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ABSTRACT 

Forensic entomology and entomological estimates of minimum post-mortem interval are 

primarily based on data detailing the temperature dependent development of carrion 

feeding insects such as blow flies. The reference data available for this purpose is often 

generated under laboratory conditions using specimens sourced from a single 

geographical location. Where such data is applied across variable locations, as required 

by police and legal investigations, there is the potential for errors in minimum post-

mortem interval calculation as the inhabiting blow fly populations may exhibit differing 

life history traits to that of the reference data population. Differences in developmental 

data between studies of the same species are commonly reported, which may be the result 

of differing research methods and design, species adaptation or genetic differences 

between geographically distinct populations.  

 

This study aimed to determine if within-species genetic variation exists between four  

populations of the blow fly, Calliphora dubia Macquart 1855 (Diptera: Calliphoridae), 

located along the coastline of Western Australia at the satellite urban towns/cities of 

Carnarvon, Geraldton, Perth and Albany.  As an early coloniser of decomposing remains, 

this species is an important species in determination of time since death in cases involving 

entomological evidence, yet information on the validity of using development data 

determined in one location across other geographical locations is lacking.  The extent of 

genetic variation in relation to appropriate application of species-specific data in forensic 

casework and how local this data is required to be in Western Australia for accurate 

minimum post-mortem interval estimation was examined. 

  

After development of a microsatellite library and multiplex system for the study species, 

genetic analysis was performed to reveal two genetic clusters.  There appeared to be no 

genetic variation between the four geographically distinct populations, however two sub-

populations were revealed within the sampled Geraldton population indicating a need for 

further research into the possibility of cryptic lineages.  Based on this research there is no 

genetically based evidence that location specific development data is required for C. 

dubia within Western Australia, though this does not rule out the possibility of life history 

trait variation linked to environmental influences and phenotypic plasticity. Finally, the 

ability to identify corpse relocation using genetic variation of this species was 

unsupported. 



iii 

 

TABLE OF CONTENTS 

 

THESIS DECLARATION        i 

ABSTRACT          ii 

TABLE OF CONTENTS        iii 

ACKNOWLEDGEMENTS        vi 

GLOSSARY          vii 

LIST OF TABLES         x 

LIST OF FIGURES         xi 

 

CHAPTER 1: INTRODUCTION       1 

1.1 Introduction        2 

1.2 Location Specific Development Data     3 

1.3  Population Genetics       3 

1.4 Study Species        5 

1.5 Summary         5 

 

CHAPTER 2: LITERATURE REVIEW      7 

2.1 Forensic Entomology       8 

2.2 History and Scope        8 

2.2.1 Urban Entomology      9 

2.2.2 Stored Product Entomology     9 

2.2.3 Veterinary Entomology     10 

2.2.4 Medico-criminal Entomology     10 

2.3 Diptera: True Flies       11 

2.4 Estimating minPMI        12 

2.4.1 Succession       12 

2.4.2 Determination of Insect Age     13 

2.5 Current Issues        17 

2.6 Population Genetics       18 

2.6.1 Evolutionary Forces That Shape Genetic Diversity  19 

2.6.1.1 Natural Selection     19 

2.6.1.2 Mutation      19 

2.6.1.3 Genetic Drift      19 



iv 

 

2.6.1.4 Migration/Gene Flow     21 

2.6.2 Population Genetics in Forensic Entomology   22 

2.7 Location Specific Development Data     23 

2.8 Molecular Biology and Forensic Entomology    29 

2.8.1 Determining Genetic Variation in Blow fly Populations Using 

Microsatellites       30 

 2.9 Study Species: C. dubia       31 

 2.10 Specific Thesis Aims       33 

 

CHAPTER THREE: SPECIMEN COLLECTION, PRIMER OPTIMISATION AND 

MULTIPLEXING         35 

3.1 Specimen Collection       36 

3.1.1 Trapping Methods      37 

3.2 DNA Extraction        38 

3.2.1 DNA Quantification and Quality Assessment  39 

3.3 Microsatellite Library       42 

3.4 Primer Selection, Optimisation and Multiplexing   42 

3.4.1 Primer Selection      42 

3.4.2 Temperature Gradient Trial     43 

3.4.3 Primer Trials and Optimisation    44 

3.4.4 Primer Multiplexing      44 

 

CHAPTER FOUR: GENETIC ANALYSIS AND POPULATION STRUCTURE 48 

4.1 Microsatellite Analysis       49  

4.2 Genetic Analysis        49 

4.2.1 Null Alleles       49 

4.2.2 Linkage Disequilibrium     50 

4.2.3 Heterozygosity      51 

4.3 Population Structure       51 

4.3.1 STRUCTURE Results     51 

4.4 Mitochondrial DNA Testing      53 

4.4.1 COI Analysis Results      53 

4.5 Population Differentiation and Isolation by Distance   54 

4.5.1 FSTAT Results      54 



v 

 

4.6 Bottlenecking        54 

4.6.1 Bottlenecking v1.2.02 Results    55 

 

CHAPTER FIVE: DISCUSSION AND CONCLUSIONS    56 

 5.1 Discussion         57 

 5.2 Microsatellite Library Development     57 

 5.3 Population Genetic Structure and Gene Flow    57 

  5.3.1 Dispersal and Flight Ability     58 

  5.3.2 Population Connectivity     61 

  5.3.3 Plasticity        62 

 5.4 Geraldton Differences       62 

 5.5 Limitations        64 

 5.6 Implications for Current and Future Research and Applications  65 

  5.6.1 Forensic Science and minPMI Estimation   65 

  5.6.2 Future Directions      66 

 5.7 Conclusions         67 

 

REFERENCES         69 

 

APPENDICIES         86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

ACKNOWLEDGEMENTS 

 

This research was supported by an Australian Government Research Training Program 

(RTP) Scholarship. 

 

This thesis was edited by Zara Baxter who provided the services of standards A6.6, D1.1, 

D1.2, D1.3, D3 (all subsections), D4 (all subsections) and D5.2 according to the 

Australian standards for editing practice.  Zara’s background is in microbiology, 

molecular biology and genetics (BSc, Hons). 

 

I would like to thank my supervisors Dr Sasha Voss, Ms Yvette Hitchen and Associate 

Professor Daniel Franklin.  Thank you, Sasha, for your expert knowledge, time and 

encouragement during my research and thesis writing.  Your feedback and guidance have 

been an immeasurable help.  Thank you, Yvette, for guiding me through the world of 

genetics, all your help in the laboratory and beyond, I could not have done any of this 

without you and your constant encouragement. 

 

Thank you to Stuart, Zara and Alice for all your love, support, encouragement and 

patience.  To Alice for suggesting I return to study and encouraging me every step of the 

way through my graduate diploma and masters, and to Stuart and Zara for being there 

during all the ups and downs, especially near the end, and for always keeping me 

grounded.  I could not have achieved this without you all. 

 

To my parents for all the love and support, and my chosen family, thank you for always 

being there in person or on the phone to keep me on track and for reminding me why I do 

the things I do. 언니 고마워. 

 

 

 

 

 

 

 



vii 

 

GLOSSARY 

A     Adenine, nucleotide base 

Allele     One of two or more alternatives forms of a gene 

bp     Base pairs.  Units within DNA structure 

C     Cytosine, nucleotide base 

Calliphoridae A family from the insect order Diptera.  Commonly 

known as blow flies 

Calliphora dubia   Blue-bodied blow fly 

COI     Cytochrome oxidase I, a gene within the mtDNA 

Cryptic Species A group of species that satisfy the definition of 

separate species but are morphologically 

indistinguishable  

DNA Deoxyribonucleic Acid, genetic material of all 

living organisms found within the nucleus of cells. 

dNTPs Deoxynucleotide triphosphates, the four 

nucleotides that make up DNA.   

Forensic Entomology The application of the study of insects to the legal 

system 

G     Guanine, nucleotide base 

Haplotypes Haplotypes are a combination of alleles at different 

markers along the same chromosome that are 

inherited as a unit 

Heterozygosity Having a pair of different alleles at a determined 

locus; a measure of genetic variation 

Instar     Insect larval growth stages  

Microsatellites DNA sequences of 2 to 6 nucleotides which is 

repeated within a chromosome 
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mtDNA Mitochondrial DNA, located within the 

mitochondria of the cell 

Multiplexing Combination of primers into one PCR reaction to 

amplify more than one target DNA region  

Nucleotides The smallest units of the DNA molecule; Adenine 

(A), Cytosine (C), Guanine (G) and Thymine (T). 

Ovoviviparous Organisms that lay live larvae, a result from the 

hatching of eggs while they are still within the 

female’s body 

PCR Polymerase chain reaction, the process that 

exponentially amplifies a selected region of DNA  

minPMI Minimum post-mortem interval, estimation of time 

since death 

Population A group of similar organisms residing in a defined 

space at a certain time 

Primers Short oligonucleotide strands used in PCR  

Species A group of potentially interbreeding individuals 

that will produce reproductively viable offspring 

Subpopulation A subdivision in a population that shows distinct 

gene frequencies, is genetically different (even if 

only slightly) yet morphologically the same 

Succession Prediction patterns of insect colonisation on a 

corpse 

Sympatric Populations Distinct species populations from the same 

ancestral genetic species and inhabiting the same 

geographical region 

T     Thymine, nucleotide base 

Taq DNA polymerase   Enzyme from a thermophilic bacteria used for PCR 
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°C     Degrees Celsius 
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1.1 Introduction 

Forensic entomology is the application of the study of insects to legal issues (Amendt 

2018).  The most common application of forensic entomology involves the use of 

knowledge of insect colonisation on decomposing remains and insect development rates 

to determine the time since death or minimum post-mortem interval (minPMI), to aid 

criminal investigations (Amendt, Krettek & Zehner 2004; Dadour et al. 2001; Voss, 

Spafford & Dadour 2009).   

 

The accuracy of entomological minPMI estimation is of great importance as it has both 

investigative and legal impact.  Estimates are achieved through the application of 

knowledge of the predictable timing of insect colonisation of decomposing remains, and 

the accurate determination of the age of immature insects associated with the remains 

(Amendt et al. 2007).  Flies and other insects are attracted by the odours of decomposition 

and use the remains as a source of food and shelter for their eggs or larvae (Amendt et al. 

2011; Campobasso, Di Vella & Introna 2001; Voss, Spafford & Dadour 2009).  The order 

in which each species colonises the scene is called succession and is considered to occur 

in a predictable manner (Voss, Spafford & Dadour 2009).   

 

Succession research has provided data on the arrival time of most forensically important 

species and is used to estimate the time between death and arrival of insects (Amendt et 

al. 2007; Campobasso, Di Vella & Introna 2001).  Determination of insect age, primarily 

achieved using blow fly immatures, is based on temperature dependent development rates 

of the given species provided through research (Amendt, Krettek & Zehner 2004).  The 

age of an immature specimen collected from the remains can be determined by life stage, 

length, weight and morphological features (Baqué et al. 2015; Greenberg & Kunich 2002; 

Tantawi & Greenberg 1993).  The species-specific development time to the observed life 

stage, taking into account the temperatures that the insect was exposed to during growth, 

provide an estimate of the time that insect has inhabited the remains (Amendt et al. 2007; 

Ames & Turner 2003).  This estimate along with the estimated arrival time of the 

ovipositing adult species provides the basis of minPMI determination. 

 

Development data for a given species is generated by conducting a study of specimens 

caught in the field, generally from a single geographical location (Amendt, Krettek & 

Zehner 2004).  These specimens are then reared in laboratory settings under a range of 
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temperature regimes.  A growth curve is produced based on the development rates of the 

specimens at these varying temperatures, which can then be used to determine 

development time based on thermal history of specimens in the field (Byrd & Butler 2014; 

Voss et al. 2014).  This reference data is then used for determination of age of specimens 

and minPMI estimation across all locations where the species is located. 

   

1.2 Location Specific Development Data 

While species’ specific insect development data is required for estimates of minPMI, the 

reference data available for the majority of species is often generated using specimens 

sourced from a single geographical location (Voss, Spafford & Dadour 2009).  Currently, 

there is a paucity of published development data for key forensic species and where the 

data is available often only one or two published studies for a species exist.  When the 

minPMI calculations are made, the specimens used to generate the data may have been 

sourced from a geographic location that is different to that of the death scene. 

 

Problematically, researchers have reported within-species variation in life history traits, 

such as development rates.  As such, the application of insect evidence acquired from a 

different geographical location to that of the body may result in significantly inaccurate 

estimates of time since death (Gallagher, Sandhu & Kimsey 2010; Hu et al. 2010; Owings 

et al. 2014; Tarone et al. 2011).  Currently the appropriate geographic range for which 

single source development data can be applied has yet to be established for blow fly 

species and is likely to vary in regard to differences in climate, habitat and extent of gene 

flow between populations.  

