent demographic expansion and there was no evidence of recent bottlenecks in 

the Southeast Asia population. In Bangladesh, Myanmar and Hawaii, genetic isolation 

was identified and attributed to geographical factors, fragmented habitats and/or fruit 

trade restrictions.  A migration route of invasion was from China to the West. 

Unfortunately, a paucity of similar work on other species of Bactrocera makes it 

difficult to judge if the trends above can be generalised to other species of Bactrocera, 

or if the genetic structure and population range expansions are species-specific 

characteristics, or affected by spatial and temporal patterns of host use. 

 

1.3 The study organism – the wild tobacco fruit fly, B. cacuminata  

Bactroera cacuminata is native to Australia. Two hosts, Elaeocarpus sp. and 

Disoxylum sp. of B. cacuminata have been recorded (Drew, 1989b), but these have a 

restricted distribution in northern Queensland. Outside this area, the fly is exclusively 

monophagous on wild tobacco, S. mauritianum , which has been naturalized and is 

widespread in coastal areas of eastern Australia where it fruits prolifically (Drew 
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1989b). This makes B. cacuminata less likely to be affected by the complexities posed 

by polyphagous species with their associated spatial and temporal patterns of host use. 

B. cacuminata is a minor-pest member of the B. dorsalis complex of fruit flies, a 

group that includes five pest species of worldwide economic significance (e.g. 

Oriental fruit fly, B. dorsalis (Hendel), B. carambolae Drew & Hancock, B. 

philippineris Drew & Hancock, B. occipitalis (Beggi) and Asian papaya fruit fly, B. 

papayae).  

 
As a model species of the family Dacinae, several aspects of B. cacuminata biology 

and ecology have been investigated, including the reproductive system (Raghu et al., 

2003a), patterns of resource use (Raghu et al., 2002; Raghu & Clarke, 2003a; Raghu 

& Clarke, 2003b; Raghu & Lawson, 2003) and visual and chemical response stimuli 

(Krohn et al., 1991; Osborne, 1998; Meats & Osborne, 2000; Drew et al., 2003). 

However, there is little known about the mating ability, oviposition and larval 

development or genetic structure.  

 
1.4 Project aims and objectives of the thesis  

Most studies of Bactrocera have been under controlled conditions and have been 

based on observational data. Little information is available on open field populations. 

A realistic understanding of movement and mating behavior and larval development 

in a fruit will be achieved through a study combining extensive behavioural 

observation with molecular techniques. My aims were to develop suitable 

microsatellite and mtDNA gene markers and to use these to examine the biological 

and ecological strategies of B. cacuminata in the wild. In particular, I was interested 

in level of polyandry, sperm utilization and sperm selection, oviposition and larval 

development in a fruit and patterns of dispersal between populations on different 
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spatial scales, within/between region(s).This knowledge will enhance our 

understanding of the biology Bactrocera flies.  

 
This thesis will use genetic techniques to test the following broad hypotheses of 

Bactrocera behaviour: (1) using paternity analysis, I predict that females will mate 

only once. Offspring will all have the same father; (2) adults emerging from a fruit 

will all be full sibs, i.e. members of the same family; (3) there will be genetic 

differentiation between regions but not between sites within regions and there will be 

an overall pattern of IBD. I tested these hypotheses in the context of the species, B. 

cacuminata in the wild .  

 
 
1.5 Structure of the thesis/thesis outline 

The thesis presents the first study of behavioural strategies of B. cacuminata using 

molecular techniques. The thesis examines specific hypotheses of  Bactrocera 

behaviors, female mating frequency, oviposition and larval development and levels of 

dispersal and to test their generality and, more specifically, their validity in the 

context of B. cacuminata. As mentioned above, these hypotheses have been generated 

from studies on a few polyphagous pest species in laboratory or semi-natural systems, 

with those results extrapolated across the entire Bactrocera (Raghu, 2002; Raghu & 

Clarke, 2003a; Raghu & Lawson, 2003). The thesis chapters, while structurally 

independent, have as a common thread the objective of resolving the biology of B. 

cacuminata indirectly using genetic techniques. This is achieved by focusing on 

development of suitable genetic markers, detection of mating behavior, oviposition 

and larval development and dispersal or gene flow.  
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Each chapter’s introduction contains a brief review of the relevant literature, placing it 

within the respective conceptual framework. Contents of the research chapters are in 

different stages of consideration in scientific journals, with some already published or 

being prepared for publication. As a result I do not present a General Materials and 

Methods section.  

 
A basic starting point to applying molecular techniques to the study on Bactrocera 

flies was to identify appropriate polymorphic microsatellites. In Chapter 2, I described 

the isolation of microsatellite loci for use with B. cacuminata. I used these markers to 

analyse multiple paternity, sperm utilization and sperm selection in a wild population 

of B. cacuminata (Chapter 3) and kinship of B. cacuminata emerging from host fruits 

(Chapter 4). In Chapter 5, I developed a polymorphic mtDNA gene marker ND4 for 

examining population structure in B. cacuminata (Chapter 5). Using both 

microsatellites and ND4, I analysed the genetic structure and geographical variability 

of B. cacuminata in this chapter. Chapter 6 concludes with an interpretation of the 

main findings including a discussion of behavioural strategies of B. cacuminata.  



            

 

                                       Chapter Two 

 

 

Polymorphic Microsatellite DNA 

Markers In B. cacuminata  

 
 

 

 

 

This chapter has been published in a slightly modified form: 

 

Simon D. Song, Jing Ma and Jane M.Hughes. 2006. Polymorphic 

microsatellite DNA markers in Bactrocera cacuminata (Hering) (Diptera: 

Tephritidae). Molecular Ecology Notes 6:47-49. 
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2.1 Introduction 

In the last decade, microsatellites have been used for analysis of the ecology and 

evolution of a number of species of tropical fruit flies. For example, the population 

structure and mating systems of B. tryoni (Kinnear et al., 1998), Ceratitis capitata 

(Bonizzoni et al., 2002), C. rosa Karsch and C. fasciventris Bezzi (Baliraine et al., 

2004) have been investigated using microsatellites. In this chapter, I report the primer 

sequences and amplification conditions for six novel microsatellite loci in B. 

cacuminata, and provide data on allelic variation at these loci in four geographically 

distinct populations of B. cacuminata, in order to assess their usefulness as genetic 

markers. 

 
2.2 Materials and methods 

An enrichment method modified from FIASCO (Zane, 2002) for establishing 

microsatellite-rich genomic libraries was used. Genomic DNA was extracted from six 

pooled B. cacuminata from Brisbane (27032'S/153005'E) and Tully (North Queensland) 

(17039'S/145032'E) respectively, using the phenol-chloroform procedure described in 

Han (1997). DNA fragments of 200 – 800 bp in length were ligated to MseI adaptor 

molecules after MseI (New England Biolabs) digestion and 1 % agarose gel 

electrophoresis. Ligation product was denatured and hybridized to biotinylated di- 

(GT)12 and trinucleotide (GCA)12 and (GTT)12 oligonucleotides. Enriched DNA was 

recovered by PCR using the MseI-N primer (Zane, 2002). The product was ligated into 

the pGEM-T Easy plasmid (Promega) and plasmids were cloned into Escherichia coli 

JM109 Competent Cells (Promega). Recombinant clones were screened for inserts by 

arraying on to replica plates, colony blotting and hybridization to 32P-labelled 

oligonucleotides with sequence as described above. Positive colonies were sequenced 
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using Big Dye (version3.1, Applied Biosystems) chemistry with M13 forward and 

reverse primers on an ABI-377 DNA autosequencer.  

 
Primers flanking the microsatellite region were designed using the web-based software 

package OLIGO CALCULAT (http://row.sigma-genosys.eu.com) and optimized using 

sequences from eight flies. The variation of the microsatellite loci was further 

investigated at a larger scale using 30 flies trapped from each of four geographically 

distant populations of eastern Australia (Brisbane (27032'S/153005'E), Sydney 

(33057'S/151006'E), Tully (17039'S/145032'E) and Rockhampton (23019'S/150031'E); 

totalling 120 flies). Genomic DNA was extracted from the head of each fly. PCR 

amplification was carried out using ABI GeneAmp system 2700 (Applied Biosystems) 

in 10 ul final reaction volumes containing 10 ng of DNA extract, 10 mM Tris-HCl (pH 

9), 50 mM KCl, 200 uM of each dNTP, 2.0 mM MgCl2, 0.4 uM of each primer and 0.5 

units of Taq polymerase (BioTech). PCR conditions were: 3 min denaturation at 94 0C, 

followed by 40 cycles of 30 s at 94 0C, 30 s at locus specific Ta and 45 s at 72 0C, 

ending with one cycle of 72 0C for 7 min. The products were visualized on a laser-

based electrophoresis instrument, the Gel-Scan 2000 Real-Time Gel System (Corbett 

Research) using forward primers labelled with fluorescent dye 5-HEX (GeneWorks). 

Alleles were sized relative to an internal size standard (TAMRA GS 350, Applied 

Biosystems) and analysed with ONE-Dscan Gel Analysis 2.03 (Scanalytics, Inc.). 

Characteristics of the polymorphic loci were calculated using GENEPOP (Raymond & 

Rousser, 1995). 

 
2.3 Results 

One hundred and twenty-five clones identified as positive (43% of clones) were 

sequenced, 75 of which had microsatellite sequences with more than six perfect repeat 

http://row.sigma-genosys.eu.com/
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units. In twenty-eight clones microsatellite sequences were too close to the linker for 

primer design and 21 clones were found to be identical. Primers were designed for 65 

sequences of which 41 showed successful amplification. A total of six polymorphic 

loci were found, a further 24 were monomorphic and 11 produced non-specific 

amplicons. Summary data for the six characterized polymorphic loci are presented in 

Table 2.1. Allele numbers vary between three and nine with gene diversities ranging 

from 0.29 to 0.81 and there was no significant departure from Hardy-Weinberg or 

linkage equilibrium expectations (P > 0.05, Fisher’s exact test). Therefore these 

markers will be useful for studying the genetic structure of populations from different 

areas and the mating patterns of this species. 

 
Table 2.1 Primer and microsatellite sequences for seven microsatellite loci isolated from B. 
cacuminata. Ta, annealing temperature; N, number of alleles; HO, observed heterozygosity; 
HE, expected heterozygosity; P, p-value of Hardy-Weinberg equilibrium test 
 
Locus/GeneBank 
Accession no. 

Repeat 
sequence  

Primer sequences (5´-3´) Size  Ta N HO HE P 

Bcac2.6/DQ023215 (CA)8 F: ATCATTGATCATTCGCTCTG 
R: AGCAACCTGAATGCTGCGCT 

88 60 8 0.73 0.63 0.710 

Bcac5.10/DQ023216 (CGT)7 F:TTGCCAATCGTTGTCGTCG 
R:TGACGCTGCTGACGATAC 

112 48 7 0.23 0.29 0.096 

Bcac5.12/DQ023217 (CAA)7 F:CACCCAATCCCAATCAACAGCGT 
R:TGGATGCGGTGTGGATGTAGCT 

114 52 6 0.44 0.49 0.543 

Bcac6.12/DQ023218 (CA)10 F:GCTCTCTCTGAAAGCTGCCA 
R:CATCATAATTCTCGCGGCAC 

114 55 9 0.74 0.68 0.312 

Bcac7.16/DQ023219 (CTG)6 F:CTGACGATACTCACCCACATTCG 
R:TGCCACAACAGAAAGCCGC 

110 45 3 0.25 0.50 0.026 

Bcac12.8/DQ023220 (CA)10 F: TAATGAATGGCTAACGTTGC 
R: CAAAGTGCAGACGAAATGG 

112 55 8 0.76 0.81 0.101 

 
 
The primers were cross-species amplified on DNA from five additional pest species of 

the genus Bactrocera: B.  tryoni (Froggatt); B. cucumis (French), B. cucurbitae 

(Coquillett), B. papayae Drew & Hancock and B. tau (Walker) using the PCR 

conditions detailed for B. cacuminata. The results, summarized in Table 2.2, highlight 

the possibility of some of these being applicable to other tropical fruit flies. Initially, I 

had also trialled a range of primer pairs developed from two species, B. tryoni 
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(Froggatt) (Kinnear et al., 1998) and B. dorsalis Hendel (Dai et al., 2004) on 58 flies 

of B. cacuminata from Brisbane (27032'S/153005'E) and Tully (17039'S/145032'E). 

However, although nine of the 18 primer pairs trialled produced amplicons, three were 

totally monomorphic, five had only two alleles and one had only three alleles. 

Therefore, although this characteristic is not important in the context of this thesis, 

Some cross-amplification for primer pairs has been shown, although further screening 

would be required to determine whether there is sufficient variation to make them 

useful in these other species.    

 
Table 2.2 Results of testing the B. cacuminata primers on other Bactrocera species 

Locus B.  tryoni B. cucumis B.cucurbitae B. papayae B. tau 
Bcac2.6 ++ >++ ++ ++ = 
Bcac5.10 <++ ++ ++ ++ ++ 
Bcac5.12 ++ ++ ++ ++ ++ 
Bcac6.12 + - - ++ + 
Bcac7.16 + - - + - 
Bcac12.8 + - - ++ - 

 
++, strong amplicon present at expected size; +, weak band present at 
expected size; =, several bands; <, band smaller than expected; >,band larger 
than expected; -,no band present.  
  
 



 

 

 

                                          Chapter Three 

 

 

Multiple Paternity In A Natural 
Population Of A Wild Tobacco Fly,  
B. cacuminata, Assessed By 
Microsatellite DNA Markers 
 
 

 

 

 

 

This chapter has been published in a slightly modified form: 

Simon D. Song, Richard A.I. Drew and Jane M. Hughes. 2007. Multiple paternity in a 

natural population of a wild tobacco fly, Bactrocera cacuminata (Diptera: Tephritidae), 

assessed by microsatellite DNA markers. Molecular Ecology 16:2353-2361. 
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3.1 Introduction 

 
Investigating the mating system of a species with a cryptic lifestyle has been an active 

area of research in recent decades. Molecular methods, such as allozymes (Zouros & 

Krimbas, 1970; Ochando et al., 1996), and more recently microsatellites, allow 

insights into areas of reproductive dynamics that have been unattainable previously. 

Findings from recent studies of mating systems using genetic techniques have 

contrasted significantly with prior hypotheses regarding mating behaviour and 

reproductive output. For example, about 60% of bird species were shown to be 

polyandrous using microsatellites (Petrie et al., 1998), whereas previously more than 

90% were believed to be monogamous (Birkhead et al., 1987). High-resolution 

genetic markers can provide detailed information about mating systems such as how 

many and which males are siring offspring, whether or not females mate with the 

same males consistently, whether certain males dominate breeding, the breeding 

range of territorial males and the extent of inbreeding in populations. Such 

information defines the reproductive dynamics of local populations providing a much 

needed link between population genetics and ecology (Sugg et al., 1996) 

 
The evolution of mating systems is a central topic in behavioural ecology (Alcock, 

2001). The female’s mating frequency in wild populations has implications for the 

effective population size, rate of gene flow, genetic structure of the population 

(Zouros & Loukas, 1989) and maintenance of genetic variation (Zeh et al., 1997). 

Detecting the mating rates in the wild can confirm observations of mating behaviour 

under laboratory conditions (e.g. Bretman & Tregenza, 2005).  
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An increased understanding of insect mating systems could also lead to more 

effective control of pest species (Prokopy, 1980). The monogamous or polygamous 

habits of females are of importance in pest species such as tephritid fruit flies.  The 

sterile insect technique (SIT), a widely employed pest fruit fly suppression 

programme in practice, is dependent on female mating. The success of an SIT 

program relies on the assumption that females of the pest insect controlled are 

monogamous (Zouros, 1969). Female remating may reduce effectiveness of the SIT 

especially where sterile males are released only one or a few times during the 

breeding season (Robinson et al., 2002; Kraaijeveld & Chapman, 2004) 

 
Female remating has been described for a wide range of insect species. Multiple 

mating in females provides the opportunity for postcopulatory sexual selection by 

sperm competition. This can prevent each male’s sperm from fertilizing eggs in the 

form of sperm displacement, incapacitation, or other competitive mechanisms 

(Simmons, 2001). Sperm displacement, which describes the observation that later 

males father more offspring, has been found to be widespread in many Drosophila 

species (reviewed by Singh et al., 2002) and several tephritid species (Ito & Yamagishi, 

1989; Saul & McCombs, 1993). 

 
Due to their invasive cosmopolitan distributions, broad larval host plant range and 

substantial economic impacts, many species of true fruit flies (Diptera: Tephritidae: 

Dacinae) in the genus Bactrocera are of particular concern throughout much of Asia 

and Australia, where they constitute a significant threat to agricultural resources (Drew, 

1989a). Within this genus, the wild tobacco fly, B. cacuminata is relatively unusual. It 

is a native and minor-pest species of wild tobacco, widespread in eastern Australia 

(Drew, 1989a) but otherwise no-invasive.  
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Bactrocera cacuminata is an model species for studies of pest Bactrocera flies 

(Raghu, 2002). Bactrocera cacuminata is primarily monophagous on the wild 

tobacco plant, Solanum mauritianum Scopoli (Drew, 1989b). This makes the fly 

relatively immune to the complexities posed by studies on polyphagous species with 

their associated spatial and temporal patterns of host use. The species is a non-pest 

member of the B. dorsalis complex, a group of fruit flies that includes eight species of 

major economic significance (Drew & Hancock, 1994). Several aspects of B. 

cacuminata biology and ecology have been investigated, including the reproductive 

system (Raghu et al., 2003), patterns of resource use (Raghu & Clarke, 2003a; Raghu 

& Clarke, 2003b; Raghu et al., 2002; Raghu & Lawson, 2003), and visual and 

chemical  response stimuli (Drew et al., 2003; Krohn et al., 1991; Meats & Osborne, 

2000; Osborne, 1998). However, there is little known about the mating behaviour of 

B. cacuminata (Myers, 1952; Raghu & Clarke, 2003a), especially mating success, 

including the level of polyandry, sperm utilization and sperm selection. 

 
Although some species of Bactrocera have been observed mating repeatedly under 

laboratory or field cage conditions (e.g., B. oleae (Gmelin) Hagen et al., 1963; 

Tzanakakis et al., 1968; B. tryoni (Frogg.) Barton-Browne, 1956; Fay & Meats, 1983; 

Harmer et al., 2006; B. dorsalis (Hendel) (Shelly, 2000); B. cucurbitae (Coquillett) 

(Ito & Yamagishi, 1989); B. carambolae Drew & Hancock (Wee & Tan, 2000); B. 

papayae Drew & Hancock (Wee & Tan, 2000)), there is very little known about 

mating strategies in wild populations. When mating of Bactrocera flies occurs in 

nature it often involves groups of males and females which are difficult to 

differentiate. Consequently, when copulation is observed, there is no opportunity to 

identify if more than one male is involved with a single female. Therefore, field 
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observatings on mating behaviour provide limited data on these variables (Fletcher, 

1996).  

 
Using DNA makers, multiple paternity has been proven as a mating strategy in field 

populations of a variety of insect species. Examples include five bumble bee species, 

Bombus terrestris, B. lucorum, B. lapidaries, B. pratorum and B. hypnorum (Estoup 

et al., 1995), two ant species, Myrmica’near tahoensis’ (Evans, 1993) and 

Leptothorax acervorum (Hammond et al., 2001), a damselfly, Ischnura elegans  

(Cooper et al., 1996), a cricket, Gryllus binaculatus (Bretman & Tregenza, 2005), 

several Drosophila species, such as D. melanogaster, D. buzzatii, D. simulans and  D. 

mojavensis (Harahman & Clark, 1998; Imhof et al., 1998; Jones & Clark, 2003; 

Bundgaard et al., 2004; Schlötterer et al., 2005; Good et al., 2006) and the 

Mediterranean fruit fly, Ceratitis capitata (Wiedmann) (Bonizzoni et al., 2002). Only 

one such study has detected successful multiple paternity in a Bactrocera species. In 

the olive fruit fly, B. oleae, multiple paternity was recorded in a wild population 

(Zouros & Krimbas, 1970). That study used the genetic polymorphism at two 

allozyme loci as markers. Direct evidence regarding mating frequency of females in 

wild populations is limited and inconclusive in Bactrocera species. In this chapter, I 

genotype offspring of 22 wild-caught gravid females from Upper Mt. Gravatt, 

Brisbane, Australia using the five polymorphic microsatellite loci described in 

Chapter 2 plus an additional two loci developed from B. musae (Drew et al. in 

preparation). I measured the minimum proportion of females mating multiply, the 

number of fathers contributing to a family of offspring and the number of offspring 

sired by each father. I also estimated the mean number of mates per female and the 

degree of sperm displacement. 
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3.2 Materials and methods 

3.2.1 Field collection and samples 

For this study, females were collected from a single site in southeast Queensland. Wild 

females of B. cacuminata were collected from 10 to 17 February and 1-5 March 2005 

from Upper Mt. Gravatt, Brisbane, south eastern Australia (27º33’S/153º04’E). 

Sampling occurred when densities were highest as it has been suggested that this is the 

best time to identify multiple mating (Bonizzoni et al., 2002). A total of 47 females 

were netted from around host plants. Females were morphologically indentified under 

Drew et al. (1982) and Drew (1989b) and acclimatized for seven days in a cage and 

provided with water, sugar and protein. Live females then were transferred to 

individual cages, each containing food and oviposition devices (hollow apple skin). 

Eggs were then collected from each ovipositing female and transferred to an artificial 

diet and raised to adulthood. Individual females (after oviposition had ceased) and their 

progeny were frozen immediately at -80 ºC until subsequent DNA extraction. Between 

eight and 112 offspring per female were recovered from 22 wild females. Up to 30 

offspring per family were randomly chosen for DNA analysis to assess paternity. An 

additional 58 flies (two females and 56 males) were caught at random during February 

and March 2005 at the same site, preserved at -80ºC and analysed to determine the 

microsatellite allele frequencies of this population. 

 
3.2.2 Genetic methods 

Total genomic DNA was extracted from an adult middle leg by digestion in 100 ul of 

extraction buffer (1% 10X PCR buffer; 2.5 mM MgCl2; 0.5% Tween20) with 5 ul of 

20 mg/mL proteinase K at 60ºC for 45 min and then heated to 95ºC for 45 min in a 96-

well plate. Samples were then stored at 4ºC or -20ºC until needed for further analysis. 
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A volume of 2 ul of the supernatant was routinely used as the template for PCR 

amplification. 

 
Microsatellite alleles were amplified by polymerase chain reaction (PCR) using primer 

sets from B. cacuminata in Chaper 2 and B. musae (Tryon) F73, F83d) (Drew et al., in 

preparation). Forward primers were labelled with fluorescent dye 5-HEX (GeneWorks). 