 

1.3 Population Genetics 

Numerous researchers have proposed that the reported variation in the development rates 

of key forensic species is potentially a consequence of within-species genetic variation 

between populations or due to phenotypic plasticity from exposure to environmental 

differences (Picard & Wells 2010; Price, Qvarnström & Irwin 2003).  Picard & Wells 

(2010), in analysing population genetics of blow fly Lucilia sericata Meigen 1826 

(Diptera: Calliphoridae) to aid in corpse relocation identification, suggested that the 

estimation of gene flow and the discovery of subpopulations of forensically important 

species would indicate that biological information such as development rate should be 

obtained for each subpopulation (Picard & Wells 2010).  Price, Qvarnström & Irwin 
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(2003), suggest that selective pressures from exposure to a new environment could result 

in different behaviour, physiology and morphology, which may also explain differences 

in life history traits between populations of forensically important insects (Price, 

Qvarnström & Irwin 2003).  Though subpopulation genetic variation is now being 

considered by many researchers, there is a lack of research into the impact of genetic 

variation within populations of Western Australian blow fly species significant to forensic 

case work. 

 

Studies have shown molecular markers can be used to identify genetic diversity among 

subpopulations of insects, generally in the area of pest control and management (Coelho-

Bortolo, Mangolin & Lapenta 2016; Narain, Lalithambika & Kamble 2015).  In forensic 

entomology, knowledge of genetic diversity in blow fly populations and the need for 

location-specific development data can lead to increased accuracy of minPMI estimation.  

If geographically distinct populations of a species show genetic variation, this may result 

in differences in development rates, making location-specific data a requirement for 

minPMI calculations in forensic entomology.  In the absence of such data, assumptions 

may be made that lead to erroneous minPMI estimates. 

 

In Australia, the extent of genetic diversity within blow fly species of forensic 

significance is currently poorly documented.  Species can be distributed widely across 

the continent and genetically distinct subpopulations have previously been identified for 

forensically important blow flies.  During a study on evolutionary ancestry and the use of 

DNA for species identification, Wallman et al. (2005) noted that both Chrysomya 

rufifacies Macquart 1842 (Diptera: Calliphoridae) and Lucilia cuprina Weidemann 1830 

(Diptera: Calliphoridae) each showed distinct subpopulations within Australia (Wallman, 

Leys & Hogendoorn 2005).  However, in general, the species-specific development data 

used for estimation of minPMI in Australian death investigations is primarily derived 

from blow fly specimens from a single geographical source.  In many cases the generated 

data is not based on Australian populations at all (Anderson 2000; Baqué et al. 2015; 

Clark, Evans & Wall 2006; Nassu, Thyssen & Linhares 2014; O'Flynn 1983). In the 

absence of data directly applicable to the location of the death scene the available 

published data is applied in the estimation of minPMI across all of Australia and assumed 

to be accurate. 
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This study aimed to determine the extent of genetic diversity within a representative 

species of forensically significant blow fly, Calliphora dubia Macquart 1855 (Diptera: 

Calliphoridae), along a latitudinal cline of over 1300 kilometres within Western Australia. 

This research examines within-species genetic diversity between four populations of C. 

dubia sourced from four climatically different regions of Western Australia within the 

satellite urban towns/cities of: Carnarvon, Geraldton, Perth and Albany. The extent of 

genetic diversity between these populations may indicate the potential scale of geographic 

specificity needed in sourcing population data for forensic applications within Western 

Australia.  Genetic variation at a population level may also aid investigators in the 

identification of corpse relocation if non-local specimens are discovered on the remains. 

 

1.4 Study Species 

The blue-bodied blow fly, C. dubia, an early coloniser of decomposing remains found in 

south-western and southern Australia (Cook & Dadour 2011; Dadour et al. 2001), was 

chosen as the research species as it is commonly reported in forensic case work in Western 

Australia.  The species is known as an early coloniser of remains, arriving during the fresh 

stage of decomposition, which occurs in the initial three days after death, and remaining 

through the bloat and west stages (Voss, Spafford & Dadour 2009).  This makes it an 

important fly species for determination of minPMI across its Australian distribution 

range.  Currently, comprehensive life history data detailing the species’ temperature-

dependent development is unavailable and the validity of applying the limited data 

available, based on a single source population, across geographic locations within 

Western Australia has yet to be validated. Based on the species’ distribution in Western 

Australia and available options for specimen collection, four geographically distinct 

populations were trapped in the urban centres of Carnarvon, Geraldton, Perth and Albany. 

Site selection was based on the potential requirement of forensic entomological data 

application relating to C. dubia and distinct geographic and climatic differences between 

sites.  

 

1.5 Summary 

The application of location specific developmental data may allow improvement in the 

estimation of minPMI using forensic entomological techniques.  A population genetics 

study into the potential for genetic variation between four geographically separated blow 

fly populations in Western Australia may suggest the need for such location specific data 
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if genetic variation is demonstrated.  Alternatively, if no genetic variation exists it may 

add support for applying existing life history data to all locations across Western 

Australia.    
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2.1 Forensic Entomology 

Forensic entomology is defined as the application of the study of insects to legal issues 

(Amendt, Krettek & Zehner 2004; Amendt 2018; Voss, Spafford & Dadour 2009).  The 

most popularised application of forensic entomology is the determination of post mortem 

interval (minPMI), or time since death, of decomposing remains based on the associated 

insect assemblages and their developmental stages (Amendt, Krettek & Zehner 2004; 

Dadour et al. 2001; Voss, Spafford & Dadour 2009).  Medical techniques such as body 

temperature and the observation of livor and rigor mortis can also be used to estimate 

time since death; however, these methods are only accurate within the first 72 hours post 

mortem (Amendt, Krettek & Zehner 2004).  Where insects are present on deceased 

remains, the forensic entomologist can estimate a minPMI from day one, up to weeks and 

sometimes months after death (Amendt, Krettek & Zehner 2004).  A forensic 

entomologist may also use toxicological and molecular methods on insects to provide 

information about the crime scene, the victim’s identity or cause of death (Amendt et al. 

2011).  Though forensic entomology as a field of science has only been discussed since 

the late 1800s, there is a long history of insects being associated with death. 

 

2.2 History and Scope 

The relationship of insects to death and decay has been observed for thousands of years.  

Ancient Egyptian records and Homer’s “Iliad” both reference the attraction of flies to 

decaying bodies (Greenberg 1991).  The first recorded application of entomology in a 

legal setting dates back to 1235AD China, and was described in a Chinese forensic 

medicine manual, “The Washing Away of Wrongs” (Morris & Dadour 2005).  The case 

involved insect attraction to invisible traces of blood on a scythe being used to identify a 

murderer (Benecke 2001; Catts & Goff 1992). 

 

The association of arthropods such as flies and beetles with human remains was made 

during mass exhumations in France and Germany in the 18th and 19th centuries (Benecke 

2001).  In Europe, one of the earliest reports of the application of forensic entomology to 

crime scene investigation occurred in France (Morris & Dadour 2005).  In 1855, Dr 

Bergeret d’Arbois, a French physician, determined an estimate of time since death for the 

remains of an infant using fly pupae and moth larvae along with pathology techniques 

(Benecke 2001; Morris & Dadour 2005).  In 1894, Jean Pierre Megnin complied 

knowledge from 15 years work in a morgue to produce the first forensic entomology text, 
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“La Faune des Cadavres; application de l’entomologie a la medecine legale”, in which he 

suggested that the stages of decomposition would each have their own associated insect 

assemblage (Benecke 2001; Morris & Dadour 2005).   

 

The first American journal articles regarding applications of entomology to legal cases 

were published in the late 1890’s expanding knowledge of forensic entomological 

practice across continents (Morris & Dadour 2005; Motter 1898).  In 1948 in Hamburg, 

Hubert Caspers was able to determine the body of a woman had been re-located from the 

original crime scene through the use of pupal case evidence, thus providing another 

application of entomology in forensic investigations (Benecke 2001).  European forensic 

entomologists, Leclercq and Nuorteva, pioneered research in the field through the 1960’s 

to 1980’s, encouraging police in Western countries to collect insect evidence at crime 

scenes (Benecke 2001; Morris & Dadour 2005).  There are now a number of different 

areas of legal application where entomology can aid judicial proceedings including the 

four primary areas frequently referred to as urban, stored product, veterinary and medico-

criminal entomology (Byrd & Castner 2009). 

 

 2.2.1 Urban Entomology 

This area of application encompasses structural damage of dwellings from termite 

infestation, garden pests such as cockroaches and spiders, and nuisance pests such as flies 

from livestock which have been the cause of numerous litigations and civil law actions 

(Byrd & Castner 2009; Catts & Goff 1992).  The misuse of pesticides, and the neglect of 

hospital or nursing home patients by the presence of myiasis (fly larvae infestation) are 

also classified as urban entomology (Byrd & Castner 2009; Catts & Goff 1992).  

 

2.2.2 Stored Product Entomology 

Stored product entomology involves litigation surrounding the contamination of 

commercial products with arthropods or their parts (Byrd & Castner 2009; Catts & Goff 

1992).  Measures to prevent insect contamination are costly; however, the cost of potential 

fines, loss of consumer confidence and legal actions is far greater (Rees 2004).   A forensic 

entomologist can help resolve issues of culpability in cases where an individual may 

attempt to defraud food outlets by planting insects in food (Byrd & Castner 2009). 
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2.2.3 Veterinary Entomology 

Neglect or criminal cases involving animals can benefit from the knowledge of a forensic 

entomologist.  For livestock or pets, duration of myiasis can be determined to assist in 

proving neglect (Brundage & Byrd 2016; Byrd & Castner 2009).  Criminal cases 

involving the suspicious death of livestock, protected species or pets can involve a 

forensic entomologist in the same manner as a human homicide, for determination of time 

since death (Brundage & Byrd 2016).  For example, an illegal poaching case involving 

the deaths of two black bear cubs in Canada relied on insect evidence linking time of 

death to the time at which the defendants were witnessed at the scene (Anderson 1999). 

 

2.2.4 Medico-criminal Entomology 

Medico-criminal entomology is the use of arthropods in criminal investigations including, 

but not limited to, cases of murder, suicide, rape, abuse and contraband trafficking (Byrd 

& Castner 2009; Catts & Goff 1992; Hall 1990).  Forensic entomology can provide an 

estimation of time since death, indications of corpse relocation, manner or cause of death 

and the association of a suspect to a death scene (Catts & Goff 1992; Dix & Graham 

2000).  The primary application of forensic entomology to criminal investigations is the 

estimation of minPMI.  By combining knowledge of insect colonisation of decomposing 

remains, species identification, determination of immature insect age and the required 

time taken for that species to develop to that age under the conditions at the scene, the 

minPMI can be estimated (Amendt et al. 2011).   

 

The application of entomology to these legal areas requires a strong understanding of the 

distribution, behaviour, physiology and biology of insects that are associated with 

decomposing remains, particularly flies (Amendt et al. 2007).  Research is geographically 

driven due to the differences in available species, environment and climate, and due to 

the effect, these have on the key elements used for forensic entomological reporting.  

Applied research worldwide is focused on reducing the deficiencies in knowledge in these 

areas for forensically important species (Gallagher, Sandhu & Kimsey 2010; Norry, 

Bubliy & Loeschcke 2001; Tarone 2007; Tarone et al. 2011).  In practice, the insects most 

commonly relied on in forensic case work are the true flies from the order Diptera. 
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2.3 Diptera: True Flies 

The order Diptera has 150,000 documented species, with many still to be described, and 

in Australia there is an estimated 30,000 species (Smith & Mayfield 2015).  The Dipteran 

most significant to decomposition come from the families Calliphoridae (blow flies), 

Muscidae (house flies) and Sarcophagidae (flesh flies) (Byrd & Castner 2009; Goff & 

Catts 1990; Smith 1986). Species associated with carrion are highly adaptive to their 

environment and act as effective scavengers, removing decomposing animal and plant 

matter from the environment.  Flies are of forensic importance because they are the order 

of insects that is most associated with the early stages of decomposition (Amendt et al. 

2007).  They arrive quickly after death to colonise the remains, most species arrive within 

30 minutes of death (Amendt et al. 2007).  This short arrival time reduces potential 

inaccuracies in minPMI estimation in comparison to those insects that generally arrive 

later, such as beetles.  Blow flies are attracted by the odours and gases produced during 

decomposition and use the remains as both food and as a shelter resource on which to lay 

their eggs or larvae (Amendt et al. 2011; Campobasso, Di Vella & Introna 2001; Voss, 

Spafford & Dadour 2009).  Blow fly arrival and colonisation of remains, termed insect 

succession, is generally considered to occur in waves, depending on the carrion 

environment preferred by each species, often referred to as primary, secondary and 

tertiary (Lane 1975). 

 

Forensically relevant fly species are attracted to decomposing human or animal remains, 

excrement and rotting vegetation and they can also exploit wounds in living animals or 

humans.  Adult females will lay either eggs or live larvae on remains in areas that provide 

moisture and protection, such as orifices and wounds (Byrd & Castner 2009; Smith 1986).  

The life cycle of a blow fly (Figure 2.1) typically involves an egg, three larval stages 

(instars) in which feeding occurs, pupation, and finally the emergence of the adult 

(Amendt et al. 2011; Ames & Turner 2003; Goff 2000).  Generally, a forensic 

entomologist will age the immature specimens collected off remains based on the life 

stage collected (i.e. instar stage, pupae) and knowledge of the species’ temperature 

dependant development timeframes (Amendt et al. 2007). 
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Figure 2.1:  Life cycle of a generalised blow fly (Diptera: Calliphoridae).  Sourced from 

Goff (2000). 

 

2.4 Estimating minPMI  

An estimation of the minPMI can aid investigators in reducing suspect pools, 

corroborating witness statements and recreating the circumstances around the time of 

death (Amendt et al. 2007; Catts 1990).  Without a witness of the event an exact time of 

death cannot be given with any certainty, however, entomological evidence can allow for 

an estimated time frame that encompasses the time of death (Dix & Graham 2000).  If 

remains are discovered in the early stages of decomposition a minPMI can be estimated 

by using knowledge of insect succession and aging the oldest insect larvae present to 

indicate when the remains were first colonised (Byrd & Butler 2014; Harvey, Gasz & 

Voss 2016; Nassu, Thyssen & Linhares 2014; Voss et al. 2014).  Though this method is 

the one generally employed by a forensic entomologist, if the remains are discovered later 

in the decomposition process, the estimate can be based on the arthropod assemblage and 

their expected succession patterns (Amendt et al. 2007; Harvey, Gasz & Voss 2016; 

Nassu, Thyssen & Linhares 2014).   

 

2.4.1 Succession 

When a deceased body enters an environment it presents a new habitat offering food and 

shelter to arthropods including blow flies (Harvey, Gasz & Voss 2016).  Carrion breeding 
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insects are attracted from surrounding areas by the odours and gases produced during 

decomposition, sometimes within minutes (Campobasso, Di Vella & Introna 2001; 

Harvey, Gasz & Voss 2016; Voss, Spafford & Dadour 2009).  The arrival time of different 

species of blow flies, and subsequently other arthropods (succession), is considered 

predictable and closely related to the stages of decomposition, thus providing an 

indication of the time between death and the colonisation of the remains (Campobasso, 

Di Vella & Introna 2001; Harvey, Gasz & Voss 2016; Matuszewski et al. 2011; Rysavy 

& Goff 2015; Voss, Spafford & Dadour 2009).   

 

Insects and other arthropods (generally blow flies and beetles) arrive in successive waves 

that alter the environment of the remains.  This alteration makes it more attractive to the 

next wave, therefore both exploiting and facilitating the decay process (Centeno, 

Maldonado & Oliva 2002; Mohr & Tomberlin 2014).  It is important to have an 

understanding of how each forensically important species interacts with the remains, 

which stage of decomposition it is attracted to and species-specific behaviour, in order to 

establish when oviposition occurs.  Before an adult female blow fly can lay eggs or larvae 

on the remains sensory detection of the remains in the desired decomposition stage and 

behavioural activation to search and locate the remains must occur (Mohr & Tomberlin 

2014).  These processes can vary in time frame for different species (Mohr & Tomberlin 

2014). 

 

There are several factors that can affect the predictability of succession, and these need 

to be considered in order to accurately predict the time between death and colonisation.  

Insect species, season, weather (relative humidity and wind speed), temperature, 

environment (urban, rural; indoors, outdoors), state of the remains (covered, enclosed, 

buried, hanging, burnt), and geographical location can all affect insect succession (Bugelli 

et al. 2015; Byrd & Castner 2009; Campobasso, Di Vella & Introna 2001; George, Archer 

& Toop 2013; Mohr & Tomberlin 2014; Mohr & Tomberlin 2015).  The estimate of 

succession time is combined with the time taken for an immature insect to develop to its 

observed age at collection to provide a minPMI estimation. 

  

2.4.2 Determination of Insect Age 

The time at which a body has been colonised by insect offspring is determined by 

calculating the age of the oldest immature insect present on the body at the time of 
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discovery. The age of the oldest immature insect represents the minimum time required 

for the specimen to have developed since colonisation of the body and thus the minimum 

possible time since death and the occurrence of the body for colonisation.  The process 

of estimating minPMI starts with the collection of blow fly specimens in all life stages 

from and around the remains (Amendt et al. 2007).  Assessment of the collected 

specimens for species identification is then achieved through use of morphological keys, 

scanning electron microscopy or DNA analysis (Harvey, Dadour & Gaudieri 2003; 

Mendonça et al. 2008; Smith 1986).  Correct species identification is essential for minPMI 

estimation, as blow fly development rates vary between species (Harvey, Dadour & 

Gaudieri 2003; Nassu, Thyssen & Linhares 2014).  Once the species is correctly 

identified, the age of the oldest blow fly larvae found on the remains can be determined 

(Amendt et al. 2007; Baqué et al. 2015; Greenberg & Kunich 2002; Tantawi & Greenberg 

1993).   

 

Age determination considers the specimen, at the time of collection, in regards to the 

species specific time requirements for it to achieve growth goals such as length, weight 

and life stage (egg, larvae, pupation) in relation to its thermal history (Amendt et al. 2007; 

Anderson 1997; Baqué et al. 2015; Greenberg & Kunich 2002; Tantawi & Greenberg 

1993).  Life stage is the preferred method as it provides fewer variables, such as diet, 

shrinkage, preservation, compared to length and weight (Harvey, Gasz & Voss 2016).  

Insect growth is primarily driven by temperature and thus estimates of an immature 

insect’s age involve predictive modelling using the thermal history of the specimen, 

species specific development data and determination of the specimen’s life stage (Amendt 

et al. 2007).  Age determination is subsequently based on previously published 

developmental data that plots the positive relationship between temperature and growth 

achieved under controlled conditions (Zajac et al. 2018).  The thermal summation model, 

also known as the accumulated degree-hours (ADH) model, of age prediction is the most 

commonly applied method in forensic entomology (Nassu, Thyssen & Linhares 2014; 

Richards, Paterson & Villet 2007; Richards, Crous & Villet 2009).  The relationship of 

temperature to growth is considered linear between a species’ upper and lower 

developmental threshold (UDT and LDT respectively; Figure 2.2) allowing for the 

prediction of development time given the specimen’s thermal history (Harvey, Gasz & 

Voss 2016; Higley & Haskell 2009).  Outside of this range insect growth is adversely 

affected.  Reliable and appropriate development data, along with crime scene 
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temperatures, are therefore essential requirements for estimating how long the specimen 

was present and developing on decomposing remains (Anderson 1997). 

 

 

 

Figure 2.2: The thermal development curve – the generalised relationship between 

temperature and rate of development.  The linear region indicates growth at temperatures 

between the upper developmental threshold (UDT) and lower developmental threshold 

(LDT).  Adapted from Higley & Haskell (2009). 

 

 

Richards & Villet (2008) provide a useful flow diagram (Figure 2.3) detailing how 

development data, determined under controlled laboratory conditions, provides 

information that can estimate the development time of the oldest immature specimen 

collected from the scene (Richards & Villet 2008).  A clear component of this process is 

“development duration data” or development rate data and the accuracy of the estimated 

minPMI is highly dependent on the applicability of this information. 
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Figure 2.3: Flow diagram summarising the data sources and analytical process involved 

in estimating minPMI using a thermal summation model of insect development.  Sourced 

from Richards & Villet (2008).  

 

 

There are a number of abiotic and biotic factors that can affect blow fly development rates 

other than thermal history.  The environment experienced by the insects during 

development can affect growth.  Environmental influences include relative humidity (Al-

Saffar, Grainger & Aldrich 1996), light exposure (Nabity, Higley & Heng-Moss 2014), 

and other weather phenomena.  Highly dense insect assemblages can lead to competition 

for food, and heat production from overcrowding can produce smaller growth sizes and 

faster development rates respectively (Clark, Evans & Wall 2006).  Differing food 

sources have also produced variation in laboratory developmental data.  In a study that 

compared development rates of blow fly L. sericata on the lung, liver and heart from both 

cows and pigs (Clark, Evans & Wall 2006).  Growth rates were faster on the lungs and 

heart than the liver, and the pig organs gave faster rates than the cow organs (Clark, Evans 

& Wall 2006).  Therefore, it is important to review the food source used to produce the 

development data before it is applied to casework, and also to take note of the area of the 
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body (and therefore organs) the insects were collected from.  The species of blow fly itself 

will also affect development rate with variation between species, but studies have also 

shown differences between geographically distinct populations of the same species 

(Gallagher, Sandhu & Kimsey 2010; Hu et al. 2010; Norry, Bubliy & Loeschcke 2001; 

Owings et al. 2014; Price, Qvarnström & Irwin 2003; Tarone 2007; Tarone et al. 2011). 

 

The development rate of blow flies differs between species due to genetics, geographical 

adaptation and environmental factors.  This makes it necessary to collect species specific 

data for use in forensic investigations (Amendt, Krettek & Zehner 2004; Amendt et al. 

2007; Amendt et al. 2011; Voss et al. 2014).  Developmental data has been determined 

for a considerable number of forensically relevant blow fly species by exposing all stages 

of growth to a variety of constant temperatures under controlled laboratory conditions 

(Anderson 2000; Byrd & Butler 2014; Nassu, Thyssen & Linhares 2014; Richards, Crous 

& Villet 2009; Tomberlin, Adler & Myers 2014; Voss et al. 2014).  Research tends to 

focus on species-specific development data and typically uses specimens sourced from a 

population of a single geographical origin (Amendt, Krettek & Zehner 2004).  There are 

commonly differences in developmental data between studies of the same species which 

may be the result of differing research methods and design, species adaptation or genetic 

differences in populations (Tomberlin, Adler & Myers 2014). To date, researchers have 

yet to elucidate the cause of within species developmental variation and the extent of this 

variation geographically in regard to forensically relevant blow fly species.     

 

2.5 Current Issues 

The number of variables and environmental factors affecting minPMI estimation means 

that accurate calculations require extensive data.  The current research landscape for 

improving forensic entomological minPMI estimation is limited due to a paucity of 

researchers and funds, resulting in a lack of development data being generated for use in 

forensic case work.  Therefore, there is still a lack of species-specific development data 

for all relevant forensic species at their source locations.  It is not uncommon for 

individual forensic entomological practitioners to develop data for use in their own case 

work, however this data is rarely published for wider use.  Therefore, there is limited data 

for comparison of development rates of same species from different locations. 
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It is widely accepted that region specific (country) data is required for forensically 

important species, however it is not always available or where available, may not be 

extensively validated, despite the importance of relevant development data to the accurate 

estimation of minPMI.  At best, data is available on a state by state basis given research 

is currently being undertaken in that area and this data is then used throughout the state 

of origin.  Western Australia spans ~ 2.6 million km2, yet available data for use in forensic 

case work is produced from research trapping within the Perth city region, a single 

location within the state of only ~ 7 km2. Many of the blow fly species relevant to 

forensics are distributed widely across the state and colonise decomposing remains 

located in regional communities and outside of the Perth metropolitan area.  Despite 

potential for errors in minPMI calculation resulting from the application of developmental 

data to locations differing from the data source, the current status quo is to apply such 

data to police and legal investigations (Harvey, Gasz & Voss 2016).   

 

Though many studies have demonstrated differences in development rates between 

geographically varied populations of blow fly species, in general the causes of these 

differences have not been fully explored or explained (Gallagher, Sandhu & Kimsey 

2010; Hu et al. 2010; Hwang & Turner 2009; Tarone et al. 2011).  Causes of differences 

may be genetic variation, phenotypic plasticity or simply differences in methodologies 

between research design (Gallagher, Sandhu & Kimsey 2010).  Tarone et al. (2011) stated 

that studies vary in results, source populations and experimental design, making 

differentiating between genetic and environmental causes of developmental variation 

difficult (Tarone et al. 2011).  Further research is needed to address this issue to assist in 

establishing the extent of population variation and thus the appropriate application of 

development data to forensic case work. 

 

2.6 Population Genetics 

Different populations of the same species can differ in genetic composition, and this 

variation increases with greater geographical and spatial distance between the 

populations.  As such, species that are widespread can show regional genetic variation, 

geographic regions can show population variation and populations of species can show 

variation within them (Christiansen 2000).  There are a number of factors that can shape 

genetic variation between populations including natural selection, mutation, genetic drift 

and gene flow. 



19 

 

2.6.1 Evolutionary Forces That Shape Genetic Diversity 

2.6.1.1 Natural Selection 

Natural selection is an adaptive change in the genetic structure of a population through 

differential reproduction, resulting in differences in relative contribution and frequency 

of genotypes (Altukhov 2006; Hartl 2000).  Darwin’s theory of evolution by natural 

selection suggests that generational changes are the result of these four postulates: 

1. Individuals within populations are variable. 

2. Individual’s variations are, at least in part, passed from parents to offspring. 

3. In every generation, some individuals are more successful at surviving and 

reproducing. 

4. The individuals with the most favourable variations, those who are better at 

surviving and reproducing, are naturally selected. (Freeman & Herron 2007) 

 

2.6.1.2 Mutation 

Mutations are spontaneous changes in genetic material that occur randomly or from the 

influence of physical, chemical or biological factors (Altukhov 2006).  They result from 

changes due to transmission errors in the genetic information passed between generations 

(Allendorf & Luikart 2007).  These changes, including nucleotide substitution, insertions 

and deletions, and chromosome rearrangements, result in increased genetic diversity and 

are the only process that produces entirely new alleles and genes (Altukhov 2006; 

Freeman & Herron 2007; Hartl 2000).  Mutations may not always be detectable 

phenotypically, but those that do have a phenotypic effect tend to be deleterious and are 

therefore selected against (Allendorf & Luikart 2007).  