PCR amplification and detection were conducted using procedures described in 

Chapter 2. Failures of PCR amplification were improved by increasing 10- uL PCR 

reactions to 50 uL and by the addition of 1% dimethyl sulphoxide (DMSO, Sigma). If 

the reaction still failed, dilute template DNA (1uL) and 2-4ºC lower annealing 

temperatures were used. 

 
I initially screened DNA samples for polymorphic microsatellites using six primer sets 

from B. cacuminata and 5 from B. musae. I selected seven polymorphic loci, five from 

B. cacuminata (Bcac2.6, Bcac5.10, Bcac5.12, Bcac6.12, Bcac12.81) and two from B. 

musae (F73, F83d), to analyse parentage (Table 3.1). I tested for deviations from 

Hardy-Weinberg equilibrium (HWE) and for linkage disequilibrium between loci with 

the program GENEPOP (Raymond & Rousser, 1995; web version at http: // wbiomed. 

curtin.edu.au/genepop/ ) in an additional 58 flies caught at Upper Mt. Gravatt during 

February and March 2005. Standard exclusion probabilities for each locus and for all 

loci combined (Table 3.1) were estimated with the program CERVUS 2.0 (Marshall et 

al., 1998). 

 
3.2.3 Data analysis 

The analysis of genetic data from field-collected gravid females and offspring was 

performed using the computer software GERUD version 2.0/GERUDSIM version 2.0 

(Jones, 2005) and SCARE (Jones and Clark 2003). GERUD can be used to analyse 
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progeny arrays that have a single mother (or a single father). The programme uses 

multiple-locus data simultaneously, determining the minimum number of males (in this 

case) contributing to a progeny array. The program simulates all possible paternal 

genotypes and then reconstructs a set of these genotypes that require the minimum 

individual males siring the observed offspring genotypes. In cases where multiple 

minimum father solutions are possible for the sires in a family, the program lists all 

paternal genotypic combinations and ranks the solutions based on relative probability. I 

chose conservatively the paternal genotypic reconstructions when one unique solution 

was generated by the program. 

 
The power of seven loci to detect multiple paternity for a given sample of offspring 

genotyped was estimated using GERUDSIM 2.0 simulation software (Jones, 2005). 

Using the population allele frequencies and expected patterns of paternity, 

GERUDSIM simulates sets of offspring genotypes, draws a sample of offspring and 

then estimates the number of males siring offspring per family, as well as 

reconstructing all paternal genotypes as GERUD would. Finally, these results were 

compared to the original paternal genotypes that were used to construct the simulated 

progeny array. I ran 1000 iterations with seven loci to determine the probability of 

correctly determining the number of fathers and of correctly reconstructing all paternal 

genotypes for each hypothesized pattern of paternity.  

 
I also assessed paternity using the program SCARE. This program is based on a 

Bayesian framework to estimate the mean number of sires per brood (α) and the degree 

of sperm displacement (β). The program uses a Markov Chain Monte Carlo (MCMC) 

to generate a posterior distribution for the relevant parameters of the sperm 

competition model. The model of sperm completion assumes that each mate following 
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the first male sires a portion of the progeny. The program is available at http:// www. 

massey.ac.nz/ ~mbjones/ research/content local/scare.html. 

 
3.3 Results 

3.3.1 Characterization of microsatellite loci  

Eleven loci were characterized for the 58 flies collected from the Upper Mt Gravatt 

population during February 2005. Three loci (F19, 20, and 24) were monomorphic. 

One locus (Bcac7.16) showed significant departure from HWE. Consequently, these 

loci were excluded from the parentage analyses. The rest were in HWE and all the 

locus pairs were in linkage equilibrium (P = 0.006 - 0.966) after adjusting for multiple 

comparisons (n = 21, alpha = 0.05). The seven polymorphic loci were Bcac2.6, 5.10, 

5.12, 6.12, 12.81, F73 and F83, with six, three, five, seven, eight, six and two alleles, 

respectively (Table 3.1). The overall probability of exclusion for the set of seven loci 

used in the parentage analyses was calculated in CERVUS 2.0 using the actual allele 

frequency data for the 58 flies. The probability of exclusion was 0.851 for the first 

parent and 0.968 for the second parent (assuming the first parent was assigned 

correctly). The mother was known in this study. So the second parent exclusion 

probability was most relevant for my analysis.  

 
Null alleles can significantly affect estimates of genetic relatedness of individuals and 

population genetic structure causing an underestimation of variation (Pemberton et al., 

1995). However, based on the 58 flies, all loci fitted expectations of HWE. This 

suggests that if there are null alleles, they were not detectable in this sample and 

therefore are unlikely to affect the analysis significantly. 

 
 
 
 

http://www.massey.ac.nz/%20%7Embjones/
http://www.massey.ac.nz/%20%7Embjones/
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3.3.2 Number of fathers and sperm utilization  

I genotyped 420 offspring from families of 22 wild females collected at Upper Mt. 

Gravatt. Two of 420 individuals failed for allele amplification at the F73 locus. 

Because GERUD has no facility for dealing with missing data, this required the 

removal of these individuals entirely. Consequently, a total of 418 offspring was 

analysed (mean number of offspring per family = 19±6.87) for evidence of multiple 

mating. The results from GERUD showed that 5 families had been sired by two males 

(indicated by at least three loci (Table 3.2)). The remainder had been sired by a single 

male. Most wild females (77.3%) produced single sired families, but 22.7% produced 

double sired families. Overall, there is an average of 1.23 (±0.43 SE) minimum mates 

per family. 

 
Table 3.1 Characteristics of seven loci used to infer parentage 
 
Locus Allele size (bp) Ho He Exc(1) Exc(2) HWE 

(P) 
Bcac2.6 86,88,90,92,94,96 0.66 0.66 0.24 0.40 0.75 

Bcac5.10 105,111,117 0.53 0.55 0.15 0.29 0.77 

Bcac5.12 105,108,111,114,117 0.59 0.62 0.21 0.37 0.36 

Bcac6.12 120,122,124,126,128,130,132 0.74 0.78 0.39 0.57 0.49 

Bcac12.81 120,122,124,126,128,130,132,134 0.72 0.79 0.40 0.57 0.62 

F73 104,106,108,110,112,118 0.53 0.47 0.11 0.22 0.50 

F83d 126,129 0.47 0.49 0.12 0.18 1.00 

Combined    0.851 0.968  

 
Primer sequences and accession numbers were as described in 2.3 Results in Chapter 2 and Drew et al. 
(unpublished).  
Ho, observed heterozygosity; HE, expected heterozygosity 
Excl(1) = Exclusion probability of the locus for the first parent. 
Excl(2) = Exclusion probability of the locus for the second parent (with first parent assigned)  
 

I was able to reconstruct unique paternal genotypic solutions for five of the six families 

sired by two males by GERUDSIM (Table 3.3). In these five families, the most 

successful male sired between 76.9% and 87.5% of the offspring (Table 3.2). The 
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                      Table 3.2 Genotypes of offspring of four multiply sired wild females at seven microsatellite loci. Alleles are identified by size (base pairs)     

Family 
(n progeny) 

Locus Female 
genotype 

Offspring observed genotypes(frequency) Male genotype (frequency)          Deviation  
 From 50:50 

    Father1 Father2 Χ2
(1) P value  

B12 (24) F73 112/108 112/108 (4), 108/106 (6), 112/110(2), 112/106(7), 108/108 (5) 108/106 (21) 110/106 (3) 13.5 0.000 

 Bcac12.81 124/126 124/126(5), 126/130 (2), 124/132(1), 126/128(6), 126/126(5), 124/128(5) 126/128 (21) 130/132 (3)   
 F83d 126/129 126/129(20), 129/129 (2), 126/126(2) 126/129 (21) 129/129 (3)   
        
B15 (12) F73 106/108 108/108 (9), 108/110 (2), 104/108 (1) 104/108 (10) 110/110 (2) 5.33 0.021 
 Bcac2.6  88/88 88/92 (11), 88/94 (1) 92/94 (10) 92/92 (2)   
 Bcac6.12 128/122 124/128 (6), 122/124 (4), 128/130 (2) 124/124 (10) 130/130 (2)   
 Bcac12.81 126/130 130/130 (3), 126/130 (3), 126/134 (1), 128/130 (2), 126/128 (2), 126/132 (1) 128/130 (10) 132/134 (2)   
        
B19 (23) Bcac5.10 111/117 111/111 (13), 111/117 (6), 104/117 (2), 117/117 (2) 111/117 (17) 111/104 (6) 5.26 0.022 
 Bcac6.12 122/120 122/122 (8), 122/126 (9), 120/128 (3), 120/124 (1), 120/128 (1), 122/128 (1) 122/126 (17) 124/128 (6)   
 F73 112/108 108/112 (5), 104/108 (3), 104/112 (9), 112/112 (3), 106/112 (3) 104/112 (17) 104/106 (6)   
        
M12 (13) Bcac5.12 108/111 111/117 (12), 111/111 (1) 111/117 (10) 117/117 (3) 3.77 0.052 
 Bcac12.81 126/126 126/130 (2), 126/126 (1), 126/132 (6), 126/134 (4) 132/134 (10) 126/130 (3)   
 F73 108/112 108/108 (3), 108/110 (1), 110/112 (1), 108/112 (7), 112/112 (1) 108/112 (10) 108/110 (3)   
        
M13 (27) Bcac2.6 90/88 88/88 (6), 88/90 (5), 88/92 (2), 88/94 (5), 88/96 (1),  90/92 (1), 90/94 (5), 

90/96 (2)  
88/94 (21) 92/96 (6) 8.33 0.004 

 Bcac5.12 111/117 111/117 (12), 111/111 (2), 117/117 (13)  117/117 (21) 111/117 (6)   
 Bcac12.81 128/130 130/134 (11), 130/130 (10), 128/132 (3), 130/132 (3) 134/130 (21) 132/132 (6)   

 

                   Table 3.3 Mating frequencies of wild tobacco fly females detected by seven microsatellite loci in Brisbane  

Female  B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B19 BM4 BM11 BM12 BM13 J2 J7 M4 M11 M12 M13 M18 

Number of 
offspring 23 22 23 29 24 17 10 12 13 13 23 14 10 13 27 27 27 14 10 13 27 27 
Numbers of 
sires 1 1 1 1 2* 1 1 2* 1 1 2* 1 1 1 1 2† 1 1 1 2* 2* 1 

                *Double mating with unique solution 
                       †Double mating with multiple solution

33 
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values deviated significantly from the null expectation of 50% in four of the five 

families, and very nearly in the fifth family (P = 0.052) (Table3.2)  

 
A histogram of 10,000 samples of α and β are shown in Figure 

 3.1 and Figure 3.2, respectively. From this data set, the mean number of mates per 

female, α, was 1.72 with a 90% credibility interval of (1.39, 2.21), and mean sperm 

displacement parameter, β, was 0.754 with a 90% credibility interval of (0.68, 0.81). 

 

 

Fig. 3.1 Histogram of the posterior distribution of the number of male mates per 
female (α) from 10 000 samples 
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Fig. 3.2 Histogram of the posterior distribution of the proportion of offspring sired by 
the most recently mating male (β) based on 10 000 sample 
 

 
3.3.3 Reliability of the multiple mating analyses 

I assessed the reliability of the mating analyses by computer simulations in the 

program GERUDSIM using the population allele frequencies. I first tested whether a 

female whose offspring actually had two fathers could have been mistakenly assigned 

only one father. Because the results from the GERUD analysis determined that one 

male usually sired the majority of offspring in families, I based the parameters in 

GERUDSIM on the average clutch size and skewed distribution of paternity observed 

in the field data. Average clutch size was 19 flies for families with one sire, 20.6 flies 

for families with two sires, with 18.6% of the offspring sired by one male and 81.4% 

by the other.  In five independent runs of 1000 iterations, one sire was detected in 

100% of simulations and two sires were in 96.4% of simulations. Therefore, it is 

unlikely that multiple paternity was mistaken as single paternity.  
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I also tested, using simulation, the ability to detect triple or more matings. Five sets of 

1000 iterations each were run on 19.0 offspring average clutch size. I set the 

parameters in GERUDSIM  at three sires with 81.4% of the offspring sired by the last 

male, 15.1% by the second last male and 3.5% by the first male, four sires with 81.4%, 

15.1%, 2.8% and 0.64% of offspring sired by each male respectively, five sires with 

81.4%, 15.1%, 2.8%, 0.52% and 0.12% of offspring sired by each male respectively 

and 6 sires with 81.4%, 15.1%, 2.8%, 0.52%, 0.095% and 0.022% of offspring sired 

by each male respectively. However, the highest probability was only 38.4% for 

families having three and more sires. These results suggest that I was probably able to 

detect double matings but unlikely to detect triple or more mating. 

 
3.4 Discussion 

This study provided the first direct evidence that B. cacuminata is polyandrous in a 

wild population. Both GERUD/GERUDSIM and SCARE are designed to aid in the use 

of data from multiple loci to assess parentage in large arrays of progeny. They deal 

with the case in which a progeny array has one parent and one or more other parents. 

With GERUD I was able to determine the minimum number of males siring offspring 

in each brood and to reconstruct the paternal genotypes consistent with the progeny 

array. The power of the paternity analysis was explored by GERUDSIM. SCARE is a 

recently developed Bayesian method that has increased in use recently (Schlötterer et 

al., 2005, Bundgaard et al., 2004, Jones & Clark, 2003). The program estimates the 

mean number of sires (α) per brood and the degree of sperm displacement (β) by the 

last male to mate. This approach has the advantages of asking questions and their 

reliability simultaneously. The two methods produced fairly similar results. The value 
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for sperm displacement (β) estimated by SCARE was 0.75 while that from GERUD 

was 0.79.  

 
Observations on the number of copulations of individual females in laboratory reared 

populations of Bactrocera species have shown that a female may mate more than once 

during its lifetime, but frequency was different between species. Some species, such as 

B. oleae and the oriental fruit fly (B. dorsalis (Hendel)), were observed remating many 

times (Hagen et al., 1963; Shelly, 2000), while wild tobacco fly (B. cacuminata), 

Queensland fruit fly (B. tryoni (Froggatt)) and the melon fly (B. cucurbitae (Coquillett)) 

were seen to mostly mated only once, seldom twice (Myers, 1952; Barton-Browne, 

1956; Ito & Yamagishi, 1989). In a recent laboratory study of field collected wild 

tobacco fly, collected at a locality approximately 60km distant from site used in my 

study,  73% of females mated twice and 22% mated three times (Drew, unpublished 

data). However, it has been found that laboratory conditions may affect the sexual 

behaviour of insects (Zouros & Krimbas, 1970). My study of mating activity in a 

natural Brisbane population using polymorphic microsatellite markers has 

demonstrated that 22.7% of females produced offspring sired by at least two males and 

the mean number of mates per female was 1.72. These remating values are consistent 

with those reported for B. oleae, in which 17% of wild females mated with two males, 

detected with two polymorphic allozyme loci (Zouros & Krimbas, 1970) and for C. 

capitata in which up to 21% of females had at least two fathers siring their offspring 

based on four microsatellite loci (Bonizzoni et al., 2002). This result confirms the 

longstanding, but previously unconfirmed conclusion that tephritid females mate more 

than once. I acknowledge that our estimates of multiple mating in B. cacuminata 

represent only a single population. It is possible that mating behaviour may vary 

throughout the species range. This will require further study. 
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Sperm displacement has been reported for many species of Drosophila and 

Mediterranean fruit flies, C.  capitata, in laboratory and wild populations (reviewed by 

Singh, 2002; Saul & McCombs, 1993). A few such studies have been performed for 

Bactrocera species. Zouros & Krimbas (1970) inferred an equal utilization of sperm 

from laboratory and field experiments of B. oleae, in which the number of offspring 

sired by two fathers was based on two allozyme loci. Using sequential mating 

experiments by normal and sterile males, Ito and Yamagishi (1989) showed that B. 

cucurbitae offspring showed sperm displacement in a laboratory population. I was also 

able to detect a consistent paternity skew for sires among multiple mating females of B. 

cacuminata using GERUD. Following double matings, the most successful male sired 

between 76.9% and 87.5% of the offspring which deviated significantly from a 

hypothesis of equal paternity. A similar displacement parameter (β = 0.75) was 

estimated using SCARE assuming the last male had sperm preference. This finding of 

paternity bias for B. cacuminata, is similar to results reported for B. cucurbitae, C. 

capitata and most Drosophila species, but contrasts with those derived from B. oleae. 

The latter study suffered from having a small number of loci with 12-15 alleles in 

unequal frequencies at each used to assess paternity whick most likely explains the 

disparity between our results. With the use of seven polymorphic microsatellites with 

an average 5.3 alleles per locus, I was able to assess paternity with a higher level of 

accuracy. Possibly, as in C. capitata (Saul & McCombs, 1993) and melon flies (Ito & 

Yamagishi, 1989), sperm precedence, perhaps favouring the last male to inseminate a 

female, may be acting in B. cacuminata. 

 
My estimate of the power of seven polymorphic loci to detect multiple mating 

calculated using the program GERUDSIM (Jones, 2005), indicates that it is highly 
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unlikely that a multiple mated female would have been misclassified as singly mated 

and errors of nondetection of fathers will be very rare.  Nevertheless, it is likely that 

the proportion of multiple mating females (22.7%) is a minimum estimate for wild 

populations. Only an average of 19 offspring per clutch were genotyped, a small 

fraction of the potential fecundity of a female B. cacuminata which can be as high as 

1000 eggs (personal observation). Sampling error is therefore possible and may cause 

the number of fathers to be underestimated. The other issue that could lead to an 

underestimate of the degree of successful multiple matings is the potential for sperm 

precedence or sperm clumping (Harvey & Parker, 2000). I only genotyped the total 

number of offspring from families whose progeny were less than 30 flies, or 30 

random offspring from families whose progeny were more than 30 flies. Therefore, for 

genotypes of offspring of families with less than 30 progeny, if sperm tended to be 

stratified or displaced by each subsequent mating, the offspring from continuously laid 

eggs might tend to be fertilized by sperm from the first or last male to mate, reducing 

the overall estimate of the number of sires (Lefevre & Jonsson, 1962; Boomsma & 

Van Der Have, 1998; Imhof et al., 1998). Moreover, it has been observed that 

copulation does not necessarily result in insemination in other insects (Bretman & 

Tregenza, 2005; Zouros & Krimbas, 1970), so some mated males may not be detected 

by genotyping offspring. In the future, genotyping sperm stored in the spermathecae of 

females rather than offspring may obtain a more accurate measure of number of males 

female mated with (Peters et al., 1995; Fernandez-Escudero et al., 2002).  

 
The low number of sires per female recorded in this study is not a consequence of 

methodological limitations. I used computer simulations to show that with my 

microsatellite loci, I had a high probability of correctly determining up to two sires per 

family, as well as correctly reconstructing most paternal genotypes. Nevertheless, the 
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simulation revealed that the ability to correctly reconstruct paternal genotypes was 

reduced when more than two males sired offspring in a small clutch. The average 

progeny size of B. cacuminata families collected from the field females was just 19 

offspring (range of 10- 29 flies). As the number of males siring offspring per family 

increased, the number of offspring per sire decreased. Increasing the number of 

offspring analysed may improve the probability of correctly reconstructing paternal 

genotypes (Bonizzoni et al., 2002). The overall conclusions of the analysis are that 

there was a high power to determine correctly the number of sires contributing to a 

progeny array, and that I could accurately reconstruct paternal genotypes for those 

males siring progeny less than three.  

 
Suppressing and eradicating fruit fly populations using the SIT method depends on 

mass-reared, sterile males being released into the field environment, mating with wild 

females and, in turn, reducing the desire of these females remate. There are a number 

of behavioural characteristics related to tephritid mating that may influence the success 

of SIT methodologies. Sites for courtship and mating for tephritid species are generally 

regarded as the host plants of the individual fly species (Zwolfer, 1974). In the case of 

Bactrocera species, mating occurs in the host plant when ripening fruits are present 

(Drew & Lloyd, 1987). In SIT programs, the release of sterile males when ripe fruit is 

not present on the host plant could result in significant mortality of the laboratory 

reared flies before mating sites eventually become available. This behavioural 

characteristic together with the ability of released sterile flies to locate the host plants, 

could influence the available wild: sterile fly ratio. Other factors include sterile-male 

relative mating competitiveness and success, and effectiveness in reducing female 

receptivity and displacement (Kraaijeveld & Chapman, 2003; Robinson et al., 2002). 

However, multiple female mating is still a behavioural characteristic that must be 
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considered, particularly as most fertile wild flies will locate and alight in mating sites. 

Zouros (1969) investigated the impact of multiple matings on SIT and concluded that 

multiple paternity of females will seriously compromise the success of a SIT program, 

unless sperm from SIT males are more competitive than wild fertile males. Studies on 

the level of remating of wild C. capitata females, by Bonizzoni et al. (2002), indicated 

that 7.1-21% remated and that this has the potential to significantly reduce the 

efficiency of SIT. My results indicated that, in B. cacuminata, females remate on 

average 1.72 times with a 76.9-87.5% paternity skew. If the sperm of the most recent 

male has precedence and if the last male to which the female mated was a wild fertile 

male, this may lead to a drop in SIT efficiency.  Clearly, further work is required to 

define the factors that impact on SIT efficiency for Bactrocera species, such as the 

ability of released sterile males to outcompete wild males in their search for females 

and the relative competitiveness of sperm once remating occurs (Bonizzoni et al., 

2002). However, it is apparent that females that undergo multiple mating over their 

lifetime have increased chances of meeting fertile wild males and thus produce viable 

eggs. Clearly the significance of these findings will be greatest when sterile males are 

released only once into the wild population. If sterile males are released continuously, 

then multiple mating by females will have less effect on the potential success of the 

program.  

 
This paper represents the largest analysis of maternity and paternity in a B. cacuminata 

population to date, and provides a significant advance in our understanding of the 

mating system of the species. The proportion of females successfully mating with more 

than one male in Bactrocera species had previously been estimated from genetic data 

with only two allozyme loci (Zouros & Krimbas, 1970). This paper extends this study 

to B. cacuminata with a polymorphic microsatellite marker system, and this is the first 
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time that sperm use has been estimated for this species. Because only a single 

population has been studied here, it is possible that the findings cannot be generalised 

to the entire species.  