 

2.6.1.3 Genetic Drift 

Genetic drift is the random fluctuation of allele frequencies over generations due to 

random gamete sampling (Allendorf & Luikart 2007; Hartl 2000).  This is seen 

particularly in small populations, when genes are transferred from parents to offspring, 

the resulting gametes will be an imperfect sample of the parent’s allele frequencies 

(Allendorf & Luikart 2007).  Being a process based on chance, the genetic changes do 

not lead to adaptation, just alterations in allele frequencies (Freeman & Herron 2007).   A 

visual representation of the effect on allele frequencies over generations is depicted in 

Figure 2.4 (Grauer & Li 2000).   
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Figure 2.4:  Random sampling of gametes resulting in genetic drift in a population.  

Allele frequencies in the gamete pools (large boxes) are assumed to reflect exactly the 

allele frequencies in the adults of the parental generation (small boxes).  The allele 

frequencies fluctuate from generation to generation because the population size is finite 

(N = 5).  Sourced from Grauer & Li (2000). 
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2.6.1.4 Migration/Gene Flow 

Migration (or gene flow) occurs when populations interact and alleles move between gene 

pools (Altukhov 2006; Freeman & Herron 2007).  Calliphorids have the ability for long-

sustained flight and, though data of flight and dispersal capacity is scarce, different 

species show different migration capacities (Amat, Marinho & Rafael 2016; Norris 1965).  

The studies that have been conducted to date show that Lucilia species can travel 100 to 

700 metres in a single flight, and Calliphora nigribasis Macquart 1851 (Diptera: 

Calliphoridae) can travel from 1250 to 1789 metres per single flight and as far as 

3500m/day (Amat, Marinho & Rafael 2016).  If an immigrant differs genetically from 

their new population, they will have an effect on the allele frequencies of that population 

over successive generations (Altukhov 2006).   

 

Barriers to gene flow generally prevent physical travel and can lead to populations 

experiencing isolation by distance (Amat, Marinho & Rafael 2016; Gleeson & Heath 

1997; Martins & de Aguiar 2016).  In general gene flow reduces with increased 

geographical distance, however barriers such as elevation (mountain ranges), temperature 

(survivability in deserts or snow), and water (rivers, coastlines) can prevent gene flow 

over shorter distances (Martins & de Aguiar 2016).  In addition to this, life-history, 

physiology and behavioural factors can also limit dispersal (Martins & de Aguiar 2016).  

This was demonstrated by Gleeson & Heath (1997) when they found that sheep blow fly 

L. cuprina showed less dispersal when a favourable habitat was present, with low levels 

of gene flow despite minimal geographical barriers (Gleeson & Heath 1997).  Higher 

levels of gene flow between distant populations was considered to be likely from human 

transport of blow flies on sheep trucks or other vehicles, preventing an isolation by 

distance model of blow fly movement (Gleeson & Heath 1997).  The level of dispersal 

and therefore gene flow appears to be species specific (Amat, Marinho & Rafael 2016; 

Gleeson & Heath 1997; Stevens & Wall 1997).  Currently there is a lack of information 

on flight capabilities and gene flow barriers for the populations of numerous blow fly 

species including prominent forensically important species such as C. dubia. Thus, gene 

flow cannot be ruled out as a contributing factor in the population genetics of key forensic 

species in Australia such as C. dubia.  
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2.6.2 Population Genetics in Forensic Entomology 

Studies have shown the ability to identify genetic diversity among sub-populations of 

insects using molecular markers, generally in the area of pest control and management 

(Coelho-Bortolo, Mangolin & Lapenta 2016; Narain, Lalithambika & Kamble 2015).  

Knowledge of genetic variability and the effects of gene flow provides increased 

understanding of a species’ subpopulations and how best to manage them (Coelho-

Bortolo, Mangolin & Lapenta 2016).   

 

There is currently a move to increase knowledge of geographic genetic variation of 

forensically important insects.  Methods to provide information on genetic connectivity, 

due to gene flow, genetic drift, selection and other evolutionary processes, focus on the 

dispersal of individuals among distinct populations (Lowe & Allendorf 2010; Roderick 

1996).  Flight ability, but also genetic data can be used to compare genetic variation across 

geographical locations.  This knowledge could aid a forensic entomologist in the 

identification of post-mortem corpse movement; for example, if a specimen is found on 

remains that has a different genotype compared with populations from that location 

(Wells & Stevens 2009).  Identification of corpse relocation and the possibility of 

identifying the location of colonisation based on the genetics of the insects present on the 

remains provides police with essential information for their investigation.  Published 

studies provide varied success in this area, suggesting that population diversity to a level 

that can aid in identification of corpse relocation is species specific.  Picard and Wells 

(2010), were able to correctly assign blow fly species L. sericata to their population of 

origin with a 96% success rate (Picard & Wells 2010).  Bao and Wells (2014), however, 

discovered that introduced species Chrysomya megacephala Fabricius 1794 (Diptera: 

Calliphoridae) showed less geographical genetic diversity than native species in Florida, 

U.S. and therefore should be used with caution when determining corpse relocation (Bao 

& Wells 2014). 

 

The other aspect of geographical variation that interests forensic entomologists is the 

possibility of behavioural and physiological differences between populations and their 

subsequent repercussions on the accuracy of any derived minPMI.  Any differences in 

life history traits between populations, particularly development rates which are not 

accounted for in determining minPMI, ultimately lead to inaccuracies in the resulting 

estimate (Wells & Stevens 2009).  As such, the accuracy of entomological estimates of 
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time since death may be impacted by the availability of location specific biological data 

referred to in calculating minPMI. 

 

2.7 Location Specific Development Data 

The primary aim of forensic entomology is to strive for provision of the most accurate 

minPMI estimate, with several researchers calling for a greater research focus on 

developing location specific succession and development data (Amendt, Krettek & 

Zehner 2004; Byrd & Castner 2009).  The availability of relevant development data for 

the fly species present at a scene is crucial in the calculation of minPMI.  Research has 

provided development data for many forensically relevant fly species, and this data 

generally uses blow flies sourced from a single location (Voss, Spafford & Dadour 2009).  

This reference location often differs from the crime scene, sometime so significantly as 

to be in another country.  Where comparative research exists, studies have shown that 

geographically separated subpopulations of the same blow fly species can respond 

differently to the same temperature conditions and have different corresponding 

development data (Gallagher, Sandhu & Kimsey 2010; Hu et al. 2010; Owings et al. 2014; 

Price, Qvarnström & Irwin 2003; Tarone 2007; Tarone et al. 2011).   

 

This difference may be a consequence of within-species genetic variation between 

populations (Gallagher, Sandhu & Kimsey 2010; Hu et al. 2010).  Alternatively, 

populations from different locations may experience vast environmental variation and 

thus differences in growth rates in response to temperature may be attributed to aspects 

of phenotypic plasticity (Price, Qvarnström & Irwin 2003).  Price et al. (2003) discussed 

differences between populations assumed to be from genetic factors causing natural 

selection of phenotypic changes (Price, Qvarnström & Irwin 2003).  Instead it is plausible 

that population differences can be due to environmentally induced changes to behaviour, 

morphology and physiology, i.e. phenotypic plasticity.  Hwang and Turner (2009), using 

two populations of Calliphora vicina Robineau-Desvoidy 1830 (Diptera: Calliphoridae), 

one from urbanised Waterloo in central London and the other from rural Box Hill in 

Surrey, demonstrated differences in adult body size and growth rates despite having the 

same accumulated degree days (ADDs) (Hwang & Turner 2009).  The rural population 

produced larger adult sizes and growth rates at lower temperatures.  The authors stated 

that the distance between populations gave no barrier to gene flow, instead they attributed 

the small-scale geographical variation to phenotypic plasticity.  They suggested that 



24 

 

response to the urban heat-island effects in Waterloo lead to adaptation to higher 

temperatures, rather than genetic variation (Hwang & Turner 2009).  It would be 

reasonable to consider then, that if this research finds no genetic variation between 

populations, developmental data may still vary due to phenotypic plasticity arising from 

greatly varying environmental conditions.  Genetic variation however, should first be 

investigated/eliminated as a cause. 

 

Differences in within-species development rate and other biological aspects such as larval 

mass have been reported for a number of species (Table 2.1) (Gallagher, Sandhu & 

Kimsey 2010; Honek 1996; Hu et al. 2010; McWatters & Saunders 1996; Owings et al. 

2014; Richards, Paterson & Villet 2007; Tarone 2007; Tarone et al. 2011; Weidner et al. 

2015). 

 

Gallagher et al. (2010) found significant differences between three different north 

American populations (Sacramento CA, San Diego CA and Easton MA) in the time 

required for blow fly L. sericata to reach the end of its third larval stage, at three different 

rearing temperatures (16, 26 and 36ºC).  Differences were shown in development times 

between the three locations at each temperature, except between San Diego and 

Massachusetts at 36ºC.  The biggest differences in results were seen between the west 

coast Californian populations and the east coast Massachusetts population, locations that 

are almost 5000km apart and experience different mean daily temperatures.  At 16ºC a 

difference in development time of +12.11% was reported if San Diego reference data was 

used to age a specimen from the Massachusetts population.  Under the alternative 

scenario, a difference of -13.80% was reported in aging a San Diego specimen using 

Massachusetts data.  However, significant differences were also shown between the two 

Californian populations, only 800km apart.  The authors found a +10.80% difference at 

16ºC when using San Diego reference data for a Sacramento population and -12.20% 

difference for the reverse.  It was noted that the results did not adhere to the expected 

thermal model, where insect populations from the cooler climate would grow faster under 

cooler rearing temperatures due to adaptation.  This suggests that the differences in 

development time could be the result of other factors, for example adaptation to 

environmental conditions such as humidity, topography, photoperiod and plant ecology, 

rather than temperature alone (as considered by the thermal model).  Therefore it could 
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be suggested that differences between populations may be due to genetic variation 

(Gallagher, Sandhu & Kimsey 2010). 

 

Another American study, by Tarone et al. (2011), showed variation in development time 

and pupal size in L. sericata.  Three populations spanning over 3500km, from California, 

Michigan and West Virginia, were reared at 20 and 33.5ºC to determine mean minimum 

development time, mean pupal length and mean pupal weight.  In general, the lower 

rearing temperature produced larger pupae, with California pupae consistently larger and 

West Virginia pupae the smallest.  Mean minimum development time varied by as much 

as 16.6hrs between populations at 20ºC, and 31.8hrs at 33.5ºC.  Differential selection was 

suggested as the cause of these differences among the populations (Tarone et al. 2011).  

Tarone (2007) also noted that L. sericata from California fed for longer and grew larger 

than the same species from Michigan and West Virginia, stating that both environment 

(temperature) and genotype (population) should be considered when predicting 

development time (Tarone 2007). 

 

Owings et al. (2014) found variation in development times and pupal mass between 

populations of secondary screwworm, Cochliomyia macellaria Fabricius 1775 (Diptera: 

Calliphoridae) from three ecoregions spanning almost 500km in Texas.  Specimens were 

reared under two sets of conditions, 21ºC and 65% relative humidity (RH), and 31ºC and 

70% RH.  The cooler conditions produced differences between the locations of up to 

17hrs in immature development time, 24hrs in pupal development time and 3.87mg in 

pupal mass.  While the warmer conditions showed differences across the locations of up 

to 18hrs for immature development time, 3hrs for pupal development time and 3.48mg in 

pupal mass.  As minPMI calculation can call on development time and pupal mass for 

age estimation, such variation could result in significant errors in the final estimation if 

non-local data is applied.  These findings are important due to the small-scale 

geographical distances between the study populations.  With locations spanning 500km 

within the one state, it indicates the need for location-specific data even for 

geographically close populations.  These population effects are likely to be highly species 

specific; small scale population variations may not be present for all species and further 

research should be performed to confirm this (Owings et al. 2014). 

 



26 

 

Hu et al. (2010) reported on the development time and size-related traits of Ch. 

megacephala from six Chinese populations along a latitudinal gradient which were reared 

at 20ºC and 30ºC.  A difference in mean development time was observed between 

populations that could not be explained simply by latitudinal differences and 

corresponding mean temperatures.  In general, shorter development times occurred at 

higher temperatures and mean development time was consistent in all populations at 

30ºC.  Comparatively, at 20ºC mean development times ranged from approximately 350 

to 425 hours, though decreasing development time was not consistent with decreasing 

latitude as the authors had hypothesised.  This suggests that differences are potentially 

the result of genetic variation rather than plasticity alone in response to temperature 

adaptation, and supports the need for further evaluation of within species population 

genetics (Hu et al. 2010). 

 

Richards et al. (2007) produced a thermal summation model for development of 

Chrysomya albiceps Wiedemann 1819 (Diptera: Calliphoridae) from Grahamstown, 

South Africa, using 13 different constant temperatures.  Comparisons were then made to 

studies from Brazil, Moscow, Vienna and Rio de Janeiro in regard to development data 

modelling measures of thermal constant (K) and LDT, revealing that the species thermal 

constant is directly proportional to geographical latitude while lower developmental 

threshold is inversely proportional.  Having ruled out other possible causes of 

developmental data differences, the authors suggested that the differences were due to 

geographical separation of populations.  It is possible that the higher latitude, and 

therefore colder environment, populations show adaptation to colder average 

temperatures giving a lower LDT and higher K to improve growth and survivability 

(Richards, Paterson & Villet 2007).  This theory was also tested by Honek (1996) who 

recalculated development data taken from published literature for 335 species, 

demonstrating that LDT will decrease and K increase with increasing geographical 

latitude.  Due to significant geographical variation in thermal characteristics of insect 

development further research was suggested (Honek 1996). 

 

Substantial differences in development rates under the same laboratory conditions have 

been demonstrated between populations that span continents (Hu et al. 2010; Tarone et 

al. 2011), as well as between populations within smaller spatial ranges such as the U.S 

state of Texas (Owings et al. 2014) and even those separated by altitude (Norry, Bubliy 
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& Loeschcke 2001).  This suggests the possibility that differences will exist between 

spatially distant populations of the same species of blow fly within the geographically 

large and environmentally diverse state of Western Australia. 

 

The use of nonlocal development data may be leading to inaccuracies in minPMI 

calculations, which can have legal consequences in both police investigations and court 

proceedings (Owings et al. 2014).  Though subpopulation genetic variation is now being 

considered by many researchers, there appears to be a lack of research into the genetic 

variation within Western Australian populations of forensically significant blow fly 

species.  
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Table 2.1: A review of studies into developmental differences between geographically distinct populations of forensically important blow fly 

species (Diptera: Calliphoridae). RH, relative humidity. 

Authors Year Species Locations 

Study conditions if 

applicable  Differences 

Hwang and 

Turner 2009 Calliphora vicina  

Waterloo, London and Box Hill, 

Surrey  

Urban versus rural 

temperature adaptation 

Gallagher et al. 2010 Lucilia sericata 

Sacramento CA, San Diego CA and 

Easton MA 16, 26 and 36ºC 

Time to reach third larval 

stage 

Tarone et al. 2011 Lucilia sericata 

California, Michigan and West 

Virginia 20 and 33.5ºC 

Mean development time, 

mean pupal length and mean 

pupal weight 

Owings et al. 2014 

Cochliomyia 

macellaria 3 regions in Texas spanning 500km 

21ºC 65% RH, and 

31ºC 70% RH 

Developmental time and 

pupal mass 

Hu et al. 2010 

Chrysomya 

megacephala 

6 Chinese populations along a 

latitudinal gradient 20ºC and 30ºC Development time 

Richards et al. 2007 Chrysomya albiceps 

Grahamstown, South Africa compared 

to Brazil, Moscow, Vienna and Rio de 

Janerio   

Species thermal constant and 

lower developmental 

threshold 
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2.8 Molecular Biology and Forensic Entomology 

Forensic entomology has increasingly involved aspects of molecular biology, with many 

genotyping protocols being employed through commercial kits to aid in entomological 

investigations (Wells & Stevens 2008).  The main areas involving DNA analysis are 

species identification (Desmyter & Gosselin 2009; GilArriortua et al. 2014; Harvey, 

Dadour & Gaudieri 2003; Kavitha et al. 2013; Malgorn & Coquoz 1999; Nakano & 

Honda 2015), analysis of gut contents (Li et al. 2011; Wells et al. 2001; Zehner, Amendt 

& Krettek 2004) and detecting genetic variation to aid in identification of corpse 

relocation (Bao & Wells 2014; Picard & Wells 2010) or to identify potential errors in 

minPMI estimation (Wells & Stevens 2008).  

 

Species identification is the first routinely used genotyping application in forensic 

entomology (Wells & Stevens 2008).  As a crucial step in the estimation of minPMI, it is 

paramount that the insects present at a scene are identified correctly.   

 

Species identification in forensic entomology has generally used mtDNA due to its high 

mutation rate, which leads to the rapid generation of differences between sub-species 

(Malgorn & Coquoz 1999).  Several regions of mtDNA have been utilised in the 

identification of species of individuals at different development stages for forensic 

entomological studies, including cytochrome oxidase I and II (COI and COII) (Wallman 

& Donnellan 2001; Wallman, Leys & Hogendoorn 2005) and NADH dehydrogenase 

subunits 4 and 4L (ND4 and ND4L) (Wallman, Leys & Hogendoorn 2005).  Nuclear 

DNA methods involving rRNA regions ITS and 28S have also been successful and used 

in addition to COI and COII for closely related species (Nelson, Wallman & Dowton 

2007; Ratcliffe et al. 2003).   

 

The mtDNA cytochrome oxidase I (COI) gene, also known as the ‘barcoding gene’, is 

the most commonly applied mtDNA gene in the identification of forensically significant 

blow fly species (Sharma, Singh & Sharma 2015; Tuccia, Giordani & Vanin 2016).  The 

COI sequence has a low variation within species, yet high variation between species 

making is highly useful for the identification of blow fly species in a forensic 

entomological context (Sharma, Singh & Sharma 2015).   Though DNA barcoding using 

a specific area of the COI gene is now commonly accepted for molecular identification 

of species, limitations on its ability to resolve closely related species were also shown 
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(GilArriortua et al. 2014; Harvey, Dadour & Gaudieri 2003; Meiklejohn et al. 2012; 

Salem, Adham & Picard 2015; Wallman & Donnellan 2001; Wells, Wall & Stevens 

2007).  This suggests the need for a marker with higher discriminatory power in order to 

distinguish between closely related species and species populations. 

 

2.8.1 Determining Genetic Variation in Blow fly Populations Using 

Microsatellites 

DNA contains regions that vary between individuals and it is from these hyper-variable 

segments that markers are selected and used to determine genetic differences (Miller-

Coyle 2008).  Microsatellites (or short tandem repeats) are DNA markers in non-coding 

regions consisting of core units of two to six base pairs that are repeated in tandem 

between 10 to 100 times.  The number of repeats of the core unit is highly variable due 

to mutations during DNA replication.  This variability allows for species and population 

identification (Altukhov 2006).   

 

Microsatellite, or STR profiling, is considered the gold standard in forensic DNA 

methodology and has been used in forensic cases since the early 1990s (Alonso et al. 

2018; Houck 2015).  DNA fingerprinting for human identification in casework and the 

development of DNA databases containing STR profiles, makes use of the principles that 

the genome of each individual is unique and inherited from the parents allowing for 

identification and pedigree establishment respectively (Houck 2015; Verma & Goswami 

2014).  The discriminating power of multiplexed microsatellites is very high, allowing 

for confidence in forensic DNA evidence for accurate identification of an individual 

(Houck 2015).  Microsatellites are present in abundance in all eukaryotic species 

providing a means of identification and detection of kinship and population genetics 

(Houck 2015).  Wells and Stevens (2009) stated that nuclear DNA methods, such as 

microsatellite profiling, should be developed for carrion insects, as these are more useful 

in population genetics than mtDNA methods (Wells & Stevens 2009). 

  

Microsatellites are popular genetic markers for forensic entomological DNA analysis  

(Farncombe, Beresford & Kyle 2014; Linville, Hayes & Wells 2004; Rodrigues, 

Azeredo-Espin & Torres 2009).  They are not influenced by selective pressure, because 

they are from non-coding regions, they can be amplified by the polymerase chain reaction 

(PCR) and they are found in great numbers throughout DNA (Altukhov 2006; Butler 
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2005).  When multiple sites on the DNA are tested, microsatellites are generally able to 

discriminate between both unrelated (species) and closely related (population) individuals 

(Butler 2005), making them ideal for studies of genetic variation within a population. 

 

Despite the fact that arthropod genomes appear to contain far fewer microsatellites than 

vertebrate genomes (Wells & Stevens 2009), microsatellite protocols have been 

developed for a number of forensically important species.  Often protocols have been 

developed in order to produce population genetic research.  Thirteen polymorphic 

microsatellite loci for Lucilia illustris Meigen 1826 (Diptera: Calliphoridae) and L. 

sericata species in Europe were developed for a genetic differentiation study (Florin & 

Gyllenstrand 2002).  Ten polymorphic microsatellite markers were isolated in 2004 and 

seven more in 2005, for the parasitic fly pest Cochliomyia hominivorax Coquerel 1858 

(Diptera: Calliphoridae) in Brazil, during genetic variability and population structure 

research (Torres et al. 2004; Torres & De Azeredo-Espin 2005).  Due to their 

discriminatory power and previous effective use for forensically important species, 

microsatellites were used for genetic analysis of the research species. 

 

2.9 Study Species: C. dubia 

To examine the extent of genetic variation in blow fly populations within Western 

Australia, the forensically relevant species C. dubia was selected as a study species 

(Figure 2.5).   

 

Commonly known as the blue-bodied blow fly, C. dubia is a forensically important 

primary blow fly species found in southern areas of Australia (Figure 2.6) and commonly 

used in forensic case work (Cook & Dadour 2011; Dadour et al. 2001).  This species is 

most abundant during spring (September to November) in Western Australia (Voss, 

Spafford & Dadour 2009), however specimens have been collected between coastal towns 

Perth and Exmouth (360km north of Carnarvon) during the winter months (Monzu 1977) 

though in lower numbers. 

 

As a primary fly it is among the first to colonise remains, arriving during the fresh stage 

of decomposition and remaining throughout the bloat and wet stages (Voss, Spafford & 

Dadour 2009).  This makes estimates of minPMI using C. dubia generally more accurate 

than minPMI calculations using those species arriving later and which have longer 



32 

 

estimated time ranges (Voss et al. 2014).  C. dubia is therefore an important species for 

determination of minPMI in Australia.   

 

 

 

Figure 2.5: The study species, Calliphora dubia Macquart 1855 (Diptera: Calliphoridae), 

sourced from CSIRO Systematic names: Calliphora dubia (Macquart), Agriculture 

Western Australia (2004), accessed [5th Jan 2017] 

http://www.ces.csiro.au/aicn/system/c_1123.htm.  (CSIRO 2004) 

 

 

Figure 2.6: Distribution of Calliphora dubia Macquart 1855 (Diptera: Calliphoridae), 

adapted from Atlas of Living Australia, Global Biodiversity Information Facility, 

accessed [3rd April 2017] 

http://bie.ala.org.au/species/urn:lsid:biodiversity.org.au:afd.taxon:88ae65e0-0b27-4999-

ae74-ce54a12cec69  (Atlas-of-Living-Australia) 

http://www.ces.csiro.au/aicn/system/c_1123.htm
http://bie.ala.org.au/species/urn:lsid:biodiversity.org.au:afd.taxon:88ae65e0-0b27-4999-ae74-ce54a12cec69
http://bie.ala.org.au/species/urn:lsid:biodiversity.org.au:afd.taxon:88ae65e0-0b27-4999-ae74-ce54a12cec69
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Four geographically distinct populations of this species were trapped in Carnarvon, 

Geraldton, Perth and Albany within the Australian state of Western Australia.  Spanning 

close to 1200km, with an average of 420km between each site, these locations represent 

distinct regional hubs where forensic cases occur.  These four locations encompass 

different climate conditions, being distributed longitudinally along the Western 

Australian coast, with different population sizes and industries.       

 

C.  dubia is an ovoviviparous blow fly species, meaning they lay live, first instar larvae 

that emerge from a thin sheath after being deposited on or near decomposing remains and 

begin feeding immediately (Cook, Voss & Dadour 2012; Dadour et al. 2001).  Laying 

live larvae is not only of great advantage to the blow fly, it is also important to note for 

minPMI determination, as the time taken for an egg to hatch needs to be disregarded in 

order to give an accurate estimate (Cook & Dadour 2011).   

 

In regard to comprehensive life history data covering this species’ thermal history and 

development, there is very limited data available.  Dadour et al. (2001) researched the 

effect of larval mass density on larval development and length, however relevant 

temperature-based developmental data is still lacking for this species.  Additionally, the 

data that is available has not been validated for application across the distribution of C. 

dubia and all source populations for Western Australian research have been from Perth 

alone. 

 

2.10 Specific Thesis Aims 

1. To develop appropriate microsatellite markers and multiplexing system for the 

molecular analysis of C. dubia.  In order to analyse genetic variation in C. dubia, the 

tools necessary for DNA analysis need to be obtained.  Microsatellite markers will need 

to be developed and optimised for use in PCR to allow for genetic variation analysis.   

 

2. To extract, PCR and genotype four C. dubia populations within Western 

Australia.  Collection of C. dubia from four distinct locations (Carnarvon, Geraldton, 

Perth and Albany) within the state will provide an adequate sample of geographically 

distinct populations to determine potential genetic variation.  DNA will need to be 

successfully extracted from these flies in order to complete the genotyping through PCR 

and fragment analysis.  The resulting genotype will be used in statistical analysis. 
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3. To determine if genetic variation exists between four populations of C. dubia 

within Western Australia and the extent of this variation.  Upon collection of the 

DNA results, statistical analysis will be performed on the genotypes to determine 

population genetics and whether genetic variation actually exists between the 

populations.  The extent to which geographical genetic variation exists will be considered 

in relation to how widely development data can be applied outside of the source location.  