 
In summary, polyandry seems to be a common occurrence in Bactrocera species, and 

the patterns of paternity reported here in B. cacuminata are similar to those in the other 

species of Bactrocera and Ceratitis that have been studied. It would also be valuable to 

extend these studies to other Bactrocera species and to investigate the influence of 

timing of copulation, multiple matings by females and the influences of genetic and 

environmental factors on offspring genotypes. To confirm the level of polyandry in B. 

cacuminata observed in the present study, it will be necessary to examine populations 

from other parts of the species range.  
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4.1 Introduction 

As in many holometabolous insects, larval feeding sites of tephritid fruit flies are 

selected not by the larva but by the ovipositing adult. Choice of oviposition site may be 

influenced by a variety of factors, including host-plant chemical and physical stimuli 

(Prokopy, 1977), fruit size and ripeness, presence of recent natural or artificial 

punctures in the fruit and prior experience with fruit (Papaj et al., 1992; Papaj et al., 

1989; Prokopy et al., 1989; Prokopy et al., 1994; Prokopy et al., 1978). It may also be 

influenced by pheromones deposited by the female on the fruit surface after egg laying 

(Prokopy, 1981a), and/or by the presence of larvae (or their effects) already within the 

fruit flesh (Prokopy, 1981b). 

  
Oviposition choice appears to minimize conspecific competition in a host. For example, 

many studies have shown that the dispersion of eggs among fruits tends towards 

uniformity, which results from behavioural discrimination using visual or chemical 

cues against hosts which already carry eggs or larvae (Prokopy, 1981a; Averill & 

Prokopy, 1989). Avoidance of already occupied sites is frequently mediated by a 

marking pheromone deposited on the fruit by females during or after egg-laying (e.g. 

in Rhagoletis, Procopy, 1972; Prokopy et al., 1976; Anastrepha suspense (Loew), 

Prokopy et al., 1977; Mediterranean fruit fly, C.  capitata, Prokopy et al., 1978).  

Under laboratory and semi field conditions, host-marking pheromone has also been 

shown to exert a series of effects on oviposition behaviour, all of which tend to deter 

the allocation of eggs to fruit infested by eggs previously (Papaj et al., 1992 and 

references therein). However, this is not true for all. In laboratory and field-cage 

studies, females were observed to attempt oviposition not only into pre-existing 

oviposition punctures (C. capitata, Prokopy et al., 1987; Prokopy, 1998; Papaj et 
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al.,1989; 1992), but also near a site where another female had been observed to lay 

eggs (Papaj et al., 1989; Silvestri, 1914). Single oviposition punctures or fruit wounds 

have been found to contain more eggs than are likely to have been deposited in a single 

clutch (C. capitata, Oi & Mau, 1989; Papaj et al., 1989). In an observational study on 

walnut groves infested by Rhagoletis completa Cresson, Boyce (1934) found that 24% 

of 1161 fruits had been laid into by more than two females. Moreover, a laboratory 

study employing a tissue stain to dye eggs indicated that females of Chaetorellia 

australis Hering readily deposit a clutch in an artificial puncture already occupied by a 

clutch (Pittara & Katsoyannos, 1990). C. capitata was more likely to lay eggs in the 

presence of an ovipositing conspecific than the absence of one, and this behaviour was 

interpreted as both an ecological evolutionary and socially facilitated contest (Prokopy, 

1998; Robertson et al., 1995). Little is known about whether or not the eggs of each 

female have equal chances to develop further.   

 
In contrast to these tephritids, Bactrocera species appear to reduce interference 

competition among larvae. This is achieved by avoiding oviposition in fruit which 

already contain larvae (B. tryoni, Fitt, 1984; B. jarvisi, Fitt, 1984; B. cucurbitae, 

Prokopy & Koyama, 1982; B. oleae, Cirio, 1971; Girolami et al., 1981; B. dorsalis, 

Green et al., 1993). In addition no species of Bactrocera is known to deposit a 

deterrent pheromone as many other tephritids do (Fitt, 1984, and reference therein; 

Fletcher, 1987; Prokopy, 1972, and reference therein). In contrast laboratory 

experiments have shown that Bactrocera females do not avoid oviposition in fruit 

which contain eggs, as distinct from fruit containing larvae (Pritchard, 1969). 

Moreover,  in comparing the oviposition preference and behaviour of seven fruit fly 

species, Fitt (1986) suggested that a complex of chemical and physical cues is probably 

involved in the short range orientation of females to fruits and in stimulating 
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oviposition. Although oviposition preference and offspring performance of various 

fruit fly species have been observed in several laboratory or field-cage conditions, 

there are no such studies on wild populations.    

  
Here I report on a case study of a wild population of B. cacuminata in which I 

observed the adult flies that developed from individual wild tobacco fruits in Upper Mt 

Gravatt, Brisbane, Australia. I examined the number of flies developing from each host 

fruit. I assessed kinship and relatedness among flies within fruits using seven 

microsatellite markers.  

 
4.2 Specific materials and methods 

4.2.1 Field collection and samples 

A total of 101 mature fruit (green to yellow) of wild tobacco, S. mauritianum were 

sampled from five trees in the first two weeks of February in 2005 from Upper Mt. 

Gravatt, Brisbane, south eastern Australia (27033’S/153004E). The microsatellite 

allele frequencies of the B. cacuminata population have already been assessed in 

Chapter 3. Three to seven mature fruits were randomly picked from an inflorescence 

in each of the north, south, east and west quadrants of the trees. Each of all 101 

fruits were weighed and then transferred to individual containers containing sawdust 

and cultured in the laboratory at room temperature. Emerging adult flies were 

collected and identified from each fruit containing eggs and were frozen 

immediately at -800C until subsequent DNA extraction. Between one and seven flies 

per fruit were recovered from 61 fruit across five trees. A total of 131 flies (87 males 

and 44 females) were genotyped using seven microsatellite loci to assess 

relationships among larvae within a fruit.  

 



Chapter 4: Kinship analyses of B. cacuminata emerging from host fruits, inferred from microsatellite 
DNA markers   
 

47 

4.2.2 Genetic methods 

Total genomic DNA extraction, seven microsatellite loci, PCR amplification and 

detection were identical to that in 3.2.2 Genetic methods, Chapter 3. 

 
4.2.3 Data analysis  

4.2.3.1 Ability to classify kinship level  

An ability to resolve different levels of relationship on the basis of Queller & 

Goodnight’s (1989) statistic, rxy , was estimated as described in Blouin et al. (1996). 

Both males and females of B. cacuminata were shown to mate multiply in Chapter 3, 

so the likely relatedness levels between individuals within a fruit were half-sib, full-sib 

or unrelated. Thus, based on the observed allele frequency distributions in the 

population, 1000 pairs of simulated distributions of three categories (full sibs, half sibs, 

and unrelated individuals) were randomly generated for assigning individual dyads 

within fruits into these categories of relatedness. An ad hoc threshold approach was 

then used to determine the likelihood that a dyad of one rxy category would be 

misclassified as another rxy category in the population, using the cut-off value between 

the averages of any two simulated distributions of rxy categories in a population. For 

example, the cut-off value of rxy for discriminating between full sibs and unrelateds 

was set at the mean of the average simulated values of rxy for full sibs and unrelateds. 

A dyad with less than 0.25 of rxy would fall to the left of a cut-off value of 0.25 

between full sib (mean of rxy  =0.5) and unrelated individuals (mean of rxy = 0) and 

would be classified as unrelated (Figure 4.1). The percentage of randomly generated 

full sibs that fall to the left of the cut-off value is the empirically determined type II 

error rate, and the percentage of randomly generated unrelated individuals that fall to 

the right of the cut-off value is the type I error rate (Figure 4.1).  
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Figure 4.1 Criterion for estimating misclassification error rate. The cut-off value 
is half way between the means of the two randomly generated distributions. 
 

 
4.2.3.2 Relatedness estimation  

The relationship among larvae within fruit was assessed according to the relatedness 

categories. Categories of relationship between individuals were estimated by 

relatedness coefficients (rxy; Queller & Goodnight, 1989), calculated using the 

program KINGROUP 1.2 (Konovalov et al., 2004). KINGROUP implements 

maximum likelihood formulae of Goodnight & Queller, (1999) to pedigree 

relationship reconstruction and kin group assignment. KINGROUP makes the feature 

of calculation of pairwise relatedness (rxy) found in KINSHIP (Goodnight & Queller, 

1999) available on PC platform. Allele frequencies needed to calculate rxy had been 

estimated from the 58 flies randomly netted in the population in Chapter 3. 

Simulations of rxy for 1000 dyads for each of three levels of kinship (full sib, half sib, 

and unrelated) were also carried out using KINGROUP 1.2. 

 
4.2.3.3 Relatedness signal test 

I designed and conducted a ‘Relatedness Signal Test’ to determine kinship (half sibs or 

full sibs) between individuals from a fruit using the program PERM (Duchesne et al., 
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2006). PERM is a permutation program designed to detect statistical connections between 

grouping structures and grouping factors or correlates. Using the pairwise relationship 

statistic, rxy , PERM detects whether individuals from the same group are more likely to be 

related than individuals from distinct groups. The observed sum of within-fruit kin dyads 

(Skin) is first determined according to allele frequencies in the population and type I error 

cut-off values. Individuals are then randomly redistributed among fruits while respecting 

the size characteristics of the observed group of flies within fruits. Skin is recalculated for 

each randomization. The significance value (P) presents a proportion of randomizations 

equal to or exceeding the observed Skin. 

 
4.3 Results 

4.3.1 Successful development of flies in each fruit 

Details of adult fly emergence from fruits are shown in Table 4.1 and Table 4.2. Forty 

fruit did not produce any adult flies. Sixty-one of the 101 fruit tested produced flies. The 

total number of flies collected was 152, with the number emerging per fruit varying 

between one and seven (20.8% and 1.0%, respectively) (Figure 4.2). The total weight of 

the 101 fruit samples was 98.5g. Thus there was  an average of 1.50 flies (± 1.67 SE) 

emerging per fruit or 1.54 flies per gram of fruit. Fruit with less than two flies emerging 

were not used further for offspring relationship analysis (Table 4.2). 

Table 4.1 Fruit with different numbers of flies developing successfully 

Number of flies Fruit ID 

1 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61 

2 1, 5, 8, 9, 12, 21, 26, 29, 32,  37, 38 

3 3, 6, 10, 14, 17, 18, 19, 20, 22, 24, 27, 28, 34, 35, 36, 40 

4 2, 4, 13, 15, 23, 31, 39 

5 7, 11, 30, 33,  

6 16 

7 25 
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Table 4.2 Summary of fly numbers within a fruit (n), assignment of individuals to fly ID, numbers and relationships as determined by relatedness 
coefficients (rxy, Queller&Goodnight, 1989). Relationship represented by more than three consecutive individuals (e.g. 1-2-3) illustrate triads 
of individuals where all dyads were kin (i.e. 1-2, 1-3, 2-3) 

Dyads in kinship (confidence) Dyads with unrelated individuals (confidence) Fruit n Individual assignment 
90% 95% 99% 90% 95% 99% 

 
1 2 1 2      1-2 1-2 1-2    
2 4 1 2 3 4    1-3, 2-3 1-3, 2-3  3-4   
3 3 1 2 3     1-2-3 1-2     
4 4 1 2 3 4    1-2-3, 2-4 1-2--3 1-2    
5 2 1 2     1-2      
6 3 1 2 3     1-3 1-3  2-3 2-3  
7 5 1 2 3 4 5   2-3-5, 2-4-5 2-3-5, 2-4 2-3, 3-5 1-2, 1-3 1-2  
8 2 1 2      1-2      
9 2 1 2      1-2      
10 3 1 2 3     1-2-3 1-2, 2-3     
11 5 1 2 3 4 5   1-2-3-4,1-5 1-2-3-4, 1-5 1-3, 1-5, 2-4    
12 2 1 2      1-2 1-2     
13 4 1 2 3 4    1-2-3-4 1-2-3-4 1-2, 2-3, 3-4    
14 1 2 3      2-3 2-3     
15 4 1 2 3 4    1-2,1-3, 2-4 1-2  3-4 3-4  
16 6 1 2 3 4 5 6  1-2, 1-5, 3-4, 3-6 1-2, 3-4 1-2 1-4, 1-6, 2-4, 3-5, 5-6 1-4, 2-4, 3-5, 5-6  
17 3 1 2 3     1-2-3 1-2, 2-3 1-2    
18 3 1 2 3     1-2-3 1-3, 2-3     
19 3 1 2 3     1-2      
20 3 1 2 3     1-2-3 1-2-3 1-2, 2-3    
21 2 1 2      1-2      
22 3 1 2 3     1-2-3 1-2-3 1-2    
23 4 1 2 3 4    1-2-4, 1-3-4 1-2-4, 1-3 1-2, 1-3, 2-4    
24 3 1 2 3     1-2-3 1-2-3 1-2    
25 7 1 2 3 4 5 6 7 1-2-3-4-6, 2-3-4-5-6, 2-5-7 2-4-5-6, 1-2-4-6, 1-3-4  1-4-6, 2-4-6, 2-5, 3-4 3-7   
26 2 1 2      1-2 1-2 1-2    
27 3 1 2 3     1-2, 2-3 2-3     
28 31 1 2 3     1-2, 1-3      
29 2 1 2            
30 5 1 2 3 4 5   1-2-3, 1-2-4-5 1-2-3, 1-2-5, 2-4-5 1-2-3    
31 4 1 2 3 4    1-2-3, 1-4 1-2, 2-3  1-4, 3-4 1-4  
32 2 1 2      1-2 1-2     
33 5 1 2 3 4 5   1-2, 1-5, 2-5, 3-4 1-2, 1-5, 2-5, 3-4 1-2 1-3, 1-4, 2-3, 2-4, 4-5 2-3, 2-4  
34 3 1 2 3     1-2-3 1-3, 2-3     
35 3 1 2 3     1-2, 2-3 1-2     
36 3 1 2 3     1-3 1-3  1-2   
37 2 1 2      1-2 1-2     
38 2 1 

1 
2 
2 

   
 

 
 

 
 

1-2 
1-2-

1-2 
1-2-

  
 

 
 

 
 39 

40 
4 
3 

3 4 3, 1-3-4 3, 3-4 2-3, 3-4 
1 2 3 4    1-2-3 1-2-3 1-2, 1-3    
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Figure 4.2 The percentage of fruits with different number of flies of B. cacuminata 
emerging 
 

 

4.3.2 Ability to classify kinship level 

I evaluated the ability to classify wild tobacco flies from the Upper Mt. Gravatt 

population according to kinship level on the basis of Queller & Goodnight’s (1989) 

statistic, rxy coefficient. This analysis yielded mean rxy values of randomly generated 

pairs of full-sib, half-sib and unrelated individuals consistent with the theoretical 

distribution (0.4823, 0.2446, 0.0076; Queller & Goodnight 1989) (Figure 4.3 A, B, C). 

Type I and II errors (estimated from simulations) associated with misclassifying 

unrelated dyads as full-sibs or full-sibs as unrelated dyads at cut-off value (rxy = 0.245) 

were both about 17% (19.3%, 16.5%, respectively). Type I and II errors associated 

with misclassifying unrelated dyads as half-sibs or half-sibs as unrelated dyads at cut-

off  value (rxy = 0.126) were higher (34.9%, 31%, respectively). Also, Type I and II 

errors associated with misclassifying half-sibs as full-sibs or full-sibs as half-sibs at 



Chapter 4: Kinship analyses of B. cacuminata emerging from host fruits, inferred from microsatellite 
DNA markers   
 

 52 

 

cut-off  value (rxy = 0.363) were lower at about 32% (33.7%, 29.3%, respectively). 

Consequently, I reduced type I error (unrelated dyads classified as kin dyads) or type II 

error (kin dyads classified as unrelated dyads) to a value of 10% by adopting cut-off 

values of rxy   =  0.37, to a value of 5% with cut-off  values of rxy =  0.47, and to a value 

of 1% with cut-off  values of rxy  = 0.59 (Figure 4.3), respectively. The cut-off values 

for controlling type I or II error at 10%, 5% and 1% were strict given that they also 

increased type II or I errors to values of three to 65 or six to 92 times these values 

(range: 30.8–65.0%; Table 4.3 or 62.3-92.0%; Table 4.4). This greatly reduced the 

possibility that unrelated dyads would be classified as sibs or half sibs and vice versa. 

Note also that the focus was not to discriminate between half-sibs and full-sibs, but to 

distinguish between unrelated dyads and dyads with rxy values of at least a half-sib 

relationship.  

 

4.3.3 Relationship among flies within fruits 

Kin signal tests revealed that the observed proportion of kin-classified dyads (half- or 

full-sib) within fruits was higher than with randomized permutations of flies among 

fruits for the population, at all cut-off values of type I error (10%, 5%, 1%: P<0.001; 

table 4.3). This result demonstrated that more kin were found within fruits than 

expected at random. At type I error cut-off values of 10%, 5% and 1%, 97.5%, 82.5% 

and 45.0% of fruits included kin dyads, respectively (Table 4.3), and the proportion 

of the total number of flies within all fruits that were implicated in kin dyads was 

93.9%, 76.3% and 39.7%, respectively (Table 4.3).  
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Figure 4.3 Distribution of relatedness (rxy) values for 1000 randomly generated pairs of 
full-sib (A), half-sib (B) and unrelated individuals (C) in Upper Mt Gravatt population. 
Respective means and standard deviations: 0.482 ± 0.241, 0.245 ± 0.255, 0.008 ± 0.269. 
Solid-, hollowed and dashed-line arrows represent cut-off values for designating 
relationship based on type I /II error cut-off value of 10%, 5% and 1%, respectively. 
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Table 4.3 Type I error thresholds and their associated cut-off value (rxy) for 
classifying within-fruit dyads as kin. Type II error for each type I error cut-off 
value are also listed, as are the number of kin dyads observed within fruit, the 
proportion of fruit with kin dyads, and the proportion of  fly individuals 
implicated in kin dyads 
 
Threshold type I error  10% 5% 1% 
Type II error 30.8% 43.50% 65.00% 
rxy threshold (for defining kin as half- or full-siblings) 0.37 0.47 0.59 
Number of kin dyads within fruits (total dyads = 177) 118 87 36 
Significance value (P) < 0.001 < 0.001 < 0.001 
Proportion of fruits with kin dyads 0.975(39/40) 0.825 (33/40) 0.450 (18/40) 
Proportion of fly individuals implicated in kin dyads   0.939(123/131) 0.763(100/131) 0.397(52/131) 

 
 
Table 4.4 Type II error thresholds and their associated cut-off value (rxy) for 
classifying within-fruit dyads as unrelated. Type I error for each type II error cut-off 
value are also listed, as are the number of unrelated dyads observed within fruit, the 
proportion of fruit with unrelated dyads, and the proportion of fly individuals 
implicated in unrelated dyads 
Threshold type II error  10% 5% 1% 
Type I error 62.3% 76.3% 92.0% 
rxy threshold (for defining dyads as unrelated) -0.09 -0.21 -0.39 
Number of unrelated dyads within fruits (total dyads = 175 ) 19 10 0 
Proportion of fruits with unrelated dyads 0.225(9/40) 0.150 (6/40) 0 
Proportion of fruits with one offspring maternity 0.775(31/40) 0.850(34/40) 1.00(40/40) 
Proportion of fruits with two offspring maternity 0.225(9/40) 0.150 (6/40) 0 
Proportion of fly individuals implicated in unrelated  dyads   0.206(27/131) 0.130(17/131) 0 

 
 

I also assessed the number of unrelated flies within fruit. At type II error cut-off  

values of 10%, 5% and 1%, 22.5%, 15.0% and 0% of fruits included unrelated dyads, 

respectively (Table 4.4), and the proportion of the total number of flies within all fruits 

that were implicated in unrelated dyads was 20.6%, 13.0% and 0%, respectively (Table 

4.4). Based on unrelated dyads within fruits, I assessed the maternity of offspring, 

whether there was one or more than one mother of  offspring within fruit. At type II 

error cut-off values of 10%, 5% and 1%, 77.5%, 85.0% and 100% of fruits could have 

come from a single mother, respectively (Table 4.4), and 22.5%, 15.0% and 0% of 

fruits could have had at least 2 mothers, respectively (Table 4.4).   
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4.4 Discussion 

4.4.1 Successful development of flies in each fruit 

Observations on larval performance of tephritid flies in host fruits have revealed that, in 

several species, larvae can survive and develop in groups within fruit (e.g. Fitt, 1986; 

Bateman, 1967; Fitt, 1981a). However, the larval number in a fruit is different between 

tephritid species. In the laboratory, Bactrocera species, B. aquilonis, B. tryoni, B. 

opiliae and B. tenuifascia have optimal survival at density of 0.5, 1.0, 1.0 and 1.1 larvae 

per gram host fruit of Terminalia ferdinandiana, apple, the native vine (Opilia 

amentacea) and Planchonelia pohlmaniana, respectively (B. tyoni, Bateman & 

Sonleitner, 1967; B. aquilonis, B. opiliae, and B. tenuifascia, Fitt, 1981a). Bactrocera 

jarvisi has maximum survival at density of 2.5 larvae per gram of host fruit, Planchonia 

careya (Fitt, 1981a). However, laboratory conditions may affect the adult and larval 

behaviours (Zouros & Krimbas, 1970). Studying B. cacuminata on its host plant S. 

mauritianum in the field, Drew & Hooper (1983) reported that an approximate yield of 

1.2 pupae per gram of fruit was observed within fruit samples randomly selected on 

trees. In host fruit, B. cacuminata had a 96.0% of pupal emergence in laboratory 

cultures (Fitt, 1986).  

 
My study of survival and development of B. cacuminata in the field has demonstrated 

that an average of 1.54 flies successfully developed through to adult per gram of wild 

tobacco fruit with a range of zero to seven flies per fruit. This value is higher than 

those reported by Drew & Hooper (1983) for development of pupae. Drew & Hooper’s 

study was based on a mixture of immature and mature fruits which were sampled 

during mid-November to late March at Mt. Glorious (27020′S, 152046′E). In 



Chapter 4: Kinship analyses of B. cacuminata emerging from host fruits, inferred from microsatellite 
DNA markers   
 

 56 

 

comparison this study observed only mature fruit samples collected in the first two 

weeks of February from Upper Mt. Gravatt, Brisbane. The ripeness of fruit has been 

shown to have an effect on female egg-laying and larval survival to adult. Mature fruit 

of wild tobacco was more susceptible to B. cacuminata oviposition (Drew & Hooper 

1983) and moreover, third instar larvae often died in wild tomato fruit because the 

fruits ripened rapidly and putrefied before larvae could complete development (Fitt, 

1986). Furthermore, the larvae of B. cacuminata, B. tryoni, B. jarvisi and B. cucumis 

were reported to survive in bananas only when they were inoculated into ripe fruits 

(Fitt, 1986). The secondary compounds present in unripe fruits are known to reduce the 

growth and/or survival of tephritid larvae (Seo et al., 1982). Thus, the increased value 

for survival in this study compared to the earlier study by Drew and Hooper (1983) 

probably reflects the fact that only mature fruit were sampled here.  