This will aid in the knowledge of C. dubia in Western Australia and, if genetic variation 

is present, further investigation into differences in development rate across the 

populations and the effect this has on minPMI estimates using this species may be 

warranted.  In addition, if population level genetic diversity exists for this species it can 

aid in the identification of the likely point of colonisation and determination of post-

mortem movement of remains. 
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CHAPTER THREE 

 

Specimen Collection, Primer Optimisation and Multiplexing 
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3.1 Specimen Collection 

Adult specimens of the blow fly species C. dubia were collected from multiple trapping 

sites within four distinct locations along the coast of Western Australia; Carnarvon, 

Geraldton, Perth and Albany (Figure 3.1; Table 3.2).  The Perth specimens were collected 

by the author in 2015, whilst all remaining samples were collected in 2011, by Dr Sasha 

Voss, as part of an earlier project. The same trapping procedures were used for both the 

2011 and 2015 collections (as detailed in section 3.1.1).  

 

 

 

Figure 3.1: Collection locations (solid red circles) within Western Australia, Carnarvon; 

Geraldton, Perth and Albany. Altered image sourced from Mapsof.net (Detailed map of 

western australia - western australia maps  2017). 
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The four collection locations were selected due to their difference in latitude position 

within the state of Western Australia.  Spanning close to 1300km, the locations range in 

climate and represent areas isolated enough that fly movement between sites could only 

be through human intervention.  Perth is the capital city of Western Australia, Geraldton 

and Albany are major sea ports, and Carnarvon is known for its mining and fisheries.  

Further details of the collection locations are found in Table 3.1 (Bureau of Meteorology 

2017).  

 

 

Table 3.1: Specimen collection site information (Bureau of Meteorology 2017). 

Collection 

site 

Approx. 

Population Location 

Elevation 

(m) 

Mean Annual 

Rainfall (mm) 

Av. Max. 

Temp. 

(°C) 

Av. Min. 

Temp. 

(°C) 

Carnarvon 5000 

S24.89 

E113.67 4 224.6 32.6 10.9 

Geraldton 40,000 

S28.78 

E114.61 3 112 29.7 10.5 

Perth 1.94 million 

S31.92 

E115.87 25 727.5 31.6 7.8 

Albany 34,000 

S35.03 

E117.88 3 138 22.9 8.2 

 

 

 3.1.1 Trapping Methods 

Commercially available fly traps (Solar Fly Trap, ARBICO Organics, Arizona, USA) and 

a non-toxic bait powder (The Buzz, Norfolk, UK) mixed into solution using distilled 

water were used to attract and catch blow fly species at each trapping site.  Trapping was 

executed from late August to October to maximise success due to the highest abundance 

of the study species during spring (September to November) in Western Australia (Voss, 

Spafford & Dadour 2009).  

 

Bait powder was mixed with 500ml of water and left in an enclosed container for several 

days to develop its odour before use in individual fly traps. Baited fly traps were placed 

on site and cleared after 4 hours to maximise trap success. Trap catches were knocked out 

using 100% grade ethanol delivered using a fine mist trigger spray bottle for ease of 

collection. Adult flies were removed from traps and killed in 100% ethanol, then stored 
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in 100% ethanol at 4°C for later identification using a portable fridge/freezer (Engel 

MR40F Eclipse, Australia). Adult blow flies were identified to species by experienced 

technical staff within the Centre for Forensic Science using published taxonomic keys 

(Wallman 2001) and cross-referenced against samples stored in the forensic entomology 

laboratory at UWA and specimens provided by the entomology taxonomic division of the 

Department of Agriculture, W.A.  Specimen numbers of the identified target study 

species varied dependent on trapping success at each location and ranged from 14 - 23 

specimens per location (Table 3.2).  

 

 

Table 3.2: Trapping sites (GPS Co-ordinates) within the four selected locations along the 

Western Australian coast and specimen numbers identified as Calliphora dubia from trap 

catches for use in molecular analysis. 

Location GPS Co-ordinates 

Date 

Collected 

# of 

Samples Sample IDs 

Carnarvon S24.89364, E113.67057 24/08/2011 6 CN1-CN6 

Carnarvon S24.87228, E113.70163 24/08/2011 11 CN7-CN17 

Geraldton 1 S28.78505, E114.62229 25/08/2011 6 GR1-GR6 

Geraldton 1 S28.78804, E114.62059 25/08/2011 6 GR7-GR12 

Geraldton 1 S28.78631, E114.62049 25/08/2011 4 GR13-GR16 

Geraldton 2 S28.79, E114.61 19/08/2011 7 GR17-GR23 

Perth S31.949739, E115.797071 11/10/2015 14 PR1-PR14 

Albany S35.02046, E117.85983 29/09/2011 7 AL1-AL7 

Albany S35.04905, E117.84112 29/09/2011 7 AL8-AL14 

 

 

3.2 DNA Extraction 

DNA was extracted using the Salting-out Method described by Miller et al. in 1988 

(Miller, Dykes & Polesky 1988).  This process removes DNA from cells, proteins and 

other components via dehydration and precipitation using a saturated salt solution.  

Salting-out DNA extraction, whilst not as efficient as newer methods, was selected due 

to its cost-effectiveness and the fact that the resulting purity of the extraction is at a level 

sufficient for this microsatellite analysis (Chacon-Cortes et al. 2012).   
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DNA was extracted from the flight muscle of the blow flies, which is located below the 

wing within the thorax.  To avoid contamination from the stomach contents or 

reproductive organs this muscle tissue was removed using forceps taking care not to 

disrupt the contents of the abdomen.  Contamination of this type may provide extraneous 

DNA of the individual specimen. 

 

The muscle tissue was incubated overnight at 56°C on a shaker in 300l TNES buffer 

(1M Tris-HCl, 5M NaCl, 0.5M EDTA and 2% SDS) and 20l proteinase K.  Following 

incubation, 85l of 5M NaCl was added, which causes the proteins to precipitate.  The 

resulting mixture was placed on ice for 5 minutes, then centrifuged for 5 minutes at 

14,000rpm to pellet the proteins.  350l of supernatant was removed, ensuring the protein 

pellet at the base of the tube, was not disturbed and the supernatant was centrifuged for a 

further 5 minutes.  300l of the resulting supernatant was removed, and 400l of 100% 

ethanol was added to precipitate the DNA.  This was then centrifuged at 14,000rpm for 3 

minutes to form a pellet.  The ethanol was poured off without disturbing the pellet and 

500l of freshly made 70% ethanol added before a final centrifuge for 3 minutes.  After 

this, the ethanol was evaporated from the tubes.  The extracted DNA pellet was then 

resuspended in 50l DNA- and RNA-free Ultrapure water (Fisher Biotec, Australia).  

Once the extraction process was complete, the quality and quantity of DNA was assessed 

by spectrophotometry before storing at -20°C. 

 

 3.2.1 DNA Quantification and Quality Assessment 

The quality and quantity of the extracted DNA was assessed using a NanoDrop® ND 

1000 spectrophotometer.  After calibration with Milli Q water and a blank test using 

Ultrapure water, 2µl of each sample was placed on the spectrophotometer to determine 

the concentration of DNA present in ng/µl (Table 3.3).  DNA was successfully extracted 

from all samples in quantities sufficient for further analysis (>20ng/l), the wide range of 

concentrations yielded by extraction may have been due to variation in the amount of 

tissue removed from each fly for the extraction process.  Each sample was then diluted 

using Ultrapure water to produce a concentration of 10ng/l.  For example, PR6 showed 

a concentration of 382ng/l, therefore 1.3l of DNA was diluted in 48.7l Ultrapure 

water to produce a concentration of 10 ng/l. 
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The NanoDrop® ND 1000 spectrophotometer also assesses the quality of the DNA 

obtained from extraction by providing the ratios of absorbance at 260nm and 280nm, and 

230nm and 260nm.  DNA has a maximum absorbance around the 260nm wavelength, 

proteins around 280nm and organic contaminants such as phenols around 230nm, which 

is why the DNA concentration is measured at 260nm.  The ratios A260/280 and A230/260 

give an indication of purity.  Contamination can greatly affect the amplification of DNA 

by the PCR and therefore the DNA analysis undertaken.  A sample with an A260/280 

ratio between 1.8 - 2.0 and an A230/260 ratio between 2.0 - 2.2 is considered to have high 

purity, and therefore values significantly below these ranges would indicate 

contamination (Shim et al. 2010).  Sample purity was assessed using the NanoDrop® ND 

1000 spectrophotometer.  All but one sample showed sufficient purity (above 1.8) based 

on the A260/280 ratio.  Several samples produced A230/260 ratios below the ideal range, 

suggesting contamination by organic compounds.  This is the result of the simple salting 

out extraction procedure, however this purity was considered sufficient for this research.  

Sample PR4 showed high levels of contamination suggesting issues during extraction 

which would most likely affect further results for this sample, though it was retained for 

analysis (Table 3.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 

 

Table 3.3: Analysis of DNA quantity and quality using a NanoDrop® ND 1000 

spectrophotometer following extraction of DNA from collected Calliphora dubia 

specimens.  Ratios of absorbance between wavelengths 260nm and 280nm (260/280) and 

230nm and 260nm (230/260) give an indication of sample purity and level or organic 

contamination respectively.  Two collection points for Geraldton are assigned (1) or (2). 

Sample ID ng/l 260/280 230/260  Sample ID ng/l 260/280 230/260 

Carnarvon        GR3 (1) 59.2 2.18 1.82 

CN1 169.8 2.31 2.44  GR4 (1) 165.4 2.22 2.31 

CN2 107.9 2.18 2.02  GR5 (1) 96.9 2.26 1.83 

CN3 114.0 2.21 2.10  GR6 (1) 174.9 2.19 2.01 

CN4 184.3 2.16 1.70  GR7 (1) 80.6 2.27 2.25 

CN5 72.5 2.21 2.10  GR8 (1) 104.6 2.33 2.33 

CN6 194.1 1.86 1.35  GR9 (1) 74.7 2.26 2.33 

CN7 85.2 2.27 2.13  GR10 (1) 106.2 2.33 2.21 

CN8 356.4 2.25 2.03  GR11 (1) 56.0 2.10 1.62 

CN9 71.6 2.18 2.14  GR12 (1) 107.9 2.17 1.82 

CN10 557.4 2.28 2.20  GR13 (1) 150.2 2.04 1.31 

CN11 452.4 2.26 2.16  GR14 (1) 221.7 2.16 1.62 

CN12 116.6 2.18 2.02  GR15 (1) 157.4 2.10 1.51 

CN13 149.9 2.27 2.24  GR16 (1) 104.6 2.14 1.63 

CN14 140.0 1.94 1.26  GR17 (2) 117.0 2.16 1.80 

CN15 180.8 2.13 1.92  GR18 (2) 104.8 2.15 1.59 

CN16 997.9 2.26 2.19  GR19 (2) 133.5 2.15 1.72 

CN17 150.5 2.22 2.30  GR20 (2) 111.1 2.06 1.36 

Perth        GR21 (2) 90.0 2.28 2.17 

PR1 113.1 2.25 2.45  GR22 (2) 105.8 2.12 1.43 

PR2 238.2 2.03 2.17  GR23 (2) 79.3 2.28 2.08 

PR3 121.0 2.18 2.29  Albany       

PR4  20.4 1.69 0.73  AL1 224.9 1.95 1.25 

PR5 116.6 2.07 2.31  AL2  171.1 2.13 1.94 

PR6 382.8 2.21 2.24  AL3 108.7 2.26 1.55 

PR7 126.5 2.23 2.40  AL4 64.8 2.21 1.62 

PR8 158.4 2.10 2.32  AL5 77.4 2.24 1.69 

PR9 107.4 2.21 2.34  AL6 127.6 2.22 1.66 

PR10 83.3 2.03 1.64  AL7 59.1 2.17 1.24 

PR11 438.4 2.05 1.78  AL8 60.8 2.37 2.15 

PR12 96.9 2.22 2.29  AL9 196.4 2.00 1.24 

PR13 50.9 2.22 1.54  AL10 66.8 2.19 1.79 

PR14 67.0 2.07 1.76  AL11 58.2 2.28 1.30 

Geraldton        AL12 122.2 1.96 1.29 

GR1 (1) 98.5 2.25 2.27  AL13 125.2 1.98 1.22 

GR2 (1) 158.3 2.22 1.93  AL14 94.6 2.23 1.93 
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3.3 Microsatellite Library 

Microsatellite markers are important genetic tools that allow for polymorphic difference 

between individuals to be identified through PCR.  Appropriate microsatellite markers 

have not previously been developed for C. dubia, therefore a single DNA sample was 

sent to the Australian Genome Research Facility (AGRF) for microsatellite library 

development via Ion Torrent sequencing.  From the list of almost 150,000 microsatellites 

isolated, primers were selected based on repeat motif, optimum annealing temperature, 

primer and product lengths, and primer compatibility.   