 
4.4.2 Kin relationships of flies emerging from wild fruit 

My study provided the first direct evidence for both kin and non-kin within individual 

fruits in a natural B. cacuminata population. Clearly, a higher proportion of flies within 

fruits were kin (half-, full-sibs) than were unrelated. Also most fruit in this study were 

found with kin dyads. There is between one and two maternal parents for flies within a 

fruit, but the proportion of fruit with one mother is higher than with two mothers. A 

main feature of my data is thus the demonstration that a single female mothered most 

flies emerging from a host fruit, and a second female mothered a smaller number. The 

demonstration by direct evidence that groups (flies within fruits) of B. cacuminata are 

a mixture of kin and non-kin parallels the work based on observation of oviposition 

behaviour in laboratory or semi-field conditions in several tephritid species. Female 

tephritids lay a clutch of eggs into a fruit once a favourable oviposition site has been 

located. The clutch sizes range from one egg per oviposition in B. oleae Rossi and B. 
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latifrons (Cirio, 1971; Vargas & Nishida, 1985) to 30 -40 as observed in B. cucurbitae 

(Prokopy & Koyama, 1982). More than one female has been observed depositing eggs 

in a single host fruit in several tephritid species (B. tryoni, Pritchard 1969; Rhagoletis 

completa, Boyce, 1934). A laboratory study employing a tissue stain to dye eggs 

indicated that females of C. australis readily deposit a clutch in a puncture already 

occupied by another clutch, and that the second clutch is consistently smaller than the 

first (Pittara & Katsoyannos, 1990). Moreover, in fruit in which a few females 

oviposited, intraspecific cannibalism resulted in death of a higher proportion of larvae 

from the late ovipositing female (B. tryoni and B. jarvisi, Fitt 1984; codling moth 

(Cydia pomonella (L.)), Geier (1963). Possibly, in B. cacuminata as in the two species 

above, offspring survival of the first ovipositing female dominates within a fruit, 

although this cannot be determined from the results of the present study.  

 
4.4.3 Discrimination of dyad relatedness using microsatellites 

I used allele frequency distributions of seven microsatellites from a wild fly population 

to generate expected distributions of pairwise rxy values. Such distributions were then 

used to classify fly dyads into relatedness categories (full sibs, half sibs and unrelated). 

The point which is half way between the means of two distributions was used as the 

cut-off to assign individuals into one of three relatedness categories. I have shown that 

on the basis of the seven microsatellite loci, I can discriminate between unrelateds and 

full sibs with about 83% confidence at cut-off values of rxy = 0.245. A lower 

confidence, 67% at cut-off values of rxy = 0.126, 68% at cut-off values of rxy = 0.363, 

is obtained between unrelateds - half sibs and full sibs – half sibs, respectively. 

Therefore, it was less feasible to discriminate within kin, compared to unrelateds 

versus kin (Figure 4.3). More powerful microsatellites are needed to overcome this 

problem in the future. This will require more loci, the number depending on the level 
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of polymorphism. I acknowledge that an ability to classify kinship level on the basis of 

the seven microsatellites used in this study was not very high, and similar examinations 

of genetic composition of groups of flies in fruits have not been conducted in other 

populations, so the generality of these findings in B. cacuminata is unknown.   
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5.1 Introduction 

 
A detailed knowledge of dispersal behaviour, genetic structure and geographical 

variability of a given pest species provides a fundamental piece of information to 

planning strategies for quarantine, control or eradication (reviewed in Gasperi et al., 

2002, and reference therein; Roderick & Navajas, 2003; Nardi, 2005). For example, for 

an exterminated pest population, understanding dispersive ability can tell us if it will 

reinfest or for a known pest population, if it is likely infest a new area (Roderick & 

Navajas, 2003). The reconstruction of the histories of populations can be used for 

biological control (Roderick & Navajas 2003). Genetic data of Mediterranean fruit fly, 

C. capitata, was used to identify sources of colonists, to understand pathways of 

introduction, and to design control strategies including sterile insect release (reviewed 

in Gasperi et al., 2002). Furthermore, identification of pathways of anthropogenically 

mediated introduction can assist in international efforts to limit the spread of 

nonindigenous pests. By contrast, no data are available on the genetic diversity of B. 

cacuminata.  

 
In practice, knowledge of fruit fly dispersal in rainforests is hard to obtain, because 

rainforests are spatially and temporally complex habitats, so represent large 

geographical areas that need to be sampled (Yu et al.,2001; Mun et al., 2003). Much of 

the dispersal information available now is based on the recapture of laboratory reared 

flies after their release. This can affect their flight capabilities, so many aspects of 

dispersal remain conjectural (Hamada, 1980; Fletcher, 1989a). To date, an alternative 

approach to infer dispersal ability is to use molecular markers to estimate genetic 

structure, and from this to infer the levels of dispersal (Slatkin, 2005).  
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Microsatellites, being nuclear non-coding, codominant loci, with high levels of 

variability, are particularly informative in the study of recent population phenomena, 

particularly for addressing questions of contemporary fine scale genetic differentiation 

and recent population history (Ellegran, 2004).  In contrast, mtDNA is maternally 

inherited and haploid resulting in an effective population size that is one quarter of the 

size of nuclear DNA (Birky et al., 1989). The reduction in effective population size 

combined with a high mutation rate for mitochondrial DNA leads to an increased 

effect of genetic drift which in turn boosts its sensitivity for resolving recently derived 

phylogenies (Moritz et al., 1987). Phylogeographical studies of maternally inherited 

mitochondrial haplotypes provide a deeper historical perspective, often including 

evolutionary processes (Avise, 1994; 2000). Combining sequence information from 

mitochondrial markers with multi-locus allelic data available from microsatellite 

markers provides very powerful independent markers by which many evolutionary 

hypotheses can be tested. Microsatellite and/or mtDNA markers have been used for 

analysing recent history of insect populations, including genetic structure, 

phylogeopraphy and invasion biology of several Bactrocera pest species (Yu et al. 

2001; Mun et al., 2003; Nardi et al., 2005; Aketarawong et al. 2007). However, there 

were no such studies on B. cacuminata.   

 
5.1.1 Aim of study 
 
The aim of this chapter was to assess genetic structure and infer the recent history of B. 

cacuminata populations using both multilocus microsatellite loci and mitochondrial 

DNA sequence data. In order to achieve this goal, I examined samples on a wide 

geographical scale spanning 3000 km of the east coast of Australia. I aim to address 

two questions: (1) at what spatial scale, if any, are populations of B. cacuminata 

genetically subdivided? (2) is there evidence of recent demographic changes? I also 
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analysed three populations on a narrower geographic scale in the Brisbane region in 

two different years to answer the following two questions: (1) what degree of 

geographical differentiation occurs on these scales? (2) are there genetic differences 

between years at these sites? Due to its continuous linear coastal distribution, I 

hypothesized that genetic structure would show a pattern of genetic differentiation 

among regions, but little differentiation among sites within regions. I expected to 

identify a pattern of isolation by distance (IBD) 

 

5.2 Materials and Methods 

 
5.2.1 Study sites 
 
The study area was located along the east coast of Australia from Tully, Rockhampton, 

and Brisbane, Queensland to Sydney, NSW (Figure 5.1, Table 5.1). Sixteen 

populations were divided amongst four major regions, Tully, Rockhampton, Brisbane 

and Sydney, which were more than 500 km apart.  Sites within regions were at least 50 

km apart.  

 

5.2.2 Sampling 
 
Adult male flies were collected using traps baited with a mixture of methyl eugenol and 

malathion, as described in Osborne et al. (1997). From 2003 to 2006, 530 B. 

cacuminata were collected as adults around 16 sites which were up to 50 km apart from 

four regions, spaning approx. 3000 km across the east coast of Australia (Figure 5.1) 

(Table 5.1). To test for temporal stability in genetic structure of populations over years, 

three sampling sites in the Brisbane area were chosen for re-sampling in 2006 (Table 

5.1). Individuals were stored in 70% ethanol until DNA was extracted. A maximum of 
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31 flies was analysed from any one site. Only B. cacuminata were included in the 

analysis after species identification was carried out (Drew et al., 1982). 

 

 

 

Figure 5.1 A map showing sampling locations (marked by solid circles) in the 
eastern coast of Australia. 

 

 

5.2.3 DNA extraction  

The procedures were as described in 3.2.2 Genetic methods Chapter 3. To get more 

DNA for genetic structure analysis, DNA was extracted from a head. The remaining 

body of each fly was stored individually in 70% ethanol for future DNA preparations 

and/or for checking identifications.  
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Table 5.1 Sample collection locations for the wild tobacco fly, B. cacuminata 

Region 
 

Code Location Date of 
collection 

Latitude/longitude No. of 
Ind. 

      

Sydney Syd Sydney 2004 S33°57'/E151°06' 31 

 Cam Camden 2004 S34°06'/E150°45' 30 

 Cab Canberra 2005 S35°18'15.8''/E149°5'41.44'' 30 

      

Brisbane Lam Lamington Park 2003/2006 S28°13.5'/E153°7.5' 31/28 

 Bs1 Samford Village 2003 S27°23'30.47''/E152°53'41.58'' 30 

 Bs2 Upper Mt Gravatt 2003/2006 S27°32'59.95''/E153°4'10.95'' 30/25 

 Arl1 Aratula 1 2003/2006 S27°58'/ E152°17' 30/24 

 Arl2 Aratula 2 2004 S28°20'/ E152°17' 12 

      

Rockhampton Gyp Gympie 2004 S26°13.95'/ E152°41.79' 30 

 Gin4 Gin Gin 4 2004 S24°42.7'/ E151°41.8' 30 

 Gin2 GinGin 2 2004 S23°57.486'/ E151°9.605' 19 

 Bud Bundaberg 2004 S24°38.607'/E152°3.71' 8 

 Roh Rockhampton 2004 S23°18.77'/E150°30.97' 21 

      

Tully Tul1 Tully 1 2003 S17°49.67'/ E145°42.5' 29 

 Tul2 Tully 2 2004 S 18°56'/E146°18' 30 

 Tul3 Tully 3 2004 S 17°2'/E145°44' 13 

 

 
5.2.4 Microsatellites      

Variation at six polymorphic microsatellite loci was assessed. The microsatellite 

markers used for the present study have been described in 3.2.2 Genetic methods, 

Chapter 3, including the optimized polymerase chain reaction (PCR) conditions, 

microsatellite loci screening and genotype scoring.  

5.2.5 Mitochondrial DNA markers  

Primers of mtDNA gene were designed using B. oleae and C. capitata mitochondrion 

complete genome sequence (GenBank accession no. AY210703, NC_000857, 

respectively) as references. A melting temperature of a primer was calculated using the 

formula, Tm = 40C (G+C)+20C (A+T). An annealing temperature in the PCR is 3-50C 

lower than the lowest Tm of the two primers. PCR was used to amplify mitochondrial 
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gene regions. Individual reactions included 1× reaction buffer (Bioline), 2 mM MgCl2 , 

0.4 mM of each primer (Table 5.2), 1 mM dNTP, 1.25 units Taq Polymerase (Bioline) 

and ~ 0.5 µL of template DNA in a total volume of 25 µL. PCR cycling conditions were 

94 oC denaturation, annealing temperatures (Ta) as shown in Table 5.2 and 72 oC 

extension for 35 cycles. PCR products were then purified with Exonuclease I 

(Fermentas) and Shrimp Alkaline Phosphatase (Promega) according to the 

manufacturers’ directions.  In most cases (including all sequences with ambiguities), 

sequencing of both strands was conducted using Big Dye v.3.1 (Applied Biosystems) 

terminator sequencing chemistry. Sequences were read using an ABI 3130xl Automatic 

sequencer at the Griffith University DNA sequencing facility (GUDSF).   

 
Table 5.2 Primer pairs used for PCR amplifications (see text for references). Product 
size refers to the number of base pairs used in the final analysis, after removing primers 
and ambiguous end positions  

 
Gene 

Product size  
(bp) 

Ta 
(oC) 

 
Primer pairs (5’-3’) 

 

 
Reference 

Cytochrome oxidase I 
COI-1 

 
 

COI-2 
 
 

COI-3 
 
 
Cytochrome oxidase II 

COII 
 
 
AT-rich region 

AT-1 
 
 

AT-2 
 
 

AT-3 
 
 
NADH dehydrogenase 
subunit 

ND5 
 

ND4 

 
707 
 
 
630 
 
 
764 
 
 
 
658 
 
 
 
782 
 
 
550 
 
 
625 
 
 
 
 
620 
 
 
668 

 
50 
 
 
50 
 
 
50 
 
 
 
45 
 
 
 
40 
 
 
42 
 
 
40 
 
 
 
 
48 
 
 
52 
 

 
LCO 1490: GGTCAACAAATCATAAAGATATTGG 
HCO2198:TAAACTTCAGGGTGACCAAAAAATCA 
 
TN2126:TTGAYCCTGCAGGTGGWGGAGA 
Hobbes:AAATGTTGNGGRAAAAATGTTA 
 
JL2532: ACAGTAGGAGGATTAACAGGAG 
Phyllis: GTAATAGCIGGTAARTATGTTCA 
 
 
JL3146: GAGTTTCACCTTTAATAGAACA 
BtLYS: GTTTAAGAGACCAGTACTTG 
 
 
12S332+: ATAGGGTATCTAATCCTAGT 
AT15120r:TTAAWTTAAAWAATTAATARTAAGAT  
 
AT14040f:CCTAAGTAATWTACCGTTTTTCAT 
AT15630r:TAGATAATTTAAAATTCCCAATATAGAC 
 
AT15560f: ATRTWAAAAWTAAATTTATTATAATC 
Met20-: TGGGGTATGAACCCAGTAGC 
 
 
 
ND5f: GCTCTYTTAGTTATAGCTGC 
ND5r: TTTGTGGTGTCAATGATATG 
 
ND4f:TCATATCATTGACACCACA 
ND4r:TTACCTAARGCTCATGTWGAAGC 

Folmer et al., 1994 
 
 
  
 
 
 
 
 
 
  
 
 
 
This study 
 
 
  
 
 
 
 
 
 
 
This study 
 

 
R(AG), Y(CT), M(AC), K(GT), S(GC), W(AT) 
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5.2.6 Data analysis 

5.2.6.1 Microsatellites 

Microsatellite-based genotype frequencies were tested against Hardy-Weinberg 

expectations for each locus in each population. Exact goodness-of-fit tests were 

performed using GENEPOP 1.2 (Raymond & Rousset, 1995). The resulting estimates of 

the probability of departure from Hardy-Weinberg expectation were tested for 

significance using a sequential Bonferroni correction (Rice, 1989) to account for 

multiple simultaneous tests (6 loci × 16 populations = 96 tests). MICRO-CHECKER 

(Van Oosterhout et al. 2004) was used to distinguish between potential laboratory 

produced deviations from Hardy-Weinberg proportions. 

 

FST values according to Weir & Cockerham (1984) were calculated using ARLEQUIN 

3.11 software (Excoffier et al., 2006), and significance estimated using a permutation 

procedure (1000 permutations). I used an exact test for allele frequency distribution 

differences to test for genetic differentiation among populations or sample years 

(within populations) (Raymond &  Rousser, 1995). Hierarchical analysis of molecular 

variance (AMOVA; Excoffier et al., 1992) was used to partition the observed allelic 

variation into three levels: among groups, among samples within groups and within 

sample. Four groups were defined by a geographical distance between groups 

separated by at least 500km from each other. All AMOVAs used frequency data alone 

(FST). Significance of the variance components was estimated using the nonparametric 

permutation approach described in Excoffier et al. (1992). AMOVA calculations were 

performed using ARLEQUIN 3.11 software (Excoffier et al., 2006). The correlation 

between genetic distance (Slatkin’s linearized FST) and the corresponding geographic 

distances, were analysed with the Mantel test  (Mantel, 1967)  
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5.2.6.2 Analysis of mtDNA data 

With the exception of the sequence analysis, haplotype networks and nested clade 

analysis, neutrality tests and mismatch distribution analyses described below, the 

analytical procedures for mtDNA ND4 data were as in 5.2.6.1. These include ФST 

value calculation, hierarchical analysis of molecular variance and Mantel test.   

 

5.2.6.2.1 Sequence alignment and calculation of sequence diversity  

Mitochondrial DNA sequences were processed using Sequencher V4.1.1 (Gene Codes 

Corporation). Variation within populations was summarized using standard statistics: A 

(number of alleles = unique haplotypes), S (number of segregating sites = variable 

nucleotide positions), Nei (1987) gene diversity (h) and nucleotide diversity (π), using 

the program ARLEQUIN version 3.11 (Excoffier et al., 2006). The overall genetic 

differentiation among samples was computed using AMOVA considering the samples 

belonging to four major regions as in microsatellites.  

 

Exact tests of population differentiation and exact tests of random distribution of 

individuals among pairs of populations were done using Monte Carlo simulation of 

Fisher’s exact test as in microsatellites 

 

5.2.6.2.2 Haplotype networks and Nested Clade Analysis 

To differentiate between the contemporary and historical processes that could be 

responsible for the patterns of mitochondrial DNA variation observed, a complete 145-

sequence ND4 data set was analysed by statistical parsimony (Templeton et al., 1992) 

using the program TCS, version 1.21 (Clement et al., 2000). Clades were defined in a 

hierarchical nesting arrangement according to protocols of Templeton et al. (1987) and 

Templeton & Sing (1993). Nesting arrangement infers temporal information from the 
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haplotype network by grouping clades in a hierarchy from tip to interior i.e. youngest 

to oldest. 

 

Nested-clade analysis (NCA) was used for phylogeographic tests of association 

between geography and haplotype groups (Templeton, 1998; Templeton et al., 1995). 

The NCA was performed using GeoDis 2.5 (Posada, 2000). This program first was 

used to test for geographical association of haplotypes and clades at each nesting level, 

using contingency tests. GeoDis then quantifies the geographic spread of each clade 

(Dc), and the distances between a clade and the other clades that occupy the same 

nesting level in the hierarchy (Dn) to determine where the values were significantly 

smaller or larger than expected under the null hypothesis of a random distribution. 

This approach contrasts the relationships between interior and tip clades in which 

significantly large or small geographic distances are recorded. The interpretation is 

based on the assumption that older haplotypes (or clades) have a wider distribution 

than younger ones, and that older haplotypes have more descendants and are placed 

internally on the network. For example, a significantly large interior clade distance (Dc) 

in contrast with significantly small tip clade distances is interpreted as evidence of 

restricted gene flow. Significantly large Dn distances indicate that a clade is spatially 

displaced from others of similar age and may contribute to an inference of allopatric 

fragmentation or range expansion depending whether the clade is in an internal or tip 

position in the network.    

 
5.2.6.2.3 Neutrality tests and mismatch distribution analyses 

Tests of neutrality detect deviations from the pattern of polymorphism expected from a 

neutral model of evolution. The neutrality statistics Fu’s Fs and Tajima’s D were 

calculated using DnaSP v4.10 (Rozas et al., 2003) and observed values were tested for 
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significance against a null distribution created from 1000 datasets simulated under a 

constant sized coalescent model conditioned on the observed number of segregating sites.  

 
Coalescent theory makes predictions of the pattern of segregating sites in a sample 

(Slatkin & Hudson, 1991). Frequency distributions of the numbers of segregating sites 

in all possible pairwise comparisons were produced. Slatkin & Hudson (1991) showed 

that the mismatch distributions of stable populations have a ragged profile due to 

stochastic lineage loss. In contrast, an exponentially growing population has a smooth 

unimodal distribution approaching a Poisson distribution. This reflects an underlying 

starlike genealogy in which all of the coalescent events occurred in a narrow time 

window. Where a history of sudden population expansion was indicated by Fu’s FS and 

Tajima’s D, the frequency distribution of the number of pairwise differences among 

haplotypes was calculated with DnaSP v4.10 (Rozas et al., 2003) and used to estimate 

timing of population expansion, τ , scaled in mutational units. The relationship of τ = 

2ut , where t is time in generations and u = µ k, where µ is the mutation rate per million 

years and k is the sequence length, was used to rescale the estimate to absolute time 

(Rogers, 1995). The smoothness of the distribution was evaluated against the null 

distribution of a constant-sized population using the raggedness statistic (Harpending et 

al., 1993) which was calculated in DnaSP 44.10 (Rozas et al., 2003). 

 
5.3 Results 

5.3.1 Characteristics of the microsatellite and ND4 data sets 

The six microsatellite loci showed moderate levels of variation in B. cacuminata 

populations (4-9 alleles; Table 5.3). An excess of homozygotes was apparent across 

four microsatellite loci, Bcac6.12, Bcac12.81, Bcac 2.6 and F73 in the pooled 

population but it was not significant (p>0.05). I used 14 - 30 flies from each sample. 
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Almost all flies successfully amplified at all loci, except 1 fly for Bcac5.10 and 

Bcac12.81, 2 flies for Bcac2.6 and Bcac 6.12 (Table 5.3).  

 
Table 5.3 Polymorphism of microsatellite and mtDNA loci in the pooled population 

 Microsatellite loci 
 Bca2.6 Bca5.10 Bca5.12 Bca6.12 Bca12.81 F73 Mean  

mtDNA 
ND4 

No. individuals 382 383 384 382 383 384 383 145 

No. alleles/haplot. 8 4 5 9 9 5 6.7 17 

Allele range (bp) 86-96 105-123 111-117 120-132 124-134 104-114 108-119 - 
%AT - - - - - - - 0.72 

No. variable sites -  - - - - - 22 

Expected heterozygosity 0.75 0.67 0.50 0.56 0.67 0.49 0.54 - 

Observed heterozygosity 0.73 0.62 0.48 0.53 0.64 0.45 0.49 - 

 
† Heterozygosity per nucleotide (Nei, 1987) 
* The number of alleles, allele size range and expected heterozygosity (HE) were calculated using data 
from all populations 
 

To look for a highly informative mtDNA marker, several mtDNA genes were used in 

initial screens (primer pairs are shown in Table 5.4) on 30 individuals in total, five to 

six from each of Brisbane, Sydney, Rockhampton and Tully areas. Sequences revealed 

that there was no or less than 0.3% nucleotide diversity in the mtDNA genes COI, 

COII, AT- Rich and ND5. Only ND4 had a slightly higher level of diversity (Table 

5.4). Therefore, ND4 was used for all future analysis. 