 

3.4 Primer Selection, Optimisation and Multiplexing 

Multiplexing is a cost and time effective method that allows for the amplification of more 

than one microsatellite in a single reaction (Remm, Krjutskov & Metspalu 2013).  

Multiple primer pairs are combined in the one reaction and this complex system needs to 

be optimised in terms of primer and MgCl2 concentrations and the optimal annealing 

temperature of each primer pair.  In order to get to this stage each primer must be 

optimised as a singleplex to determine the optimum annealing temperature, chemistry and 

PCR conditions.   Once this has been done, inappropriate primers can be identified and 

removed. 

 

 3.4.1 Primer Selection 

Selection of appropriate microsatellite marker primers is essential for population genetic 

analysis.  Amplicon size should be less than 400 nucleotides, a size that is readily resolved 

by electrophoresis (Marshall, Johnstone & Carr 2007; Remm, Krjutskov & Metspalu 

2013).  Markers should also provide a range of sizes from small to large to maximise 

separation during electrophoresis (Gardner et al. 2011).  The repeat motif of a marker is 

the 2-6 base pair section that is repeated to form the microsatellite, and each class (di- to 

hexa-nucleotide) has its own advantages and disadvantages.  Dinucleotides are both 

highly polymorphic and allow for greater number of loci to be genotyped during amplicon 

sizing, however, they are more likely to stutter - making accurate allele sizing difficult 

(Gardner et al. 2011).  Tetra-nucleotides are considered first choice with a balance of high 

polymorphism and low stutter rates, though they have a larger allele size range (Gardner 

et al. 2011).  The number of times the motif is repeated also affects polymorphism, as 

microsatellite loci slippage rates increase linearly from four to ten repeats before 

declining.  Therefore, Gardner et al. (2011) suggest selecting loci with eight or more 
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repeats to provide loci variation suitable for population genetics studies.  It is also 

important to ensure that the loci selected are unique, having flanking regions different 

from other loci, to enable compatibility within a PCR multiplex and avoid  primer-dimers 

where two primers hybridise, competing with the desired amplification reaction (Gardner 

et al. 2011; Hurley, Kukuruga & Rosen Bronson 1993; Remm, Krjutskov & Metspalu 

2013).   

 

Based on these criteria, the 30 most appropriate primers were selected.  The forward and 

reverse primers for the chosen 30 markers were ordered from Integrated DNA 

technologies (IDT, Singapore) and upon arrival were reconstituted with TE Buffer to a 

final concentration of 100M.  From these a working primer mix containing matching 

forward and reverse primers was diluted in ultrapure water to produce a final 

concentration of 10M.   

 

3.4.2 Temperature Gradient Trial 

The nucleotide composition of a primer effects its optimal annealing temperature, 

therefore temperature gradient trials can aid selection of primer pairs that have similar 

temperatures and minimise preferential amplification of products (Hurley, Kukuruga & 

Rosen Bronson 1993; Marshall, Johnstone & Carr 2007).  In addition, it also ensures  all 

primers in a multiplex can perform at similar temperatures  (Hurley, Kukuruga & Rosen 

Bronson 1993).   

 

Each primer was tested against a temperature gradient (48, 52, 56 and 60ºC) using DNA 

sample PR6 in order to identify the optimum annealing temperature under which each 

primer functions.  The 5l PCR reaction contained 1l Bioline (Bioline, Australia) buffer 

(a buffer system containing dNTP’s - the building blocks used to amplify DNA - 

magnesium chloride and enhancers each at optimal concentrations), 0.2l forward and 

reverse primer mix, 0.5l bovine serum albumin (BSA), 0.1l Bioline MyTaqTM DNA 

polymerase (Bioline, Australia), 2.2l Ultrapure water and 1l PR6 DNA (10ng/µl).   

 

The PCR was performed using an Eppendorf Mastercycler Epgradient S (Eppendorf, 

Hamburg, Germany), with the following program.  An initial denaturing stage at 95°C 

for three minutes, then 35 cycles of 95°C for one minute, one minute at the temperature 
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gradient (48, 52, 56 and 60°C), and one minute at 72°C, followed by a final extension 

phase of 72°C for five minutes.  The resulting PCR products were visualised through a 

3% agarose gel stained with Gel Red (Biotium, Fremont, CA USA), for 40 minutes at 

100V.  The bands produced for each primer at each of the temperature gradients were 

assessed for the correct sized and clearest bands.  Four primers were considered to have 

failed this trial due to the lack of amplification or due to the amplification of >2 bands.  

Of the 26 remaining primers the optimal temperature for most was 60ºC but some primers 

performed best at the lower temperatures 48ºC (n=1), 52ºC  (n=1) and 56ºC (n=2).  All 

26 primers, regardless of temperature, were selected for further optimisation. 

 

 3.4.3 Primer Trials and Optimisation 

The remaining 26 primers were tested using the above PCR reaction mix, testing two 

DNA samples from each of the locations; PR2, PR8, CN6, CN8, AL1, AL9, GR6 and 

GR14 and using the optimal temperature identified in the gradient trials.  The PCR 

products were visualised in 3% agarose gel stained with Gel Red (Biotium, Fremont, CA 

USA) as above and the resulting bands assessed.  Based on these results 20 primers were 

considered workable.  Of these one was rejected due to an incompatible annealing 

temperature and four due to faint or missing bands across all locations.  The remaining 

15 primers were optimal at 60ᵒC and considered for combination into three multiplexes 

(Table 3.4).   

 

3.4.4 Primer Multiplexing 

The 15 microsatellites selected were analysed using the software program Multiplex 

Manager 1.2 for potential multiplex combinations.  The results provided 5 potential 

multiplex combinations and a report of possible secondary structuring such as primer-

dimer formation.  Based on this information, three multiplexes were designed and 

assigned fluorescent tags, VIC, PET and FAM to ensure each marker could be identified 

downstream (Table 3.4).  Fluorescent tagged forward primers were ordered from Alpha 

DNA (Alpha DNA, Quebec, Canada) and combined with the reverse primers at 10mol 

as previously described. The primer pairs were tested singly and in their multiplexes at 

60ºC using two DNA samples from each location; PR2, PR8, CN6, CN8, AL1, AL9, GR6 

and GR14.   
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Two different PCR reactions, Bioline (Bioline, Australia) and QIAGEN (QIAGEN, 

Hilden, Germany), were run for each multiplex to compare quality and cost.  Equimolar 

concentrations of each primer were used so that based on the results, concentrations could 

be optimised prior to the final analysis (Henegariu et al. 1997).  The Bioline (Bioline, 

Australia) reaction was prepared as a 5l solution containing 1l Bioline buffer (Bioline, 

Australia), 0.2l of each primer in the mix, 0.5l bovine serum albumin (BSA), 0.1l 

Bioline MyTaqTM DNA polymerase (Bioline, Australia), Ultrapure water and 1l sample 

DNA.  The Bioline (Bioline, Australia) protocol used in the initial gradient and singleplex 

reactions was implemented again.  The QIAGEN (QIAGEN, Hilden, Germany) reaction 

was prepared as a 10l solution containing 5l QIAGEN (QIAGEN, Hilden, Germany) 

Multiplex PCR master mix (containing HotStarTaq DNA polymerase, buffer, optimised 

salt concentrations, Q-solution and dNTP’s), 0.2l primer mix, 3l Ultrapure water and 

1l sample DNA.  The QIAGEN (QIAGEN, Hilden, Germany) protocol used involved 

an initial denaturing stage at 95ºC for 15 minutes, then 35 cycles of 94ºC for 30 seconds, 

60ºC for 90 seconds, and 60 seconds at 72ºC, followed by a final extension phase of 60ºC 

for 30 minutes.   

 

The PCR products from each reaction were sent to the State Agricultural Biotechnology 

Centre (SABC) for fragment analysis.  SABC uses a 96 well capillary electrophoresis 

using POP conformational analysis polymers in an Applied Biosystems 3730XL fully 

automated capillary array sequencer run with the LIZ 500 (Applied Biosystems, Foster 

City, CA USA) standard (a 16-point known DNA fragment ladder from 35-500bp).  

Capillary electrophoresis separates the PCR products according to size and presents this 

information as peaks that were then scored using the GeneMarker v. 1.91 software 

(SoftGenetics).  These results indicated that the analysis performed using the QIAGEN 

(QIAGEN, Hilden, Germany) reaction produced clear peaks of the correct size for each 

marker, with no evidence of background noise.  All further analysis would be performed 

using this reaction with slight adjustments to the primer concentrations depending on the 

peak size.  Those showing weak results had concentrations increased and concentrations 

were reduced for those with strong results.  Primer Cdub17 in multiplex two was removed 

as the PCR product sizes were too similar and it was causing pull up for Cdub20.  The 

altered multiplexes were retested under the QIAGEN (QIAGEN, Hilden, Germany) PCR 

protocol using four samples from each location; PR2, PR6, PR8, PR11, CN6, CN8, CN13, 



46 

 

CN15, AL1, AL2, AL6, AL9, GR6, GR13, GR14 and GR19.  The capillary 

electrophoresis results were then analysed showing some stutter effects and pull up for 

primers Cdub09 and Cdub25, therefore Cdub25 was removed.   

 

After the removal of all unsuitable primer, 13 primers across 3 multiplexes were 

considered optimised (Table 3.4).  It is these primer mixes that will be used for the 

analysis of all samples collected.   
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Table 3.4: 15 Calliphora dubia primer sequences selected for multiplexing, with the 11 primer pairs selected for final analysis presented in 

bold. Na, number of alleles. HO, observed heterozygosity. HE, expected heterozygosity. 

Locus Primer Sequence (5’-3’) Repeat motif 
Multiplex Label Final Primer 

Conc (M) 

Allele Size 

Range (bp) 

Na HO HE 

Cdub04 F: CGTTAAAGTGTTTGCTTGTGTT 

R: AATGACGGTAACGCTGTCAA 

(AGC)8 3 FAM 0.2 290-308 8 0.559 0.671 

Cdub05 F: GGTTTGTGAAACGAGGGAGA 

R: GCAGACAACAGACAGGAAGTT 

(AAC)8 1 VIC 0.1 85-109 13 0.622 0.780 

Cdub08 F: CAACACCACTCAGTTAAACAGCA 

R: TTTATCTCGCAAATTTCAGCA 

(AAT)12 2 FAM 0.4 139-162 8 0.170 0.455 

Cdub09 F: TGCTCTTCCTTTGGTTACGG 

R: AATGCCTGTGTAAGCATGTG 

(AAATT)8 3 FAM 0.2 106-122 9 0.738 0.767 

Cdub10 F: TGTCGCCACAGATATCATCG 

R: AAGGTTGGCATTAGAGCTGTT 

(ATC)8 1 FAM 0.2 104-134 9 0.808 0.753 

Cdub12 F: CCACAAATGCCAAATACCAT 

R: AACCGTAAAGACGTCAATTAGAA 

(ACAT)13 2 VIC 0.1 154-198 12 0.804 0.802 

Cdub17 F: TTCATAACACTATCACAACAGCATT 

R: GCGGCCATATTGTTAAGATGA 

(AAC)8 - - - - - - - 

Cdub20 F: TCTGCAGTATGTAGGTCTGTTGAA 

R: AGACTGTCTCACTGGCCGTC 

(ATC)8 2 VIC 0.2 104-125 - - - 

Cdub23 F: TCTGCAGTATGTAGGTCTGTTGAA 

R: AGACTGTCTCACTGGCCGTC 

(ATC)8 1 PET 0.3 104-125 7 0.651 0.691 

Cdub24 F: AAACTGCTGATGATGGAACTGA 

R: CTGCAGTTCTCAAAGTGGCA 

(AG)10 2 PET 0.2 178-306 - - - 

Cdub25 F: TCAGTGAGGCAGTCATTCGT 

R: AACATCCAAACATTCAGGCA 

(AC)8 - - - - - - - 

Cdub26 F: AAGCAAAGATTAATTGCGGC 

R: CAGTTGGCATCACTGCTTGT 

(AC)12 3 VIC 0.1 103-137 9 0.719 0.698 

Cdub27 F: TGACCACTCAGCCTGTGTCT 

R: GTGCGCATAAAGTGTACCGA 

(AC)8 1 PET 0.2 230-234 2 0.012 0.011 

Cdub28 F: CGAAGCCAATTAAATGTTGGT 

R: GAGAACTTCATGGTGTTCCTGTT 

(AG)10 1 VIC 0.1 150-188 18 0.766 0.845 

Cdub30 F: CCAAAGCTGCTGTCTGACAAT 

R: GCAATCATCGCCATTAGCA 

(AG)9 3 PET 0.2 189-224 8 0.245 0.232 
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Genetic Analysis and Population Structure 
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4.1 Microsatellite Analysis 

A total of 68 C. dubia samples were analysed; 17 from Carnarvon, 23 from Geraldton (16 

from Geraldton 1 and 7 from Geraldton 2), 14 from Perth and 14 from Albany.  