 

The ND4 primers successfully amplified a 680 base pair fragment of the ND4 gene on 

145 samples from 12 populations (Table 5.8). After excluding beginning or trailing sites 

that were ambiguous in some individuals, alignment of the fragment comprised 668 

characters including 22 (3.3%) that were variable and 17 (2.5%) (Table 5.3) that were 

parsimony informative (18% in the 1st codon position, 82% in 3rd). The observed AT  
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Table 5.4 Nucleotide divergence among regions (Brisbane, Sydney, Tully, Rockhampton)  

Differentiation among samples Locus n A S π 

P (exact test) FST ФST 
 
COI 30 1 0 0 - - - 

COII 30 1 0 0 - - - 

AT-rich 30 1 0 0 - - - 

ND5 30 3 4 0.3 0.04* 0.032 0.012 

ND4 30 4 5 0.71 0.02* 0.068 0.053 

n: sample size (individuals); A: number of alleles (unique haplotypes); S: number of 
segregating sites; π:nucleotide diversity (see text). Divergence among populations was 
assessed statistically using exact tests, and calculated as Wright’s (1931) FST and 
Excoffier et al.’s (1992) ФST. * Denotes values that are significantly different from 0 
(p < 0.05) for FST and ФST 



bias was 0.72 which is typical for insect mtDNA (Table 5.3). The fragment was free of 

ambiguities, stop codons and indels. There were 17 haplotypes identified among 145 

individuals (Appendix II). Sequences for all haplotypes are shown in Appendix I. Overall 

mitochondrial nucleotide diversity was 0.0115 per nucleotide. 

 

5.3.2 Variability at six microsatellite loci in samples eastern Australia 

Four of the 96 tests for Hardy-Weinberg equilibrium (HWE) showed significant 

deviation from expected allele frequencies, after sequential Bonferroni correction; all 

were due to a deficiency of heterozygotes (Table 5.5). Significant departure from HWE 

was found in Lamington Park and Rockhampton from Brisbane and Rockhampton 

regions, respectively. There was no evidence for large allele dropout for any 

population-locus combination and a population, Lam was found to have possible null 

alleles at two microsatellite loci (Bcac12.81 and Bcac6.12 ) indicated by MICROS-

CHECKER (Van Oosterhout et al. 2004) analysis. This may explain the departure 

from HWE at this population. Allele frequencies for each population-locus 

combination and observed values are presented in Appendix III.   
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Table 5.5 Hardy-Weinberg equilibrium tests (FIS-value) at six microsatellite loci for the 
populations from four regions. Significant departures from Hardy-Weinberg equilibrium 
(after sequential Bonferroni correction) are identified with asterisks 
 

Locus  
Populations 

Bcac5.12 F73 Bcac5.10 Bcac12.81 Bcac6.12 Bcac2.6

Brisbane Bs1 -0.374 -0.144 -0.051 -0.002 -0.127 0.329 

 Bs2 -0.148 -0.282 0.135 0.276 0.069 0 

 Lam 0.001 0.173 -0.091 0.215* 0.506*** 0.101 

 Arl1 -0.064 0.027 0.195 0.228 -0.032 0.079 

 Arl2 0.015 0.694* -0.065 0.111 0.031 -0.165 

Rockhampton Gyp 0.164 -0.193 0.213 0.087 0.049 0.054 

 Roh 0.139 -0.443 0.662 0.075 0.52* 0.078 

 Bub 0.517 -0.077 0 -0.167 0.023 -0.045 

 Gin2 0.202 -0.072 0.162 0.01 0.259 -0.025 

 Gin4 -0.248 -0.155 -0.097 0.006 0.153 0.242 

Tully Tul1 -0.139 0.12 -0.058 -0.072 0.318 -0.12 

 Tul2 -0.025 -0.215 0.077 0.09 0.016 0.159 

 Tul3 -0.151 -0.207 -0.297 0.25 0.1 0.368 

Sydney Syd 0.22 -0.152 -0.121 0.118 0.057 0 

 Cam -0.122 0.031 -0.049 -0.009 -0.091 0 

 Cab 0.386 0.217 -0.08 0.379 -0.049 0.086 

 
* P <0.05, ** P<0.01, ***P< 0.001 

 
5.3.3 Differentiation between populations and regions 

Samples from the first sampling from each year were grouped into regions, based on 

combinations of the closest locations (Figure 5.1) and are shown in Table 5.6. In a 

hierarchical AMOVA, high levels of differentiation among populations within a region, 

and among all populations were indicated by both microsatellite loci and ND4 markers 

(Table 5.6). The differentiation among regions was significant for microsatellites, 

although it represented only 0.45% of the total genetic variation. However, there was 

no significant differentiation among regions for ND4. Therefore, B. cacuminata  

populations are not homogeneous and there is some population subdivision in eastern 

Australian.  
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Table 5.6 AMOVA analyses showing variation across the whole study area and within each region 

Microsatellites MtDNA   
 
Regions with multiple sites 

 
F 
statistic 

% Total 
variance 

Fixation  
indices 

% Total  
Variance  

Fixation 
indices 

Among regions  FCT 0.45 0.00448* 3.76 0.03757 
Among sites within regions   FSC 1.46 0.00564*** 13.76 0.14301*** 
Within sites  FST 98.09 0.0091*** 82.48 0.17521*** 
      
Within each Region      
Sydney   0.00491  -0.01282 

Among populations  0.49  -1.28  
Within populations  99.51  101.28  

Brisbane   0.00362***  0.00514 
Among populations  0.36  0.51  
Within populations  99.64  99.49  

Rockhampton   0.00296**  -0.01037 
Among populations  0.3  -1.04  
Within populations  99.7  101.04  

Tully   0.00956***  0.18158** 
Among populations  0.96  18.16  
Within populations  99.04  81.84  

 

* P <0.05, ** P<0.01, ***P< 0.001 

 

The AMOVA indicated highly significant differentiation among populations within 

the Tully region for both microsatellites and ND4 markers. There was also highly 

significant variation among populations within Rockhampton and Brisbane regions, 

but only for microsatellites. There was no significant variation among populations 

within the Sydney region for either marker. 

 

Pair-wise differences between populations using F-statistics are reported in Table 5.7. 

Significant values of FST resulted from both within-region and among-region 

comparisons. With one exception (Lam where both haplotype and nucleotide diversity 

were zero), haplotype diversity within populations was high, ranging from 0.133 in 

Gin4 to 0.667 in Cab. Nucleotide diversity was low ranging from 0.001 in Cab to 

0.0033 in Tul1 (Table 5.8). 
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Table 5.7 Pairwise population subdivision estimates calculated by FST at six microsatellite loci 
 

 Arl1 Arl2 Bs1 Bs2 Lam Gin2 Gin4 Bub Roh Gyp Tul1 Tul2 Tul3 Syd Cam Cab 

Arl1 
 
0                    

Arl2 0.00039 0                  

Bs1 0.00088 0.00053 0                

Bs2 0.00816*** 0.00321 0.0065*** 0              

Lam 0.02353*** 0.0259*** 0.02137*** 0.01707*** 0            

Gin2 0.00048 -0.00228 -0.0029 0.00619*** 
 
0.01984*** 0               

Gin4 0.0075*** 0.01116*** 0.00614** 0.00922*** 0.02246*** 0.00671*** 0             

Bub -0.00052 -0.00837 -0.00197 -0.00266 0.00921 -0.00333 0.00411 0           

Roh 0.00103 0.00084 -0.00392 0.00341** 0.01901*** -0.00161 0.00009 -0.00445 0         

Gyp 0.00819*** 0.01139*** 0.00734*** 0.00917*** 0.02223*** 0.00749*** 0.0036 0.00236 0.00414*** 0       

Tul1 0.01228*** 0.01438** 0.00943*** 0.01143*** 0.02345*** 0.01077*** 0.01314*** -0.00266 0.0068*** 0.00502* 
 
0        

Tul2 0.00106 0.00503 -0.00349 0.0105*** 0.02503*** -0.0019 0.00849*** 0.00085 -0.0002 0.01019*** 0.01339*** 0      

Tul3 0.00035 -0.00254 -0.00023 0.00624* 0.02179*** -0.00124 0.00706*** -0.00653 -0.00101 0.00671** 0.00991** 0.00033 
0 

   

Syd 0.01613*** 0.01821*** 0.01395*** 0.00899*** 0.00102 0.01268*** 0.01492*** 0.0084 0.01119*** 0.01508*** 0.01653*** 0.01762*** 0.01414*** 0     

Cam 0.00195 0.00627* 0.00066 0.0056*** 0.0201*** -0.00096 0.0049*** -0.00109 -0.0021 0.00609*** 0.00963*** -0.00052 0.00056 0.01269*** 0   

Cab 0.00561 -0.0005 0.0041 -0.00132 0.01517 0.00323 0.00663** -0.00677 0.00029 0.00693 0.00759 0.00757 0.0038 0.00657 0.0037 0 
 

NOTE.—Within-regions FST values in bold. 
* P <0.05, ** P < 0.01, *** P<0.001 
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Table 5.8 Intrapopulation nucleotide (π) and haplotype diversities (h) for B. 
cacuminata ND4 sequence analysis. n = number of samples analysed. 
 
 h π n 
Lam 0 0 15 
Bs2 0.25 0.0019 8 
Arl1 0.3309 0.0014 16 
Syd 0.3714 0.002 15 
Cab 0.6667 0.001 3 
Cam 0.2571 0.0004 15 
Gin4 0.1333 0.0002 15 
Bub 0.2857 0.0004 7 
Roh 0.4762 0.0022 13 
Tul1 0.5143 0.0033 14 
Tul2 0.625 0.002 15 
Tul3 0.5111 0.0012 9 
 
 
 
5.3.4  Correlation  between molecular variation and geographic distance 

 
 A Mantel test indicated no significant relationship between population genetic 

distance based on microsatellite loci and geographic distance (r = - 0.07, P > 0.05) 

(Figure 5.2 A). In contrast with ND4, there was a significant relationship (r = 0.40,    

P < 0.05) (Figure 5.2 B). 

 
For microsatellite data, sites separated by more than 2000 km were genetically more 

similar than those separated by smaller distances (Figure 5.2A, Table 5.7). To test the 

influence of this phenomenon on the analysis, all pairwise comparisons that involved 

distances greater than 2000 km were omitted. The result suggests that when distances 

among B. cacuminata populations are shorter than 2000 km, the level of genetic 

differentiation among them can be explained by isolation by distance (Figure 5.2C).   
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Figure 5.2 Scatterplot of geographic distance (great circle distance) against  
Slatkin’s linearised FST between pairs of populations for microsatellites (A, C) and 
ND4 gene (B). Scatterplot A and B include estimates for all sites whereas scatterplot 
C has only estimates involving comparisons of sites separated by less than 2000km.  
Correlation (r2) and significance for Mantel’s are presented. 
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5.3.5 Genetic differences between years in Brisbane populations 

To determine the population genetic difference between years within a population, I 

compared genetic variation of three Brisbane populations (Lam, Bs2, and Arl1) between 

years using both microsatellites and ND4 markers (Table 5.9, 5.10). Hierarchical AMOVA 

indicated that there were no significant differences among sampling years within locations 

and among sampling years at the 5% level for either microsatellites or ND4 (Table 5.9). 

There were differences between locations for microsatellites within a sampling year (p < 

0.01), probably mainly due to difference between Lam and the other two sites.  There are 

also no significant pairwise FST values (p > 0.05) for any comparisons among years within 

three populations for either microsatellites or ND4 markers (Table 5.10). Therefore, the 

distribution of B. cacuminata remained virtually unchanged over the three year period 

based on collections within the endemic range of the species in the years 2004 and 2006 in 

Brisbane area. 

Table 5.9 Hierarchical analysis of molecular variance (AMOVA) of microsatellite loci allele 
frequencies among three populations of B. cacuminata, each sampled at two different dates. 

 

Variance  

component 

 

 

% Total 
variation 

Microsatell
ites 

Fixation 
indices 

 

 

P 

 

 

% Total 
variation 

mtDNA 

 

Fixation 
indices  

 

 

P 

Populations with multiple 
years 

      

Among locations 1.21 0.01211 >0.05 0.88 0.00883 >0.05 

Among sampling years 
within locations 0.02 0.00018 >0.05 0.09 0.00092 >0.05 

Within samples 98.77 0.01229 <0.05 99.02 0.00975 >0.05 

Years with multiple 
populations       

Among sampling years -0.54 -0.00542 >0.05 3.70 0.03704 >0.05 

Among locations within 
sampling years 

1.32 0.01308 <0.01 -1.44 0.01499 >0.05 

 Within samples 99.23 0.00773 <0.01 97.74 0.0226 >0.05 
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Table 5.10 FST values for pairwise comparisons among populations and sampling dates. 
Values above diagonal are from ND4, below the diagonal are from microsatellite loci.  

Bs2               Lam            Arl1 

 

 
Population 

Sampling 
Year 2004 2006 2004 2006 2004 2006 

Bs2 2004 - -0.0751 0.08397 -0.07041 -0.07298 -0.07203 

 2006 0.01718 - 0.01299 -0.03253 -0.03168 -0.03594 

Lam 2004 0.01948* 0.02848*** - 0 0.00723 0.00764 

 2006 0.01113 0.01350 -0.01287 - -0.03529 -0.03198 

Arl1  2004 0.00199 0.00433 0.01542** 0.0036 - -0.04575 

 2006 0.00274 0.0227* 0.0082 0.00569 -0.00459 - 

Note – Within-populations FST values in bold 

* p < 0.05, ** p<0.01, *** p<0.001 

 

5.3.6 Nested clade analysis (NCA) 

Assessment of geographic structuring of mtDNA variation across the full range of B. 

cacuminata (145 individuals) across eastern Australia was achieved using a fragment of 

the ND4 gene (Figure 5.3). A common haplotype, 1, occurred at all sites (Figure 5.3, 5.4).  

The 17 ND4 haplotypes were joined into a single network using statistical parsimony, 

which accepted connections of up to three steps in the 95% set of plausible cladograms 

(Figure 5.4). The entire nesting of the haplotype network represented a star shape, in that 

most haplotypes were very closely related to the common haplotype 1, which was 

distributed across the sampled range (Figure5.3, 5.4, Appendix II). There were seven 1-

step clades, three 2-step clades and the total cladogram. Two of these groups showed 

significant geographic structure when tested using the contingency analysis. The 

significant patterns indicated contiguous range expansion (1-step clades in the Tully and 

Brisbane regions) and restricted gene flow with isolation by distance (2-step clade in the 

Sydney, Brisbane, Rockhampton and Tully regions) (Table 5.11). 
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Figure 5.3 Distribution and frequency of the ND4 haplotypes for B. cacuminata from 
eastern Australia. Sample sizes are the same as those in Table 5.8 
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Figure 5.4  Nested ND4 haplotype cladogram for B. cacuminata (95% connection limit) in the east coast of Australia. Size of haplotype 
circles indicates comparative frequency of haplotypes. Connecting bars indicate one basepair mutation and filled circles represent additional 
basepair mutations. The 17 circles represent the 17 haplotypes (Figure 5.3), with respective geographic samples.  
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Figure 5.5  Results of the nested cladistic analysis of geographical distance for the mtDNA haplotype of B. cacuminata. The haplotype 
designations are given at the top and are boxed together to reflect the one-step nested design given in Figure 5.4. Higher level clade designations 
are given as one move down the figure, with boxed groupings indicating the nesting structure. Immediately below each clade designation is the 
clade and nested clade distances respectively. An "S" superscript indicates the distance is significantly small at the 5% level, and an "L" 
indicates that it is significantly large. For nested clades in which the tip/interior status is known and for which both tips and interiors exist within 
the same nesting 
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Table 5.11 Result of nested contingency analysis of geographical associations 
Clade χ2 P 

 
Inference 
Chain 

Interpretation * 

1-3 9.00 0.545   
1-4 9.00 0.022 1-2-11-12 NO Contiguous range expansion 
1-5 146.13 0.077   
2-1 83.59 0.00 1-2-3-4 NO Restricted gene flow with isolation 

by distance  
Total 
Cladogram 

0.33 0.99   

 
* The chain uses the key in the key by Templeton et al. 1995 on the results given in Figure 5.5.  
 
 

5.3.7 Historical demography 

Clade 2-1 is comprised of a star-like radiation of singleton tip haplotypes and a high 

single internal haplotype at high frequency (Figure 5.3). The observed value of 

Tajima’s D test, when performing on clade 2-1, is consistent with a recent history of 

rapid population growth (Table 5.12). A highly significant negative Tajima’s D test 

value reflects an excess of singleton substitutions compared to the expectation under a 

stable population (Tajima, 1989) (Table 5.12).  Additional evidence for recent 

population growth is provided by Fu’s FS statistic (Fu, 1997). Significantly negative FS 

values (Table 5.12), indicate that clade 2-1 contains an excess number of haplotypes 

relative to expectation for a stable population.   

 
Table 5.12 Diversity statistics, results of neutrality tests, and results of mismatch 
distribution analyses for the Clade2-1.  

 

 Clade 2-1 

Sample size 141 

Number of haplotypes 14 

Raggedness 0.021* 

Tajima's D -2.19*** 

Fu’s FS  -17.018*** 

Mismatch distribution Unimodal 

Tau (τ) 3.00 

Time since expansion (year BP) 4.2×105 

    * P< 0.05, ** P < 0.01, *** P <0.001 
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The distribution of pairwise differences ( mismatch distribution) for clade 2-1 is 

unimodal as expected for exponentially growing populations (Rogers & Harpending, 

1992; Slatkin & Hudson, 1991) (Figure 5.6).  
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D = -2.19, (p <0.001) 
FS = -17.018 (p<0.001) 

 
 
 
 
 
 
 

Figure 5.6 Mismatch distributions for widespread ND4 clade 2-1 of B. cacuminata 
 

Mismatch distribution-based estimates of time since population expansion of clade 2-1, 

resulted in a Tau (τ) of 3.00 (Table 5.12). Assuming a yearly substitution rate of 10-8 

per site  per year (Powell et al., 1986) and an average 6 generations per year, this yields 

a time since expansion of approximately 4.2 × 10 5 years (Figure 5.4)  

 

Mismatch distribution for pooled samples at the local level (within regions) are shown 

in Figure 5.7 and Table 5.13. The Sydney and Rockhampton regions were significant 

both for Tajima’s D and Fu’s FS (Table 5.13). These significant results are indicative of 

a rapid rise in population size from a small founder about  4.2 × 10 5 years ago in 

Sydney region and 9.52 × 104 years ago in Rockhampton region, or following a 

bottleneck (Tajima 1989; Fu & Li, 1993; Rand & Kann, 1996). No other significant 
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departures from neutrality were found, except for one significant Tajima’s D for the 

Brisbane region. 

 

Table 5.13 Statistical test of neutrality for B. cacuminata mtDNA ND4 sequences  
 

 

 

 

 

 

 

 

 

 

 

 

 

Location Tajima's D Fu's FS t (years) 
Sydney Region -2.3484** -3.4852* 4.2 × 105 

Syd -2.156** 0.3108  
Cam -1.6104** -0.3354  
Cab 0 0.2007  
    
Brisbane Region -1.7055* -0.4484 - 
Brs2 -1.5952* 2.4071  
Arl1 -1.909 -0.3605  
Lam 0.0000 0.0000  
    
Rockhampton Region -2.0168** -2.5011* 9.52 × 104 
Gin4 -1.1595 -0.649  
Bub -1.0062 -0.0947  
Roh -2.0146* -0.6029  
    
Tully Region -0.8535 -0.6851 - 
Tul1 0.7272 3.053  
Tul2 -2.0485** -2.9806*  
Tul3 -0.02 0.1084  

*P< 0.05, ** P < 0.01, *** P <0.001 

 
 

 
Figure 5.7 Mismatch distributions for each region sampled for B. cacuminata 
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5.4  Discussion 

5.4.1 Reduced variation in mitochondrial DNA 

MtDNA genes have been used to assess genetic structure study in several Bactrocera 

species. There was a different rate of variable nucleotide positions in species and 

genes (B. depressa, 4.14% in COI, Mun et al., 2003; B. tryoni, 8.85% in Cyt b, 7.91% 

in COII, Morrow et al., 2000; B. oleae, 3.83% in ND1, Nardi et al.,2005). A relative 

reduction in variability of a number of mtDNA genes (COI, II, AT-rich region, ND4, 

5) was detected, compared to microsatellites and other Bactrocera species. This is 

consistent with a significantly reduced diversity in mitochondrial DNA reported in D. 

simulans (Ballard et al., 1996; William & Ballard, 2000a). Independent advantageous 

mutations may be one possible reason causing the reduction in mtDNA diversity. A 

reduction in polymorphism may result from genetic hitchhiking of neutral mutations 

in response to selection in another part of the genome (Kaplan et al., 1989). Thus, 

because Drosophila mtDNA does not recombine, the selective fixation of any 

mutation in the mtDNA will lead to the concomitant fixation of all variants in that 

genome (William & Ballard, 2000a). Another potential reason put forward for 

reduced mtDNA diversity in D. simulans was the influence of Wolbachia on 

mitochondrial DNA (Montchamp-Moreau et al., 1991; Rousset & Solignac, 1995; 

James & Ballard, 2000; William & Ballard, 2000b, Schulenburg et al., 2002; Jiggins, 

2003). 

 
Lower levels of sequence variation at both the NADH dehydrogenase subunit 5 (ND5) 

(Rand et al., 1994) and cytochrome b loci (Ballard &  Kreitman, 1994) in Drosophila 

mtDNA was found by comparing multiple individuals’ complete mitochondrial 

genomes within distinct mitochondrial haplotypes of a single species. In this study, I 
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found low mtDNA sequence diversity of B. cacuminata at COI, COII, AT-rich region, 

ND4 and ND5. It is possible that there is a Wolbachia infection in Bactrocera species. 

Investigating the variation in complete mitochondrial genomes enables differentiation 

of evolutionary forces acting at individual loci and whole genomes. To gain a more 

refined understanding of the suite of evolutionary forces acting on the mitochondrial 

genomes of Bactrocera, further work comparing the variation in complete mtDNA to 

that in a nuclear gene would be useful.  

 
An alternate explanation is that the species has experienced a significant bottleneck and 

there has not been sufficient time for new mutations to arise. This explanation however 

is not consistent well the high variation at ND5 

   
5.4.2 Hardy-Weinberg equilibrium at microsatellite loci 

Exact tests on microsatellite data for HWE revealed null alleles appearing in one 

population in each of the Brisbane and Rockhampton regions at one or two of six 

microsatellite loci. Null alleles will typically lead to an underestimation of observed 

heterozygosity and deviations from HWE, as a certain proportion of heterozygotes will 

be scored as homozygous (van Oosterhout et al., 2004). However, null alleles were 

only detected in two of 16 populations, at a few loci. This suggests that null alleles were 

in very low frequencies or that they were identified merely as the result of random 

fluctuations in genotype frequencies.  

 

Deviations from HWE can also be caused by selection, poor scoring or mis-

transcribed data or non-random mating (van Oosterhout et al., 2004). In this data set, 

the deviations from HWE were not consistent across populations at a locus, which 

would be expected if selection was responsible. For each case where deviations from 
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HWE were indicated, the original gels were re-read to ensure that the data were 

correctly scored and transcribed.  

 
Wahlund effect and patchy recruitment are two biological explanations for deviations 

from HWE (Sinnock, 1975). The Wahlund effect, where two non-interbreeding 

cohorts are sampled in the same site, is expected to generate a heterozygote deficiency 

at all loci in a population (Johnson &  Black, 1984) which was not observed in any 

population. In addition, patchy recruitment occurs when a few matings and chance 

oviposition by a few female insects dominate the recruits of the next generation 

(Hughes et al., 1998). Because the sampled individuals come from only a few matings, 

this patchy recruitment will produce random deviations from HWE across loci and 

populations, as was observed in this dataset. According to Bunn & Hughes (1997), 

observed genetic patterns should differ between temporal sampling under the ‘patchy 

recruitment hypothesis’. However, the test of population genetic difference between 

2004 and 2006 in Lamington Park did not show significant variation.  Unfortunately, 

the sampling design of this study did not entail temporal sampling in Rockhampton so 

this idea could not be tested further. Despite this, the ‘patchy recruitment hypothesis’ 

seems unlikely to be affecting patterns of genetic diversity and gene flow in this 

species, because adult flies are likely to be highly mobile within a site, and mixing 

between families would be expected.   

 
5.4.3 Population divergence and  temporal variation in genetic structure of B. 

cacuminata in the Eastern Australia 
 

In this study, microsatellites and ND4 identified low, but significant molecular 

differentiation in B. cacuminata populations sampled from eastern Australia. Highly 

significant genetic variation among populations within regions was detected with both 

the microsatellites and ND4 markers, but the differentiation among regions was either 
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just significant (microsatellites) or non significant (mtDNA) (Table 5.6). This is partly 

consistent with a microsatellite analysis of spatial structuring in a related species, the 

Queensland fruit fly (B. tryoni) in the Eastern Australia (Yu et al., 2001).  In a study on 

B. tryoni sampled from 1994 to 1998 based on six microsatellite loci, Yu et al. (2001) 

found highly significant genetic variation between samples within regions, as I found. 

However, unlike my study, they also found significant variation among regions. 

Comparing microsatellite variability with B. tryoni, the lower levels of variation of B. 

cacuminata could reflect recent population expansions from a very small number of 

founders. 

 
Temporal variation in genetic structure was analysed in three sites in the Brisbane 

region. The result revealed there is neither significant genetic variance between years 

within a sample nor among years. This is consistent with the previous microsatellite 

data of B. tryoni sampling in Queensland, Sydney, Darwin and Alice Springs over a 

five year period (Yu et al., 2001), suggesting stable allele frequencies over time. 

 
5.4.4 Non-equilibrium population structure 

In this study, geographical distance between samples was not significantly associated 

with the level of genetic differentiation among populations based on microsatellites. 

This lack of association over large spatial scales resulted from genetic homogeneity 

of the most distant populations. When distant comparisons were omitted from the 

Mantel analysis, the expected pattern of isolation by distance was detected. This 

result could be interpreted as a reflection of non-equilibrium between mutation, 

genetic drift and gene flow at the largest spatial scale.  

 
If the single-generation dispersal distance is smaller than the species range in a linear 

population at equilibrium, the level of genetic differentiation among populations is 
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expected to increase with geographical distance (Slatkin, 1993). Although B. 

cacuminata does exhibit significant population subdivision over the east coast of 

Australia, most of the significant pairwise tests occurred at spatial scales between 

400km and 2000km. The strict equilibrium interpretation of this pattern is that there is 

single-generation dispersal in B. cacuminata between populations separated by 

distances greater than of 2000km. One possible mechanism by which gene flow may 

occur directly between the Sydney and Tully regions, effectively bypassing the sites 

in the Brisbane and Rockhampton regions, is by dispersal of adult flies. This dispersal 

model would predict that the two nearest Sydney region and Tully region populations, 

Syd and Tul2, should be more similar genetically than Tul2 and the more distant 

Sydney region population, Cab. The pairwise population subdivision estimates do not 

support this prediction as Tul2 is highly significantly different from Syd, whereas it is 

not significant different from the Cab sample (Table 5.7). Therefore, this explanation 

seems unlikely for B. cacuminata populations. 

 
Under a nonequilibrium-based explanation, the pattern of lack of genetic 

differentiation over large distances combined with isolation by distance over 

intermediate spatial scales is the result of historical gene flow. When a panmictic 

population expands its range, and occupies a new habitat which then becomes 

subdivided, several generations must elapse for genetic differences to accrue among 

the newly established populations. The speed of approach to an equilibrium between 

gene flow and genetic drift is dependent upon both the effective population size and 

the probability of migration per generation (Crow & Aoki, 1984). If sufficient time has 

not elapsed since colonization, or if populations are extremely large, populations will 

appear similar genetically while being isolated demographically. It has been 

demonstrated that for highly mobile organisms, it would take a significant period of 
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time for populations to reach equilibrium over the entire distribution, whereas the 

process will occur between neighbouring populations much faster (Chenoweth & 

Hughes, 2003).    

 
Wild tobacco fruit fly (B. cacuminata) has a coastal line distribution which resembles a 

one-dimensional stepping-stone model (Kimura & Weiss, 1964). Unidirectional 

colonization has been thought of as a type of one-dimensional stepping-stone model 

(Austerlitz et al., 1997). With unidirectional colonization, the strongest founder effect 

appeared between the most distant populations (Chenoweth & Hughes 2003). This is 

supported in this study by the lowest FST values between comparisons of the peripheral 

populations, Tul3, and Cab (Table 5.7). This is in contrast to mtDNA data, which 

suggests Tul3 is quite different.  

  
5.4.5 Phylogeography and historical demography 

The phylogeographical pattern exhibited by mtDNA is shallow and star-like, and 

resembles more closely a pattern expected after a historical population expansion 

(Figure5.4). A significant interaction between geographic location and clade 

(significant permutation test) suggested a contiguous range expansion (Clade 1-4) and 

restricted gene flow with IBD (Clade 2-1) (Table 5.11).   

 
Significantly negative neutrality test statistics give support for historical population 

expansions in Clade 2-1 (Figure 5.6, Table 5.12), in the Sydney and Rockhampton 

but not in the Tully regions. Population expansion is also inferred in the Brisbane 

region, although it was supported only by a significant Tajima’s D (Figure 5.7, Table 

5.13). Mismatch analysis indicated that populations in Clade 2-1 expanded roughly 

420,000 years ago. The population in the Sydney region expanded about 420,000 

years ago, more recently in the Rockhampton region roughly 95,200 years ago. The 
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Sydney, Brisbane and Rockhampton regions may have been colonised from tropical 

refugia in the Tully region. The greatest haplotype diversity in the Tully region also 

supports the idea that it may represent the origin of the southern populations. It 

appears that much of the sampled range may have only recently been colonised and 

that the contemporary population structure is one of isolation-by-distance over 

moderate spatial scales (<2000 km). However because colonization has been so 

recent, populations separated by distances of greater than 2000 km, have not yet 

attained gene flow-drift equilibrium. 

 
The historical population expansions of B. cacuminata were consistent with studies of 

other Bactrocera pest species. Studying on Asian populations of B. depressa using two 

nuclear and a mtDNA gene marker (Mun et al., 2003) suggested a recent range 

expansion within Japan and Korea. A history of range expansion and colonization of B. 

oleae into the Mediterranean area with African origin for the species were detected 

using nuclear microsatellites and mtDNA ND1 markers (Nardi et al. 2005). A 

demographic expansion of B. dorsalis was reported in Southeast Asia using 

microsatellites (Aketarawong et al. 2007).  

 
The native range of the host tree, S. mauritianum is Uruguay and Southeastern Brazil 

(Smith, 1991). It has reached Australia and expanded in the last 200 years (Drew 1989), 

whereas the genetic data suggests a much older expansion of B. cacuminata. So, 

although it is tempting to think that the spread of the host plant led to population range 

expansion of the fly, the expansion of the fly must be due to other factors. 

 
The identification of the geographical origin of a species is crucial for investigating 

the ecological and evolutionary relationships between the species, its host and any 

natural enemies (Nardi et al. 2005, and references there in). However, I was unable to 
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conclude that the Tully region was the original source of B. cacuminata in Australia 

as only three populations were sampled in Tully region and the most northerly 

fragment of the species range in the east coast of Australia was not sampled in this 

study.  It remains unknown whether other models of population structure would be 

more appropriate over the entire species range. To determine the species origin in 

Australia, more populations in Tully region and between Cooktown and Cape York 

are required.  
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Chapter 6 General Conclusions and Further Works 

 

 

6.1 General conclusions 

The initial aim of this project was to examine the behavioural strategies of Bactrocera 

in the wild using molecular techniques. Using a model species of Bactrocera, B. 

cacuminata, studied across four regions (Tully, Rockhampton, Brisbane and Sydney 

area) in east coast of Australia, I examined the levels of polyandry, sperm selection and 

utilization, larval kinship and development in a fruit, and population genetic structure 

and historical expansion. 

 
Microsatellites and mtDNA gene markers have long been proved as effective methods 

to explore insect multiple mating and sperm displacement patterns (Bonizzoni et al., 

2002; Bundgaard et al. 2004; Imhof et al.,1998; Good et al., 2006; Schlötterer et al., 

2005) and dispersal behaviour through analysis of  population genetic structure (Avise, 

1994; rewiewed in Gasperi et al., 2002; Gibbs et al., 1998; Hughes et al., 2000; Rank, 

1992; Wishart et al., 2001; Yu et al.,2001). This study contributes further evidence that 

the technique is a powerful approach for revealing mating and oviposition behaviour, 

genetic structure and population history of B. cacuminata. 

 
In this project, methods were developed for analysis of six polymorphic microsatellite 

loci and mtDNA gene. Microsatellite allele number varied between four and nine; the 

expected heterozygosity ranged between 0.50 and 0.75. No significant deviations from 

Hardy–Weinberg equilibrium or linkage disequilibrium were found. Further cross-

species tests indicated that all the microsatellites produced expected size in B. papayae 

and two of them in B. tryoni, B. cucumis, B.cucurbitae, B.tau. The ND4 marker 

comprised 668 characters including 22 (3.3%) that were variable and 17 (2.5%) that 

were parsimony informative (18% in the 1st codon position, 82% in 3rd ). The fragment 
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was free of ambiguities, stop codons and indels. A reduction in variability, compared 

to microsatellites, was found on ND4 and a number of mtDNA genes in B. cacuminata. 

 
Female B. cacuminata was hypothesized matting only once and offspring have the 

same father. In this study, multiple mating of female B. cacuminata was detected using 

seven polymorphic microsatellites in a Brisbane field population. There are 77.3% and 

22.7% of females producing offspring sired by one and at least two males, respectively. 

The average number of mates per females was between 1.23 and 1.72.  Paternal 

contributions of double-sired broods were skewed with the most successful male 

having sired between 76.9% and 87.5% of the offspring. The power of the paternity 

analysis showed that one and two sires were detected in 100% and 96.4% of 

simulations, respectively. The detection of multiple mating of B. cacuminata in the 

wild contrast to observations in laboratory reared populations that mostly mate only 

once (Myers, 1952; Barton-Browne, 1956), but it is consistent with those reported for 

the B. oleae (Zouros & Krimbas, 1970) using allozymes, in which up to 17% of wild 

females had at least two fathers siring their offspring. So, polyandry seems to be a 

common occurrence in wild Bactrocera species.  

 
The successfully developing flies per fruit varied between 1 and 7, with a percentage 

of fruits producing flies ranging between 20.8% and 1.0%. The fruits have an average 

of 1.50 flies (± 1.67 SE) emerging per fruit or 1.54 flies per gram of fruit. Kinship 

analysis reveals that a higher proportion of flies within fruits were kin (half-, full-sibs) 

than were unrelated. Most fruits studied (97.5%) were found with kin dyads. There is 

between one and two maternal parents for flies within fruits. This is in contrast to the 

hypothesis that the offspring emerging from a fruit would be members of the same 

family. The proportion of fruits with one mother is higher than with two mothers. A 
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single female mothered most flies within fruits, and a second female mothered a 

smaller number. On the basis of the seven microsatellite loci, the confidence of 

discrimination  between unrelateds and full sibs was about 83% at cut-off values of rxy 

= 0.245.  

 
In the analysis of genetic structure in the Queensland fruit fly (B. tryoni) in the Eastern 

Australia (Yu et al. 2001), there was low, but significant genetic structure in eastern 

Australia. Highly significant genetic variation was also detected among populations 

within regions. A significant genetic variance among regions is consistence with the 

hypothesis of this study, but significant genetic differentiation among populations 

within regions was not expected. 

 
A mantel test indicated no significant relationship between population genetic distance 

and geographic distance based on microsatellites. This is in contrast the hypothesis that 

there would be an overall pattern of IBD in eastern Queensland. However, when 

geographic distances among populations are shorter than 2000km, a significant 

relationship between population genetic distance and geographic distance was detected. 

The level of genetic differentiation among them can be explained by isolation by 

distance. This may be explained by a non-equilibrium population structure existing in 

eastern Australia.  

 
Tests for temporal variation in genetic structure analysed in three sites in the Brisbane 

region indicated there is neither significant genetic variance between years within a 

sample nor among years. This is also consistent with the previous microsatellite data of 

B. tryoni sampling in Queensland, Sydney, Darwin and Alice Springs over a five year 

period (Yu et al., 2001), in which allele frequencies were stable over time.  
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There was evidence of historical population expansions of B. cacuminata in eastern 

Australia, except in the Tylly region. The time since expansion of Sydney and 

Rockhampton regions is approximately 420,000 and 95,200 years ago, respectively. It 

seems that the Tully area may be the origin of B. cacuminata, although the most 

northerly fragment of the species range in the east coast of Australia was not sampled 

in this study. Bactrocera cacuminata in Sydney, Brisbane and Rockhampton regions 

may have been colonised naturally from tropical refugia in the Tully region. 

 
Overall, genetic data from this project provided compelling evidence in wild B. 

cacuminata for polyandry and sperm skew utility, up to two paternal parents for flies 

emerging from individual fruits.  There was significant genetic structure among 

populations within regions. Historical population expansions occurred 420,000 to 

95,200 years ago. The Tully region seems an origin of B. cacuminata in Australia.  

 
6.2 Further research 

Using seven medium polymorphic microsatellites loci, the highest probability to detect 

three or more males siring offspring of a female B. cacuminata was only 38.4%. This 

suggested that triple or more sires were unlikely to be detected. It was less feasible to 

discriminate dyad relatedness within kin (full- and half-sibs) and between unrelateds 

and full sibs at 70% confidence in a fruit. So, relatedness between many individuals in 

a fruit was unclear. In the future, parallel studies that develop more polymorphic 

microsatellites to explore genetic composition of groups of flies in families/fruits may 

be necessary to understand fully the level of multiple matings of females and 

oviposition strategies in the wild. 

 

Historical population expansions were found in eastern Australia except at Tully. 

However, from my data the Tully region cannot be confirmed as the unique origin of B. 
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cacuminata in Australia as the most northerly past of the species range in northern 

Queensland was not sampled in this study.  An identification of the geographical origin 

of a species is crucial for investigating the ecological and evolutionary relationships 

between the species, its host and any potenitial natural enemies (Nardi et al. 2005, and 

references there in). In the future, more populations between Cooktown and Cape York 

should be sampled.  
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Appendix I: 22 variable sites in 668bp of ND4 gene for B. cacuminata. 
[       1 1 1 1 2 3 4 4 4 5 5 5 6 6 6 6] 
[ 1 2 4 5 7 8 0 3 7 9 0 1 1 5 6 0 8 9 0 2 2 4] 
[ 5 6 8 3 1 3 5 4 9 0 2 3 7 4 2 2 0 7 9 3 6 8] 
                       
Tul1 1 A G T A A G G A T A T A T A A C A A T C G G 
Tul1 2 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 3 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 4 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 5 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 6 . . C . . . A . . . . . . . G . . . . . . A 
Tul1 7 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 8 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 9 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 10 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 11 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 12 . . . . . . . . . . . G . . . . . . . . . . 
Tul1 13 . . . . . . . . . . . . . . . . . . . . . . 
Tul1 14 . . . . . . . . . . . . . . . . . . . . . . 
Tul2 1 . . . . . . . . . . . . . . . . . . . . . . 
Tul2 2 . . . . . A . . . . . . . . . . . . . . . . 
Tul2 3 . . . . . . . . . . . . . . . . . . . . . . 
Tul2 4 . . . . . . . . . G . . . . G . . . . . . . 
Tul2 5 . . . . . . . . . . . . . . . . . . . . . . 
Tul2 6 . . . . . . . . . . . G . . . . . . . . . . 
Tul2 7 . . . . . . . . . . . . . . . . . . . . . . 
Tul2 8 . . . . . . . . . . . . . . . . . . . A . . 
Tul2 9 . . . . . . . . . . . . . . . . . . . . . . 
Tul2 10 . . . . . . . . . . . . . . . . . . . . . . 
Tul2 11 . . . . . . . . . . C . . . . . . . . . . . 
Tul2 12 . . . . . . . . . . . . . . . . . . . . . . 
Tul2 13 . . . . . . . . . . . . . . . . . . . . . . 
Tul2 14 . . C . . . A . . . . . . . G . . . C . . A 
Tul2 15 . . . . G . . . . . . . . . . . . . . . . . 
Tul3 1 . . . . . . . . . . . . . . . . . . . . . . 
Tul3 2 . . . . . . . . . . . . . . . . . . . . . . 
Tul3 3 . . . . . . . . . . . G . . . . . . . . . . 
Tul3 4 . . . . . . . . . . . . . . . . . . . . . . 
Tul3 5 . . . . . . . . . . . . . . . . . . . . . . 
Tul3 5 . . . . . . . . . . . . . . . . . . . . . . 
Tul3 7 . . . . . A . . . . . . . . . . . . . . . . 
Tul3 8 . . . . . . . . . . . . . . . . . . . . . . 
Tul3 9 . . . . . . . . . G . . . . G . . . . . . . 
Tul3 10 . . . . . . . . . . . . . . . . . . . . . . 
Gyp 1 . . . . . . . . . . . . . . . . . . . . . . 
Gyp2 . . . . . . . . . . . . . . . . . . . . . . 
Gyp 3 . . . . . . . . . . . . . . . . . . . . . . 
Gyp 4 . . . . . . . . . . . . . . . . . . . . . . 
Gyp 5 . . . . . . . . . . . . . . . . . . . . . . 
Gyp 6 . . . . . . . . . . . G . . . . . . . . . . 
Gyp 7 . . . . . . . . . . . . . . . . . . . . . . 
Gyp 8 . . . . . . . . . . . . . . . . . . . . . . 
Gyp 9 . . . . . . . . . . . G . . . . . . . . . . 
Gin2 1 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 2 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 3 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 4 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 5 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 6 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 7 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 8 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 9 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 10 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 11 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 12 . . . . . . . . . . . G . . . . . . . . . . 
Gin2 13 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 14 . . . . . . . . . . . . . . . . . . . . . . 
Gin2 15 . . . . . . . . . . . . . . . . . . . . . . 
Rob3 1 . . . . . . . . C . . . . . . . . . . . . . 
Roh3 2 . . . . . . . . . . . . . . . . . . . . . . 
Roh3 3 . . . . . . . . . . . . . . . . . . . . . . 
Roh3 4 . . . . . . . . . . . . . . . . . . . . . . 
Roh3 5 . . C . . . A . . . . . . . G . . . . . . A 
Roh3 6 . . . . . . . . . . . . . . . . . . . . . . 
Roh3 7 . . . . . . . . . . . . . . . . . . . . . . 
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Roh3 8 . . . . . . . . . . . . . . . . . . . . . . 
Roh3 9 . . . . . . . . . . . . . . . . . . . . . . 
Roh3 10 . . . . . . . . . . . . . . . . . . . . . . 
Roh3 11 . . . . . . . . . . . . . . . . . . . . . . 
Roh3 12 . . . . . . . . . . . . . . . . . . . . . . 
Roh3 13 . . . . . . . . . . . G . . . . . . . . . . 
Bub1 1 . . . . . . . . . . . . . . . . . . . . . . 
Bub1 2 . . . . . . . . . . . . . . . . . . . . . . 
Bub1 3 . A . . . . . . . . . . . . . . . . . . . . 
Bub1 4 . . . . . . . . . . . . . . . . . . . . . . 
Bub1 5 . . . . . . . . . . . . . . . . . . . . . . 
Bub1 6 . . . . . . . . . . . . . . . . . . . . . . 
Bub1 7 . . . . . . . . . . . . . . . . . . . . . . 
Bs4 1 . . . . . . . . . . . . . . . . . . . . . . 
Bs4 2 . . . . . . . . . . . . . . . . . . . . . . 
Bs4 3 . . . . . . . . . . . . . . . . . . . . . . 
Bs4 4 . . . . . . . . . . . . . . . . . . . . . . 
Bs4 5 . . . . . . . . . . . . . . . . . . . . . . 
Bs4 6 . . . . . . . . . . . . . . . . . . . . . . 
Bs4 7 . . . . . . . . . . . . . G . . . . . . . . 
Bs4 8 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 1 . .. . . . . . . . . . . . . . . . . . . . . 
Lam1 2 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 3 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 4 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 5 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 6 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 7 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 8 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 9 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 10 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 11 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 12 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 13 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 14 . . . . . . . . . . . . . . . . . . . . . . 
Lam1 15 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 1 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 2 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 3 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 4 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 5 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 6 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 7 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 8 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 9 . . C . . . A . . . . . . . G . . . C . . A 
Arl1 10 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 11 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 12 . . . . . . . . . . . . . . . . . . .. . . . 
Arl1 13 . . . . . . . . . . . . C . . . . . . . . . 
Arl1 14 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 15 . . . . . . . . . . . . . . . . . . . . . . 
Arl1 16 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 1 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 2 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 3 . . C c . . A . . . . . . . G . . . C . T . 
Syd1 4 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 5 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 6 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 7 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 8 . . . . . . . . . . . . . . . A C T . . . . 
Syd1 9 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 10 G . . . . . . . . . . . . . . . . . . . . . 
Syd1 11 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 12 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 13 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 14 . . . . . . . . . . . . . . . . . . . . . . 
Syd1 15 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 1 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 2 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 3 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 4 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 5 . . . . . . . . . . . C . . . . . . . . . . 
Cam1 6 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 7 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 8 . . . . . . . . . . . . . . . . . . . . . . 
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Cam1 9 . . . . . . . . . . . G . . . . . . . . . . 
Cam1 10 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 11 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 12 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 13 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 14 . . . . . . . . . . . . . . . . . . . . . . 
Cam1 15 . . . . . . . . . . . . . . . . . . . . . . 
Cab 1 1 . . . . . . . . . . . . . . . . . . . . . . 
Cab 1 2 . . . . . . . . . . . . . . . . . . . . . . 
Cab 1 3 . . . . . . . . . . . . . . . . . . . . . . 
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Appendix II: Site locations and ND4 mtDNA haplotypes present at each site.  
 
Site ID 
 

Sample 
size 

Haplotypes 
and frequency 

Location Latitude/longitude Collector  
and date 

Syd 15 1-12, 5-1,6-1,8-1  Sydney S33°57'/E151°06' T Tong, 2004 
Cam 15 1-13,13-1,14-1 Camden S34°06'/E150°45' J Chen, 2004 
Cab 3 1-2, 4-1 Canberra S35°18'15.8''/E149°5.6' L Guo, 2005 
Bs2 8 1-7, 9-1 Upper Mt Gravatt S27°32'59.95''/E153°4.2' This study, 2003 
Lam 15 1-15 Lamington Park S28°13.5'/E153°7.5' This study, 2003 
Arl1 16 1-14,9-1,11-1,15-1 Aratula 1  S27°58'/ E152°17' This study, 2003 
Gin2 15 1-14, 14-1 Gin Gin 2 S23°57.4'/ E151°9.6' This study, 2004 
Bud 7 1-7, 16-1 Bundaberg S24°38.607'/E152°3.71' This study, 2004 
Roh 13 1-11, 9-1, 10-1, 14-1, 17-1 Rockhampton S23°18.77'/E150°30.97' This study, 2004 
Tul1 14 1-10, 9-4, 14-1 Tully 1 S17°49.67'/ E145°42.5' R Piper, 2003 
Tul2 15 1-10, 2-1, 3-1, 7-1, 9-1,11-1, 14-1 Tully 2 S 18°56'/E146°18' R Piper, 2004 
Tul3 9 1-1, 12-7,14-2 Tully 3 S 17°2'/E145°44' R Piper, 2004 
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Appendix III: Frequency data of six microsatellite loci in B. cacuminata populations 
Locus: Bcac2.6 
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                 Appendix III: Frequency data of six microsatellite loci in B. cacuminata populations 
             Locus: Bcac5.10 
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Polymorphic microsatellite DNA markers in 

 

Bactrocera 
cacuminata

 

 (Hering) (Diptera: Tephritidae)
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Abstract

 

Bactrocera cacuminata

 

 (Hering) is a nonpest member of the 

 

Bactrocera dorsalis

 

 complex
offering a platform to check hypotheses extrapolated from the more studied pest species.
Six polymorphic microsatellite loci were isolated from enriched genomic libraries
constructed using a biotin/streptavidin capture protocol. Allele number varied between
three and nine; the expected heterozygosity ranged between 0.29 and 0.81. No significant
deviations from Hardy–Weinberg equilibrium or linkage disequilibrium were found.
These microsatellite markers have potential to be used to examine population structure and
mating systems in this tropical fruit fly.
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Due to their wide distributions, broad larval host range
and substantial economic impacts, tropical fruit flies
(Tephritidae: Dacinae) have become a significant threat
to agricultural resources throughout much of Asia and
Australia (Kinnear 

 

et al

 

. 1998). Within this subfamily, the
wild tobacco fly, 

 

Bactrocera cacuminata

 

 (Hering), is relatively
unusual. The species is native to Australia and has a wide
distribution in eastern Australia, predominantly utilizing a
single introduced host, 

 

Solanum mauritianum

 

 Scopoli (wild
tobacco) (Drew 1989). 

 

B. cacuminata

 

 is a nonpest member of
the 

 

B. dorsalis

 

 complex, a group of tropical fruit flies that
includes eight species of major economic significance
(Drew & Hancock 1994). We wish to use genetic markers to
compare dispersal and population structure of this species
with that of major pest species in the group.

In the last decade, microsatellites have been used for
analysis of the ecology and the evolution of a number of species
of tropical fruit flies. For example, the population structure
and mating systems of 

 

B. tryoni

 

 (Kinnear 

 

et al

 

. 1998), 

 

Ceratitis
capitata

 

 (Bonizzoni 

 

et al

 

. 2002), 

 

C. rosa

 

 Karsch and 

 

C. fasciventris

 

Bezzi (Baliraine 

 

et al

 

. 2004) have been investigated using
microsatellites. In this study, we report the primer sequences
and amplification conditions for six novel microsatellite loci
in 

 

B. cacuminata

 

 and provide data on allelic variation at
these loci in four geographically distinct populations of

 

B. cacuminata

 

 in order to assess their ability as genetic
markers.

An enrichment method modified from FIASCO (Zane

 

et al

 

. 2002) for establishing microsatellite-rich genomic
libraries was used. Genomic DNA was extracted from six
pooled 

 

B. cacuminata

 

 from Brisbane (27

 

°

 

32

 

′

 

S/153

 

°

 

05

 

′

 

E) and
Tully (North Queensland, 17

 

°

 

39

 

′

 

S/145

 

°

 

32

 

′

 

E), respectively,
using the phenol–chloroform procedure described in
Han & McPheron (1997). DNA fragments of 200–800 bp
in length were ligated to MseI adaptor molecules after
MseI (New England BioLabs) digestion and 1% agarose
gel electrophoresis. Ligation product was denatured and
hybridized to biotinylated di- (GT)

 

12

 

 and trinucleotide (GCA)

 

12

 

and (GTT)

 

12

 

 oligonucleotides. Enrichment of DNA was
recovered by polymerase chain reaction (PCR) using the
MseN primer. The product was ligated into the pGEM-T
Easy plasmid (Promega) and plasmids were cloned
into 

 

Escherichia coli

 

 JM109 competent cells (Promega).
Recombinant clones were screened for inserts by arraying
on to replica plates, colony blotting and hybridization to

 

32

 

P-labelled oligonucleotides. Positive colonies were sequenced
using BigDye (version 3.1, Applied Biosystems) chemistry
with M13 forward and reverse primers on an ABI 377 DNA
autosequencer.

Primers were designed using the web-based software
package 

 

oligo calculat

 

 (http://row.sigma-genosys.eu.com)
and optimized using DNA from eight flies. The variation
of the microsatellite loci was further investigated at a larger
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scale using 30 flies trapped from each of four geo-
graphically distant populations of eastern Australia:
Brisbane (27

 

°

 

32

 

′

 

S/153

 

°

 

05

 

′

 

E), Sydney (33

 

°

 

57

 

′

 

S/151

 

°

 

06

 

′

 

E),
Tully (17

 

°

 

39

 

′

 

S/145

 

°

 

32

 

′

 

E) and Rockhampton (23

 

°

 

19

 

′

 

S/
150

 

°

 

31

 

′

 

E); totalling 120 flies. Genomic DNA was extracted
from the head of each fly. PCR amplification was carried
out using ABI GeneAmp system 2700 (AB Biosystems) in
10 

 

µ

 

L final reaction volumes containing 10 ng of DNA
extract, 10 m

 

m

 

 Tris-HCl (pH 9), 50 m

 

m

 

 KCl, 200 

 

µ

 

m

 

 of
each dNTP, 2.0 m

 

m

 

 MgCl

 

2

 

, 0.4 

 

µ

 

m

 

 of each primer and
0.5 U of 

 

Tag

 

 polymerase (BioTech). PCR conditions
were 3 min denaturation at 94 

 

°

 

C, followed by 40 cycles
of 30 s at 94 

 

°

 

C, 30 s at locus specific 

 

T

 

a

 

 and 45 s at 72 

 

°

 

C,
ending with one cycle at 72 

 

°

 

C for 7 min. The products
were visualized on a laser-based electrophoresis instru-
ment, the GelScan 2000 Real-Time Gel System (Corbett
Research) using forward primers labelled with fluorescent
dye 5-HEX (GeneWorks). Alleles were sized relative
to an internal size standard (TAMRA GS 350, Applied
Biosystems) and analysed with ONE-Dscan Gel Analysis
2.03 (Scanalytics, Inc.). Characteristics of the polymorphic

loci were calculated using 

 

genepop

 

 (Raymond & Rousset

 

et al.

 

 1995).
In all, 125 clones identified as positive (43% of clones)

were sequenced, 75 of which had microsatellite sequences
with more than six perfect repeat units. In 28 clones,
microsatellite sequences were too close to the linker for
primer design and 21 clones were found to be identical.
Primers were designed for 65 sequences of which 41 showed
successful amplification. A total of six polymorphical
loci were found, a further 24 were monomorphic and
11 produced nonspecific amplicons. Summary data for the
six characterized polymorphic loci are presented in Table 1.
Allele numbers vary between three and nine with gene
diversities ranging from 0.29 to 0.81. There was no significant
departure from the Hardy–Weinberg or linkage equilibrium
expectations (

 

P

 

 > 0.05, Fisher’s exact test). These markers
will be useful for studying the genetic structure of popu-
lations from different areas and the mating patterns of
this species.

The primers were cross-species amplified on DNA from
five additional pest species of the genus 

 

Bactrocera

 

: 

 

B. tryoni

 

(Froggatt); 

 

B. cucumis

 

 (French), 

 

B. cucurbitae

 

 (Coquillett),

 

B. papayae

 

 Drew & Hancock and 

 

B. tau

 

 (Walker) using the
conditions detailed for 

 

B. cacuminata

 

. The results, summarized
in Table 2, highlight the possibility of some of these being
applicable to other tropical fruit flies. Initially, we had also
performed trials on a range of primer pairs developed from
two species, 

 

B. tryoni

 

 (Froggatt) (Kinnear 

 

et al

 

. 1998) and

 

B. dorsalis

 

 Hendel (Dai 

 

et al

 

. 2004), on 58 flies of 

 

B. cacuminata

 

from Brisbane (27

 

°

 

32

 

′

 

S/153

 

°

 

05

 

′

 

E) and Tully (17

 

°

 

39

 

′

 

S/145

 

°

 

32

 

′

 

E).
However, although nine of the 18 primer pairs in the trial
produced amplicons, three were totally monomorphic, five
had only two alleles and one had only three alleles. There-
fore, although we have shown some cross-amplification for
our primer pairs, further screening would be required to
determine whether there is sufficient variation to make
them useful in these other species.

Table 1 Primer and microsatellite sequences for seven microsatellite loci isolated from B. cacuminata. Ta, annealing temperature;
N, number of alleles; HO, observed heterozygosity; HE, expected heterozygosity; P, P value of Hardy–Weinberg equilibrium test
 

Locus/GeneBank Accession no. Repeat sequence Primer sequences (5′−3′) Size Ta N HO HE P

Bcac2.6/DQ023215 (CA)8 F: ATCATTGATCATTCGCTCTG 88 60 8 0.73 0.63 0.710
R: AGCAACCTGAATGCTGCGCT

Bcac5.10/DQ023216 (CGT)7 F: TTGCCAATCGTTGTCGTCG 112 48 7 0.23 0.29 0.096
R: TGACGCTGCTGACGATAC

Bcac5.12/DQ023217 (CAA)7 F: CACCCAATCCCAATCAACAGCGT 114 52 6 0.44 0.49 0.543
R: TGGATGCGGTGTGGATGTAGCT

Bcac6.12/DQ023218 (CA)10 F: GCTCTCTCTGAAAGCTGCCA 114 55 9 0.74 0.68 0.312
R: CATCATAATTCTCGCGGCAC

Bcac7.16/DQ023219 (CTG)6 F: CTGACGATACTCACCCACATTCG 110 45 3 0.52 0.50 0.260
R: TGCCACAACAGAAAGCCGC

Bcac12.8/DQ023220 (CA)10 F: TAATGAATGGCTAACGTTGC 112 55 8 0.76 0.81 0.101
R: CAAAGTGCAGACGAAATGG

Table 2 Results of testing the B. cacuminata primers on other
Bactrocera species
 

Locus B. tryoni B. cucumis B. cucurbitae B. papayae B. tau

Bcac2.6 ++ >++ ++ ++ =
Bcac5.10 <++ ++ ++ ++ ++
Bcac5.12 ++ ++ ++ ++ ++
Bcac6.12 + – – ++ +
Bcac7.16 + – – + –
Bcac12.8 + – – ++ –

++, strong band present at expected size; +, weak band present 
at expected size; =, several bands; <, band smaller than expected; 
>, band larger than expected; –, no band present.
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Multiple paternity in a natural population of a wild tobacco 
fly, 

 

Bactrocera cacuminata

 

 (Diptera: Tephritidae), assessed 
by microsatellite DNA markers
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Abstract

Mating frequency has important implications for patterns of sexual selection and sexual
conflict and hence for issues such as speciation and the maintenance of genetic diversity.
Knowledge of natural mating patterns can also lead to more effective control of pest
tephritid species, in which suppression programmes, such as the sterile insect technique
(SIT) are employed. Multiple mating by females may compromise the success of SIT. We
investigated the level of polyandry and sperm utilization in a Brisbane field population of
the tropical fruit fly, 

 

Bactrocera cacuminata

 

 (Hering), using seven polymorphic microsat-
ellite loci. The offspring of 22 wild-caught gravid females were genotyped to determine the
number of males siring each brood and paternity skew, using the programs 

 

gerud 

 

and

 

scare

 

. Our data showed that 22.7% of females produced offspring sired by at least two
males. The mean number of mates per female was 1.72. Paternal contributions of double-sired
broods were skewed with the most successful male having sired between 76.9% and 87.5%
of the offspring. These results have implications for SIT, because the level of remating we
have identified would indicate that wild females could mate with one or more resident
fertile males.
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Introduction

 

Investigating the mating system of species with a cryptic
lifestyle has been an active area of research in recent
decades. Molecular methods, such as allozymes (Zouros
& Krimbas 1970; Ochando 

 

et al

 

. 1996), and more recently
microsatellites, allow insights into areas of reproduc-
tive dynamics that have been unattainable previously.
Findings from recent studies of mating systems using
genetic techniques have contrasted significantly with prior
hypotheses regarding mating behaviour and reproductive
output. For example, about 60% of bird species were
shown to be polyandrous using microsatellites (Petrie 

 

et al

 

.
1998), whereas previously more than 90% were believed to
be monogamous (Birkhead 

 

et al

 

. 1987). High-resolution
genetic markers can provide detailed information about
mating systems such as how many and which males are

siring offspring; whether or not females mate with the
same males consistently; whether certain males dominate
breeding; the breeding range of territorial males; and the
extent of inbreeding in populations. Such information
defines the reproductive dynamics of local populations
providing a much needed link between population genetics
and ecology (Sugg 

 

et al

 

. 1996).
The evolution of mating systems is a central topic in

behavioural ecology (Alcock 2001). The female’s mating
frequency in wild populations has implications for the
effective population size, rate of gene flow, genetic structure
of the population (Zouros & Loukas 1989) and maintenance
of genetic variation (Zeh 

 

et al

 

. 1997). Detecting the mating
rates in the wild can confirm observations of mating
behaviour under laboratory conditions (e.g. Bretman &
Tregenza 2005).

An increased understanding of insect mating systems
could also lead to more effective control of pest species
(Prokopy 1980). The monogamous or polygamous habits
of females are of importance in pest species such as
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tephritid fruit flies. The sterile insect technique (SIT), a
widely employed pest-fruit-fly suppression programme in
practice, is dependent on female mating. The success of an
SIT program relies on the assumption that females of the
pest insect controlled are monogamous (Zouros 1969).
Female remating may reduce effectiveness of the SIT
especially where sterile males are released only one or a
few times during the breeding season (Robinson 

 

et al

 

. 2002;
Kraaijeveld & Chapman 2004).

Female remating has been described for a wide range of
insect species. Multiple mating in females provides the
opportunity for postcopulatory sexual selection by sperm
competition, which prevent each other’s sperm from
fertilizing eggs in the form of sperm displacement, incapaci-
tation or other competitive mechanism (Simmons 2001).
Sperm displacement which describes the observation that
later males father more offspring has been found to be
widespread in many 

 

Drosophila

 

 species (reviewed by Singh

 

et al

 

. 2002) and several tephritid species (Ito & Yamagishi
1989; Saul & McCombs 1993).

Due to their cosmopolitan distributions, broad larval
host plant range and substantial economic impacts, many
species of true fruit flies (Diptera:Tephritidae:Dacinae) in
the genus 

 

Bactrocera

 

 are of particular concern throughout
much of Asia and Australia, where they constitute a
significant threat to agricultural resources (Drew 1989).
Within this genus, the wild tobacco fly, 

 

Bactrocera cacuminata

 

(Hering) is relatively unusual. It is a native and non-pest
species, widespread in eastern Australia (Drew 1989).

The wild tobacco fly is an ideal model species for studies
of pest 

 

Bactrocera

 

 flies (Raghu 2002). 

 

B. cacuminata

 

 (Hering)
is primarily monophagous on the wild tobacco plant,

 

Solanum mauritianum

 

 Scopoli (Drew 1989). This makes the
fly relatively immune to the complexities posed by studies
on polyphagous species with their associated spatial and
temporal patterns of host use. The species is a non-pest
member of the 

 

B. dorsalis

 

 complex, a group of fruit flies that
includes eight species of major economic significance (Drew
& Hancock 1994). Several aspects of 

 

B. cacuminata

 

 biology
and ecology have been investigated, including the repro-
ductive system (Raghu 

 

et al

 

. 2003), patterns of resource use
(Raghu 

 

et al

 

. 2002; Raghu & Clarke 2003a; Raghu & Clarke
2003b; Raghu & Lawson 2003) and visual and chemical
response stimuli (Krohn 

 

et al

 

. 1991; Osborne 1998; Meats &
Osborne 2000; Drew 

 

et al

 

. 2003). However, there is little
known about the mating behaviour of 

 

B. cacuminata

 

 (Myers
1952; Raghu & Clarke 2003a), especially mating success,
including the level of polyandry, sperm utilization and
sperm selection.

Although some species of 

 

Bactrocera

 

 have been observed
mating repeatedly under laboratory or field cage conditions
(e.g. 

 

B. oleae

 

 (Gmelin), Hagen 

 

et al

 

. (1963), Tzanakakis 

 

et al

 

.
(1968); 

 

B. tryoni

 

 (Froggatt), Barton-Browne (1956), Fay &
Meats (1983), Harmer 

 

et al

 

. (2006); 

 

B. dorsalis

 

 (Hendel), Shelly

(2000); 

 

B. cucurbitae

 

 (Coquillett), Ito & Yamagishi (1989);

 

B. carambolae

 

 Drew & Hancock, Wee & Tan (2000); 

 

B. papayae

 

Drew & Hancock, Wee & Tan (2000)), there is very little
known about mating strategies in wild populations. When
mating of 

 

Bactrocera

 

 flies occurs in nature it often involves
groups of males and females which are difficult to differentiate.
Consequently, when copulation is observed, there is no
opportunity to identify if more than one male is involved
with a single female. Therefore, field studies on mating behav-
iour provide limited data on these variables (Fleischer 1996).

Using DNA makers, multiple paternity has been proven
as a mating strategy in field populations of a variety of
insect species. Examples include five bumble bee species,

 

Bombus terrestris

 

, 

 

B. lucorum

 

, 

 

B. lapidaries

 

, 

 

B. pratorum

 

 and 

 

B.
hypnorum

 

 (Estoup 

 

et al

 

. 1995); two ant species, 

 

Myrmica’near
tahoensis’

 

 (Evans 1993) and 

 

Leptothorax acervorum

 

 (Hammond

 

et al

 

. 2001); a damselfly, 

 

Ischnura elegans

 

 (Cooper 

 

et al

 

. 1996);
a cricket, 

 

Gryllus binaculatus

 

 (Bretman & Tregenza 2005);
several 

 

Drosophila

 

 species, such as 

 

D. melanogaster, D. buzzatii,
D. simulans 

 

and

 

 D. mojavensis

 

 (Harahman & Clark 1998;
Imhof 

 

et al

 

. 1998; Jones & Clark 2003; Bundgaard 

 

et al

 

. 2004;
Schlötterer 

 

et al

 

. 2005; Good 

 

et al

 

. 2006); and the Mediterra-
nean fruit fly, 

 

Ceratitis capitata

 

 (Wiedmann) (Bonizzoni 

 

et al

 

.
2002). Only one such study has detected successful multiple
paternity in a 

 

Bactrocera

 

 species. In 

 

B. oleae

 

, the olive fruit
fly, multiple paternity was recorded in a wild population
(Zouros & Krimbas 1970). This study used the genetic
polymorphism at two allozyme loci as markers. Direct
evidence regarding mating frequency of females in wild
populations is limited and inconclusive in 

 

Bactrocera

 

species. More recently, Song 

 

et al

 

. (2006) reported six poly-
morphic microsatellite makers in 

 

B. cacuminata

 

, making it
feasible to apply these to examine the mating system in this
species. In this study, we genotype offspring of 22
wild-caught gravid females from Upper Mount Gravatt,
Brisbane, Australia, using seven polymorphic microsatellite
loci. We measured the minimum proportion of females
mating multiply, the number of fathers contributing to a
family of offspring and the number of offspring sired by
each father. We also estimated the mean number of mates
per female and the degree of sperm displacement.

 

Materials and methods

 

Field collection and samples

 

The study species, 

 

Bactrocera cacuminata

 

 (Hering) is distributed
throughout the coastal region of eastern Australia, from
Cape York in the north to east Queensland in the south. For
this study, females were collected from a single site in
southeast Queensland. Wild females of 

 

B. cacuminata

 

 were
collected from 10 to 17 February and 1 to 5 March 2005
from Upper Mount Gravatt, Brisbane, southeastern Australia
(27

 

°

 

33

 

′

 

S/153

 

°

 

04

 

′

 

E). Sampling occurred when densities
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were highest, as it has been suggested that this is the best
time to identify multiple mating (Bonizzoni 

 

et al

 

. 2002). A
total 47 females were netted from around host plants.
Females were acclimatized for seven days in a cage and
provided with water, sugar and protein. Live females then
were transferred to individual cages, each containing food
and oviposition devices (hollow apple skin). Eggs were
then collected from each ovipositing female and transferred
to an artificial diet and raised to adulthood. Individual
females (after oviposition had ceased) and their progeny
were frozen immediately at –80 

 

°

 

C until subsequent DNA
extraction. Between eight and 112 offspring per female
were recovered from 22 wild females. Up to 30 offspring
per family were randomly chosen for DNA analysis to
assess paternity. An additional 58 flies were caught
at random during February and March 2005 at the same
site, preserved at –80 

 

°

 

C and analysed to determine the
microsatellite allele frequencies of this population.

 

Genetic methods

 

Total genomic DNA was extracted from an adult middle
leg by digestion in 100 

 

µ

 

L of extraction buffer (1% 10X PCR
buffer; 2.5 m

 

m

 

 MgCl

 

2

 

; 0.5% Tween20) with 5 

 

µ

 

L of 20 mg/mL
proteinase K at 60 

 

°

 

C for 45 min and then heated to 95 

 

°

 

C for
45 min in a 96-well plate. Samples were then stored at 4 

 

°

 

C
or –20 

 

°

 

C until needed for further analysis. A volume of
2 

 

µ

 

L of the supernatant was routinely used as the template
for polymerase chain reaction (PCR) amplification.

Microsatellite alleles were amplified by PCR using
primer sets from wild tobacco fly (

 

B. cacuminata

 

) (Song 

 

et al

 

.
2005) and 

 

B. musae

 

 (Tryon) (Drew 

 

et al.,

 

 unpublished). Forward
primers were labelled with fluorescent dye 5-HEX
(GeneWorks). PCR amplification and detection were
conducted using procedures identical to Song 

 

et al

 

. (2005).
Failures of PCR amplification were improved by increasing
10-uL PCR reactions to 50 

 

µ

 

L and by the addition of 1%

dimethyl sulphoxide (DMXO: Sigma). If the reaction still
failed, dilute template DNA (1 

 

µ

 

L) and 2–4 

 

°

 

C lower
annealing temperatures were used.

We initially screened DNA samples for polymorphic
microsatellites using six primer sets from 

 

B. cacuminata

 

 and
five from 

 

B. musae

 

. We selected seven polymorphic loci,
five from 

 

B. cacuminata

 

 (Bcac2.6, Bcac5.10, Bcac5.12,
Bcac6.12, Bcac12.81) and two from 

 

B. musae

 

 (F73, F83d) to
analyse parentage (Table 1). We tested for deviations from
Hardy–Weinberg equilibrium (HWE) and for linkage
disequilibrium between loci with the program 

 

genepop

 

(Raymond & Rousser 1995; web version at http://
genepop.curtin.edu.au/) in an additional 58 flies caught at
Upper Mount Gravatt during February and March 2005.
Standard exclusion probabilities for each locus and for all
loci combined (Table 1) were estimated with the program

 

cervus 

 

2.0 (Marshall 

 

et al

 

. 1998).

 

Data analysis

 

The analysis of genetic data from field-collected gravid
females and offspring was performed using the computer
software 

 

gerud 

 

version 2.0/

 

gerudsim 

 

version 2.0 (Jones
2005) and 

 

scare 

 

(Jones & Clark 2003). 

 

gerud 

 

can be used
to analyse progeny arrays that have a single mother (or a
single father). The programme uses multiple-locus data
simultaneously, determining the minimum number of males
contributing to a progeny array. The program simulates all
possible paternal genotypes and then reconstructs a set of
these genotypes that require the minimum individual males
siring the observed offspring genotypes. In cases where
multiple minimum-father solutions are possible for the sires
in a family, the program lists all paternal genotypic
combinations and ranks the solutions based on relative
probability. We conservatively chose the paternal genotypic
reconstructions when one unique solution was generated
by the program.

Table 1 Characteristics of seven loci used to infer parentage

Locus Allele size (bp) HO HE Exc(1) Exc(2) HWE (P)

Bcac2.6 86,88,90,92,94,96 0.66 0.66 0.24 0.40 0.75
Bcac5.10 105,111,117 0.53 0.55 0.15 0.29 0.77
Bcac5.12 105,108,111,114,117 0.59 0.62 0.21 0.37 0.36
Bcac6.12 120,122,124,126,128,130,132 0.74 0.78 0.39 0.57 0.49
Bcac12.81 120,122,124,126,128,130,132,134 0.72 0.79 0.40 0.57 0.62
F73 104,106,108,110,112,118 0.53 0.47 0.11 0.22 0.50
F83d 126,129 0.47 0.49 0.12 0.18 1.00
Combined 0.851 0.968

Primer sequences and accession numbers are in Song et al. (2005) and Drew et al. (unpublished).
HO, observed heterozygosity; HE, expected heterozygosity; Excl(1), Exclusion probability of the locus for the first parent; 
Excl(2), Exclusion probability of the locus for the second parent (with first parent assigned).
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The power of seven loci to detect multiple paternity for
a given sample of offspring genotyped was estimated
using 

 

gerudsim 

 

2.0 simulation software (Jones 2005).
Using the population allele frequencies and expected
patterns of paternity, 

 

gerudsim 

 

simulates sets of offspring
genotypes, draws a sample of offspring and then estimates
the number of males siring offspring per family, as well as
reconstructing all paternal genotypes as 

 

gerud 

 

would.
Finally, these results were compared to the original paternal
genotypes that were used to construct the simulated progeny
array. We ran 1000 iterations with seven loci to determine
the probability of correctly determining the number of
fathers and of correctly reconstructing all paternal genotypes
for each hypothesized pattern of paternity.

The 

 

scare 

 

program is based on a Bayesian framework to
estimate the mean number of sires per brood (

 

α

 

) and the
degree of sperm displacement (

 

β

 

). The program uses a
Markov Chain Monte Carlo (MCMC) to generate a posterior
distribution for the relevant parameters of the sperm
competition model. The model of sperm completion
assumes that each mate following the first male sire a
portion of the progeny. (The program is available at http://
www.massey.ac.nz/~mbjones/research/content_local/
scare.html.)

 

Results

 

Characterization of microsatellite loci

 

Eleven loci were characterized for the 58 flies collected
from the Upper Mount Gravatt population during February
2005. Three loci (F19, 20 and 24) were monomorphic. One
locus (Bcac7.16) showed significant departure from HWE.
Consequently, these loci were excluded from the parentage
analyses. The rest were in HWE and all the locus pairs were
in linkage equilibrium (

 

P = 

 

0.006–0.966) after adjusting for
multiple comparisons (

 

n

 

 = 21, alpha = 0.05). The seven
polymorphic loci were Bcac2.6, 5.10, 5.12, 6.12, 12.81, F73
and F83, with 6, 3, 5, 7, 8, 6 and 2 alleles, respectively
(Table 1). The overall probability of exclusion for the set of
seven loci used in the parentage analyses was calculated in
cervus 2.0 using the actual allele frequency data for the 58
flies. The probability of exclusion was 0.851 for the first
parent and 0.968 for the second parent (assuming the first
parent was assigned correctly). The mother was known in
this study. So the second parent exclusion probability was
most relevant for our analysis.

Null alleles can significantly affect estimates of genetic
relatedness of individuals and population genetic structure
causing an underestimation of variation (Pemberton et al.
1995). However, based on the 58 flies, all loci fitted expecta-
tions of HWE. This suggests that if there are null alleles,
they were not detectable in this sample and therefore are
unlikely to affect the analysis significantly.

Number of fathers and sperm utilization

We genotyped 420 offspring from families of 22 wild
females collected at Upper Mount Gravatt. Two of 420
individuals failed for allele amplification at the F73 locus.
Because gerud has no facility for dealing with missing
data, this required the removal of these individuals entirely.
Consequently, a total of 418 offspring was analysed (mean
number of offspring per family = 19 ± 6.87) for evidence of
multiple mating. The results from gerud showed that five
families had been sired by two males (indicated by at least
three loci (Table 2)). The remainder had been sired by a
single male. Most wild females (77.3%) produced single
sired families, but 22.7% produced double-sired families.
Overall, there is an average of 1.23 (± 0.43 SE) minimum
mates per family.

We were able to reconstruct unique paternal genotypic
solutions for five of the six families sired by two males by
gerudsim (Table 3). In these five families, the most successful
male sired between 76.9% and 87.5% of the offspring
(Table 2). The values deviated significantly from the null
expectation of 50% in four of the five families and very
nearly in the fifth family (P = 0.052) (Table 2).

A histogram of 10 000 samples of α and β are shown in
Figs 1 and 2, respectively. From this data set, the mean
number of mates per female, α, was 1.72 with a 90%
credibility interval of (1.39, 2.21) and mean sperm dis-
placement parameter, β, was 0.754 with a 90% credibility
interval of (0.68, 0.81).

Reliability of the multiple-mating analyses

We assessed the reliability of our mating analyses by
computer simulations in the program gerudsim, using the
population allele frequencies. We first tested whether a
female whose offspring actually had two fathers could
have been mistakenly assigned only one father. Because
our results from the gerud analysis determined that one
male usually sired the majority of offspring in families, we
based our parameters in gerudsim on the average clutch
size and skewed distribution of paternity observed in the
field data. Average clutch size was 19 flies for families with
one sire, 20.6 flies for families with two sires, with 18.6% of
the offspring sired by one male and 81.4% by the other. In
five independent runs of 1000 iterations, one sire was
detected in 100% of simulations and two sires were
detected in 96.4% of simulations. Therefore, it is unlikely
that multiple paternity was mistaken as single paternity.

We also tested, using simulation, the ability to detect
triple or more matings. Five sets of 1000 iterations each
were run on 19.0 offspring average clutch size. We set the
parameter in gerudsim at three sires with 81.4% of the
offspring sired by the last male; 15.1% by the second last
male and 3.5% by the first male; four sires with 81.4%,
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15.1%, 2.8% and 0.64% of offspring sired by each male,
respectively; five sires with 81.4%, 15.1%, 2.8%, 0.52% and
0.12% of offspring sired by each male, respectively; and six
sires with 81.4%, 15.1%, 2.8%, 0.52%, 0.095% and 0.022% of
offspring sired by each male, respectively. However, the
highest probability was only 38.4% for families having
three and more sires. These results suggest that we were
probably able to detect double matings but unlikely to
detect triple or higher-order matings.

Discussion

This study provides the first direct evidence that Bactrocera
cacuminata is polyandrous in a wild population. Both
gerud/gerudsim and scare are designed to aid in the use

of data from multiple loci to assess parentage in large
arrays of progeny. They deal with the case in which a
progeny array has one parent and one or more other
parents. With gerud, we were able to determine the
minimum number of males siring offspring in each brood
and to reconstruct the paternal genotypes consistent with
the progeny array. The power of the paternity analysis was
explored by gerudsim. scare is a recently developed
Bayesian method that has increased in use recently (Jones
& Clark 2003; Bundgaard et al. 2004; Schlötterer et al. 2005).
The program estimates the mean number of sires (α) per
brood and the degree of sperm displacement (β) by the last
male to mate. This approach has the advantages of asking
direct questions and investigating their reliability simul-
taneously. The two methods produced fairly similar results.

Table 2 Genotypes of offspring of five multiply sired wild females at seven microsatellite loci. Alleles are identified by size (bp)

Family 
(n progeny) Locus

Female 
genotype Offspring observed genotypes (frequency)

Male genotype
(frequency)

Deviation
from 50:50

Father1 Father2 P-value

B12 (24) F73 112/108 112/108 (4), 108/106 (6), 112/110 (2), 112/106 (7), 
108/108 (5)

108/106 (21) 110/106 (3) 13.5 0.000

Bcac12.81 124/126 124/126 (5), 126/130 (2), 124/132 (1), 126/128 (6), 
126/126 (5), 124/128 (5)

126/128 (21) 130/132 (3)

F83d 126/129 126/129 (20), 129/129 (2), 126/126 (2) 126/129 (21) 129/129 (3)
B15 (12) F73 106/108 108/108 (9), 108/110 (2), 104/108 (1) 104/108 (10) 110/110 (2) 5.33 0.021

Bcac2.6 88/88 88/92 (11), 88/94 (1) 92/94 (10) 92/92 (2)
Bcac6.12 128/122 124/128 (6), 122/124 (4), 128/130 (2) 124/124 (10) 130/130 (2)
Bcac12.81 126/130 130/130 (3), 126/130 (3), 126/134 (1), 128/130 (2), 

126/128 (2), 126/132 (1)
128/130 (10) 132/134 (2)

B19 (23) Bcac5.10 111/117 111/111 (13), 111/117 (6), 104/117 (2), 117/117 (2) 111/117 (17) 111/104 (6) 5.26 0.022
Bcac6.12 122/120 122/122 (8), 122/126 (9), 120/128 (3), 120/124 (1), 

120/128 (1), 122/128 (1)
122/126 (17) 124/128 (6)

F73 112/108 108/112 (5), 104/108 (3), 104/112 (9), 112/112 (3), 
106/112 (3)

104/112 (17) 104/106 (6)

M12 (13) Bcac5.12 108/111 111/117 (12), 111/111 (1) 111/117 (10) 117/117 (3) 3.77 0.052
Bcac12.81 126/126 126/130 (2), 126/126 (1), 126/132 (6), 126/134 (4) 132/134 (10) 126/130 (3)
F73 108/112 108/108 (3), 108/110 (1), 110/112 (1), 108/112 (7), 

112/112 (1)
108/112 (10) 108/110 (3)

M13 (27) Bcac2.6 90/88 88/88 (6), 88/90 (5), 88/92 (2), 88/94 (5), 88/96 (1), 
90/92 (1), 90/94 (5), 90/96 (2)

88/94 (21) 92/96 (6) 8.33 0.004

Bcac5.12 111/117 111/117 (12), 111/111 (2), 117/117 (13) 117/117 (21) 111/117 (6)
Bcac12.81 128/130 130/134 (11), 130/130 (10), 128/132 (3), 130/132 (3) 134/130 (21) 132/132 (6)

χ( )1
2

Table 3 Mating frequencies of wild tobacco-fly females detected by seven microsatellite loci in Brisbane

Female B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B19 BM4 BM11 BM12 BM13 J2 J7 M4 M11 M12 M13 M18

Number of offspring 23 22 23 29 24 17 10 12 13 13 23 14 10 13 27 27 27 14 10 13 27 27
Numbers of sires 1 1 1 1 2* 1 1 2* 1 1 2* 1 1 1 1 2† 1 1 1 2* 2* 1

*Double mating with unique solution.
†Double mating with multiple solution.
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The value for sperm displacement (β) estimated by scare
was 0.75 while that from gerud was 0.79.

Observations on the number of copulations of individual
females in laboratory reared populations of Bactrocera
species have shown that a female may mate more than
once during its lifetime, but frequency was different be-
tween species. Some species, such as the olive fruit fly
(B. oleae (Gmelin)) and the oriental fruit fly (B. dorsalis
(Hendel)), remated many times (Hagen et al. 1963; Shelly
2000), while wild tobacco fly (B. cacuminata), Queensland
fruit fly (B. tryoni (Froggatt)) and the melon fly (B. cucurbitae
(Coquillett)) mainly mated once, seldom twice (Myers
1952; Barton-Browne 1956; Ito & Yamagishi 1989). In a
recent laboratory study of field-collected wild tobacco fly
(collected at a locality approximately 60 km away from the
location from which the flies in this study were obtained),
73% of females mated twice and 22% mated three times
(Drew, unpublished). However, it has been found that
laboratory conditions may affect the sexual behaviour of

insects (Zouros & Krimbas 1970). Our study of mating
activity in a natural Brisbane population using polymorphic
microsatellite markers has demonstrated that 22.7% of
females produced offspring sired by at least two males,
and that the mean number of mates per female was 1.72.
Our remating values are consistent with those reported for
the olive fruit fly, B. oleae, in which 17% of wild females
mated with two males, detected with two polymorphic
allozyme loci (Zouros & Krimbas 1970); and for Mediterranean
fruit fly, C. capitata, in which up to 21% of females had at
least two fathers siring their offspring based on four
microsatellite loci (Bonizzoni et al. 2002). This result confirms
the long-standing, but previously unconfirmed, conclusion
that tephritid females mate more than once. We acknowledge
that our estimates of multiple mating in B. cacuminata
represent only a single population. It is possible that
mating behaviour may vary throughout the species range.
This will require further study.

Sperm displacement has been reported for many species
of Drosophila and Mediterranean fruit flies in laboratory
and wild populations (reviewed by Saul & McCombs 1993;
Singh et al. 2002). A few such studies have been performed
for Bactrocera species. Zouros & Krimbas (1970) inferred an
equal utilization of sperm from laboratory and field
experiments of the olive fruit fly, in which the number of
offspring sired by two fathers was based on two allozyme
loci. Using sequential mating experiments by normal and
sterile males, Ito & Yamagishi (1989) showed that the
melon fly offspring showed sperm displacement in a
laboratory population. We were also able to detect a con-
sistent paternity skew for sires among multiple mating
females of B. cacuminata using gerud. Following double
matings, the most successful male sired between 76.9%
and 87.5% of the offspring which deviated significantly
from a hypothesis of equal paternity. A similar displacement
parameter (β = 0.75) was estimated using scare, assuming
the last male had sperm preference. Our finding of paternity
bias for B. cacuminata is similar to results reported for the
melon fly, Mediterranean fruit flies and most of Drosophila
species, but contrasts with those derived from the olive
fruit fly. Zouros & Krimbas’ study (1970) suffered from
having a small number of loci with 12–15 alleles in unequal
frequencies at each used to assess paternity. This most
likely explains the disparity between our respective
results. With the use of seven polymorphic microsatellites
with an average 5.3 alleles per locus, we were able to assess
paternity with a higher level of accuracy. Possibly, as in
Mediterranean fruit flies (Saul & McCombs 1993) and
melon flies (Ito & Yamagishi 1989), sperm precedence,
perhaps favouring the last male to inseminate a female,
may be acting in B. cacuminata.

Our estimate of the power of seven polymorphic loci to
detect multiple mating calculated using the program
gerudsim (Jones 2005) indicates that it is highly unlikely

Fig. 1 Histogram of the posterior distribution of the number of
male mates per female (α) from 10 000 samples.

Fig. 2 Histogram of the posterior distribution of the proportion of
offspring sired by the most recently mating male (β) based on
10 000 samples.
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that a multiple-mated female would have been misclassified
as singly mated, and errors of nondetection of fathers will
be very rare. Nevertheless, it is likely that the proportion of
multiple-mating females (22.7%) is a minimum estimate
for wild populations. Only an average of 19 offspring per
clutch were genotyped, a small fraction of the potential
fecundity of a female B. cacuminata which can be as high as
1000 eggs (personal observation). Sampling error is there-
fore possible and may cause the number of fathers to be
underestimated. The other issue that could lead to an
underestimate of the degree of successful multiple matings
is the potential for sperm precedence or sperm clumping
(Harvey & Parker 2000). We only genotyped the total
number of offspring from families whose progeny were
less than 30 flies, or 30 random offspring from families
whose progeny were more than 30 flies. Therefore, for
genotypes of offspring of families with less than 30 progeny,
if sperm tended to be stratified or displaced by each
subsequent mating, the offspring from continuously laid
eggs might tend to be fertilized by sperm from the first or
last male to mate, reducing the overall estimate of the
number of sires (Lefevre & Jonsson 1962; Boomsma & Van
Der Have 1998; Imhof et al. 1998). Moreover, it has been
observed that copulation does not necessarily result in
insemination in other insects (Zouros & Krimbas 1970;
Bretman & Tregenza 2005), so some mated males may
not be detected by genotyping offspring. In the future,
genotyping sperm stored in the spermathecae of females
rather than offspring may obtain a more accurate measure
of the number of males a female has mated with (Peters
et al. 1995; Fernandez-Escudero et al. 2002).

The low number of sires per female recorded in this
study is not a consequence of methodological limitations.
We used computer simulations to show that with our
microsatellite loci, we had a high probability of correctly
determining up to two sires per family, as well as correctly
reconstructing most paternal genotypes. Nevertheless, the
simulation revealed that the ability to correctly reconstruct
paternal genotypes was reduced when more than two
males sired offspring in a small clutch. The average
progeny size of B. cacuminata families collected from the
field females was just 19 offspring (range of 10–29 flies). As
the number of males siring offspring per family increased,
the number of offspring per sire decreased. Increasing
offspring analysed may improve the probability of correctly
reconstructing paternal genotypes (Bonizzoni et al. 2002).
The overall conclusions of the analysis are that we had a
high power to determine correctly the number of sires
contributing to a progeny array, and that we could accurately
reconstruct paternal genotypes for those males siring
progeny less than three.

Suppressing an eradicating fruit fly populations using
the SIT method depends on mass-reared, sterile males
being released into the field environment, mating with

wild females and, in turn, reducing the desire of these
females to remate. There are a number of behavioural
characteristics related to tephritid mating that may influence
the success of SIT methodologies. Sites for courtship and
mating for tephritid species are generally regarded as the
host plants of the individual fly species (Zwolfer 1974). In
Bactrocera species, mating occurs in the host plant when
ripening fruits are present (Drew & Lloyd 1987). In SIT
programs, the release of sterile males when ripe fruit is not
present on the host plant could result in significant mortality
of the laboratory-reared flies before mating sites eventually
become available. This behavioural characteristic together
with the ability of released sterile flies to locate the host
plants, could influence the available wild:sterile fly ratio.
Other factors include sterile-male relative mating compet-
itiveness and success, and effectiveness in reducing female
receptivity and displacement (Robinson et al. 2002;
Kraaijeveld & Chapman 2004). However, multiple female
mating is still a behavioural characteristic that must be
considered, particularly as most fertile wild flies will locate
and alight in mating sites. Zouros (1969) investigated the
impact of multiple matings on SIT and concluded that
multiple paternity of females will seriously compromise the
success of a SIT program, unless sperm from SIT males are
more competitive than wild fertile males. Studies on the
level of remating of wild Mediterranean fruit fly females,
by Bonizzoni et al. (2002), indicated that 7.1–21% remated
and that this has the potential to significantly reduce the
efficiency of SIT. Our results indicated that, in B. cacuminata,
female remate on average 1.72 times with a 76.9–87.5%
paternity skew. If the sperm of the most recent male has
precedence and if the last male to which the female mated
was a wild fertile male, this may lead to a drop in SIT
efficiency. Clearly, further work is required to define the
factors that impact on SIT efficiency for Bactrocera species,
such as the ability of released sterile males to outcompete
wild males in their search for females and the relative
competitiveness of sperm once remating occurs (Bonizzoni
et al. 2002). However, it is apparent that females that
undergo multiple mating over their lifetime have in-
creased chances of meeting fertile wild males and thus
produce viable eggs. Clearly the significance of these findings
will be greatest when sterile males are released only once
into the wild population. If sterile males are released
continuously, then multiple mating by females will have
less effect on the potential success of the program.

This paper represents the largest analysis of maternity
and paternity in a B. cacuminata population to date and
provides a significant advance in our understanding of the
mating system of the species. The proportion of females
successfully mating with more than one male in Bactrocera
species had previously been estimated from genetic data
with only two allozyme loci (Zouros & Krimbas 1970). This
paper extends this study to B. cacuminata with a polymorphic
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microsatellite marker system, and this is the first time that
sperm use has been estimated for this species. Because only
a single population has been studied here, it is possible that
the findings cannot be generalized to the entire species.

In summary, polyandry seems to be a common occurrence
in Bactrocera species, and the patterns of paternity reported
here in B. cacuminata are similar to those in the other
species of Bactrocera and Ceratitis that have been studied. It
would be valuable to extend these studies to other
Bactrocera species and to investigate the influence of timing
of copulation, multiple matings by females and the influences
of genetic and environmental factors on offspring genotypes.
To confirm the level of polyandry in B. cacuminata observed
in the present study, it will be necessary to examine popu-
lations from other parts of the species range.
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