GeneMarker v 1.91 software (SoftGenetics) was used to score the peaks and provide the 

alleles for each locus for all samples (Appendix 1).  For each sample, the LIZ 500 

(Applied Biosystems, Foster City, CA USA) size standard was calibrated to ensure that 

all peaks were as accurately and consistently scored.  This was done on all samples across 

all multiplexes.  All markers were checked multiple times prior to analysis with the repeat 

motif being taken into consideration.  This ensured that all alleles were scored accurately, 

and any unique peaks were not the result of pull up, size standard issues or poor 

amplification.  Perth sample PR4 failed across all three multiplexes suggesting an issue 

at the extraction stage or insufficient DNA added to the reaction due to its low yield 

(20.4ng/l).  Multiple samples produced only partial genotypes, where a full complement 

of loci could not be scored, as indicated in Appendix 1 by **, a result of no amplification, 

low peaks and non-conforming peak shape.  

 

The allele reports were exported and then transferred into the appropriate file formats for 

genetic and population analysis.   

 

4.2 Genetic Analysis 

In order to ensure the most accurate population structure analysis, the data were first 

reviewed for null alleles and linkage disequilibrium to ensure the removal of any 

unsuitable microsatellite that may affect the results.  Once a final microsatellite list was 

produced, analysis of heterozygosity, population structure, genetic variation, 

mitochondrial DNA and bottlenecking was performed to provide a view of the genetic 

structure of C. dubia across these four geographically distinction populations. 

 

 4.2.1 Null Alleles 

Null alleles are produced when nucleotide changes in the microsatellite annealing region 

of the DNA have occurred due to substitution and indel mutations (Chapuis & Estoup 

2007).  Taxa such as insects are particularly prone to null alleles and their presence in 

genetic population analysis can affect population diversity estimation (Chapuis & Estoup 

2007).  The data were separated into five populations to account for the fact that the 
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Geraldton samples were collected at two different time points. Microchecker 2.2.3 (Van 

Oosterhout et al. 2004) was used to detect null alleles using Bonferroni confidence.  

Microsatellites that showed consistent null alleles or those showing null alleles in two or 

more populations, were removed from one analysis and compared to that of a full 

complement of microsatellites. 

 

The Microchecker 2.2.3 software showed four loci exhibiting null alleles consistently (i.e. 

occurring in 2 or more populations), Cdub05, Cdub08, Cdub24 and Cdub28.  As the 

removal of all four loci would only leave 9 loci for analysis, both the full 13 loci and the 

reduced 9 loci were run through GENEPOP for the next stage of analysis and it was 

determined that the null alleles did not impact the results considerably.  All 13 loci were 

retained for further analysis. 

 

 4.2.2 Linkage Disequilibrium 

Alleles are said to be in linkage disequilibrium when their association is non-random at 

more than one loci within a population, which results in unexpected haplotype 

frequencies (Goode 2011).  GENEPOP v. 4.2 (Rousset 2008) was used to identify linkage 

disequilibrium (LD) by testing the null hypothesis that genotypes at one locus are 

independent from genotypes at the other locus (i.e. linkage equilibrium).   

 

Using Fisher’s method in GENEPOP v 4.2, linkage disequilibrium was discovered 

between loci Cdub20 and Cdub23 (p-value <0.005).  These two loci, on closer inspection, 

appear to have the same microsatellites which was previously undetected. Cdub20 was 

removed from the analysis as over-amplification was observed, and Cdub23 was retained.  

Cdub24 consistently produced “no information” in this analysis so was also removed 

from further analysis.  The results of “no contingency table” for most of the Cdub27 

results is consistent with it being a monophasic locus for all but one sample. 

 

After consideration of both the null allele and link disequilibrium analysis, a final list of 

11 microsatellites were considered for further analysis (Table 3.4) 
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4.2.3 Heterozygosity 

Heterozygosity is a measure of genetic variation at a locus.  It is the proportion of 

heterozygotes, where an individual has two alleles at a particular gene. The expected and 

observed heterozygosities of the 11 loci were measured using GenAlEx v6.5 (Peakall & 

Smouse 2006; Peakall & Smouse 2012), with results shown in Table 3.4.  The observed 

and expected heterozygosities ranged from 0.012 to 0.808 and 0.011 to 0.845 respectively 

(Table 3.4). 

 

4.3 Population Structure 

To determine whether genetic differences exist between the samples from the four 

locations, it was necessary to determine how many genetic populations existed within the 

samples.  The analysis to determine population structure was performed using the 

software STRUCTURE v. 2.3.4 (Pritchard, Stephens & Donnelly 2000), with 11 loci and 

5 populations (due to two separate collection times in Geraldton) with a burn-in period of 

10,000 and 100,000 MCMC repetitions after the burn-in, given 10 iterations and testing 

for 1-8 populations.  STRUCTURE can be used to investigate the potential that a group 

of individuals is representative of different genetic populations based on multi-locus data 

from microsatellites (Pritchard, Stephens & Donnelly 2000).  The results from 

STRUCTURE were run through STRUCTURE HARVESTER (Earl & vonHoldt 2012) 

using the Evanno K method to determine the optimal number of genetic clusters.   

 

 4.3.1 STRUCTURE Results 

Analysis in STRUCTURE showed that there is no population structure between the four 

populations of C. dubia, except in Geraldton.  The optimal number of genetic clusters 

was determined to be two (K=2; Figure 4.1) at a species level, identified using the K 

method (Evanno, Regnaut & Goudet 2005) in STRUCTURE HARVESTER (Earl & 

vonHoldt 2012).  Each individual sample was assigned to one of the two genetic clusters 

in STRUCTURE (Figure 4.2).  All individuals from the Albany, Carnarvon and Perth 

populations were assigned to the one cluster, while the Geraldton samples were split 

between the two genetic clusters.  

 

Due to the unusual presentation of the two Geraldton populations, it was decided that 

further investigation was needed to try to discover the reason for these differences in 
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population structure.  To ensure that the correct species had been collected a 

mitochondrial DNA test was performed on samples from the two Geraldton populations.  

Bottlenecking was also investigated, in case either of the Geraldton populations had 

recently experienced population bottleneck. 

 

 

 

Figure 4.1: Determination of K clusters across all Calliphora dubia samples. ΔK 

estimates for each K run in STRUCTURE and analysed in STRUCTURE HARVESTER. 

K=2. 

 

 

Figure 4.2: Summary of individual specimen’s membership to the two genetic clusters 

by population. Vertical bars represent each individual and their estimated membership to 

either genetic cluster (blue or orange). Black lines separate the populations, numbered as 

1= Albany, 2= Carnarvon, 3= Geraldton 1, 4= Geraldton 2 and 5= Perth. 
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4.4 Mitochondrial DNA Testing 

Due to the identification of two unique lineages in Geraldton region, species identification 

was performed to ensure all samples originated from C. dubia and not a sister species 

such as Calliphora augur Fabricius 1775 (Diptera: Calliphoridae).  Species identification 

in forensic entomology has generally used mitochondrial DNA (mtDNA) due to its high 

mutation rate, which leads to the rapid generation of differences between sub-species 

(Malgorn & Coquoz 1999).  The Cytochrome Oxidase I gene (COI) in mtDNA has been 

used with success to identify forensically signification blow flies (Harvey, Dadour & 

Gaudieri 2003; Wallman & Donnellan 2001) and was therefore used to ensure correct 

identification of the target species pairwise distance between the two observed 

populations.   

 

An approximately 650 base pair portion of the mitochondrial COI gene was amplified 

using the Folmer primers LCO1490 and HCO2198 (Folmer et al. 1994).  Each 25μL PCR 

reaction contained 3mM MgCl2 (Fisher Biotec, Australia), 10 x Reaction Buffer (Fisher 

Biotec, Australia), 2mM each dNTPs (Fisher Biotec, Australia), 2µM primers, two units 

of Taq (Fisher Biotec, Australia) and 100ng DNA.  PCR cycling conditions consisted of 

an initial denaturation step of 94°C for 3 minutes, followed by 30 cycles of 94°C for 30 

seconds, 48°C for 20 seconds and 72°C for 30 seconds, and a final extension of 72°C for 

2 minutes.  PCR product were visualized on a 1.5% agarose gel stained with Gel Red 

(Biotium, Fremont, CA USA).  Products were sequenced in the dual direction by the 

Australian Genome Research Facility (AGRF) and edited and aligned using GENEIOUS 

v5.4 software (Drummond et al. 2011). 

 

 4.4.1 COI Analysis Results 

All samples collected from the Geraldton region were sequenced to ensure a full 

representation of the area was obtained.  Sequences in the fasta format were analysed for 

species identification using Blastn search engine on the NCBI website 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).  Though there were single nucleotide 

differences between individuals overall all samples had a 99% match to multiple strains 

of C. dubia.  The matches covered GenBank Accession Numbers KJ719468-71 and 

EU418552-56 and were collected from within Australia and morphologically identified 

prior to submission.  The pair-wise difference between the two populations within 
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Geraldton range from 0.2-0.6% which is not significant enough to assume a new species 

and the two populations were confirmed to be populations of C. dubia. 

 

4.5 Population Differentiation and Isolation by Distance 

Wright discussed in 1931 the fact that large populations with high levels of migration 

have little differentiation, while smaller populations with lower levels of migration are 

highly differentiated (Wright 1931).  The fixation index (FST) or inbreeding co-efficient 

is a measure of this differentiation, and is related to the variation of allele frequency 

among populations (Holsinger & Weir 2009).  The software FSTAT v2.9.3.2 (Goudet 

2002), was used to determine the FST pairwise matrix in order to determine population 

differentiation and isolation by distance.  

 

 4.5.1 FSTAT Results 

A pairwise FST estimates matrix (Table 4.1) was produced using FSTAT v2.9.3.2 (Goudet 

2002), with a 5/100 nominal level for multiple tests and not assuming Hardy-Weinberg 

equilibrium.  Geraldton 2 showed significant FST estimates when paired with the Albany, 

Carnarvon and Perth populations, with values significantly above zero (>0.05).   

 

 

Table 4.1: Pairwise FST estimates between populations.  Estimates significantly > 0 are 

denoted by *.   

  AL CN GR1 GR2 PR 

Albany (AL) - -0.0068 0.0002 0.0810* 0.0045 

Carnarvon (CN)  - -0.0047 0.0848* -0.0062 

Geraldton 1 (GR1)   - 0.0344 -0.0044 

Geraldton 2 (GR2)    - 0.1137* 

Perth (PR)         - 

 

 

4.6 Bottlenecking 

Bottlenecking is when a population experiences a severe drop in population size in a short 

amount of time and deviates from its mutation-drift equilibrium.  As many population 

genetics programs assume equilibrium, bottlenecks are important to identify to ensure 

accurate analysis. 
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The Wilcoxon’s test in the program Bottleneck v 1.2.02, using the two phase model 

(TPM) with a 95% SMM (single-step mutation model) and a variance among multiple 

steps of 12, was used to determine whether the populations have experienced recent 

bottlenecking (Piry, Luikart & Cornuet 1999).  If bottlenecking has occurred, then the 

majority of loci will show an excess of heterozygosity.  This test is the most appropriate 

when testing few (< 20) polymorphic loci and assumes all loci fit TPM and mutation-drift 

equilibrium (Piry, Luikart & Cornuet 1999).  

  

4.6.1 Bottleneck v1.2.02 Results 

The results (Table 4.2), despite showing a lower probability for the second Geraldton 

population, did not show a significant (<0.05) excess in heterozygosity (p-value = 0.065) 

that might demonstrate population bottlenecking.  The allele frequency distribution 

suggested that Geraldton 2 may show signs of population bottlenecking (mode shifted), 

however the sample size and loci contribution of this population was below the 

recommended to limit error in results. 

 

 

Table 4.2: Results of the Wilcoxon test and Mode-shift analysis from the Bottleneck 

v1.2.02 software. Null Hypothesis = no significant heterozygosity excess.  L-shaped 

distribution indicates no bottlenecking. 

Population p-value # loci with excess Allele Frequency Distribution 

Albany 0.98389 2 L-shaped distribution 

Carnarvon 0.86230 4 L-shaped distribution 

Geraldton 1 0.99316 1 L-shaped distribution 

Geraldton 2 0.06543 5 Mode-shifted 

Perth 0.94727 4 L-shaped distribution 
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Discussion and Conclusions 
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5.1 Discussion 

The validity of applying entomological development data for minPMI estimation 

provided by insects from a location other than the crime scene was the primary motivation 

for this research. This study aimed initially to develop an appropriate microsatellite 

library for C. dubia and subsequently to genotype four populations of C. dubia within 

Western Australia to assess the extent of any genetic variation between these four 

populations.  By gaining genetic knowledge of this forensically important blow fly, not 

only can the accuracy of minPMI estimation be assessed, but also the potential for this 

species to be used to determine post mortem movement of a corpse based on insect 

material at the crime scene. 

 

5.2 Microsatellite Library Development 

Microsatellite markers have the discriminatory power necessary for forensic analysis and 

are ideal for population genetics, allowing differentiation between related (species) and 

closely related (population) individuals (Altukhov 2006; Butler 2005).  As microsatellites 

have not previously been developed for this forensically important blow fly species, this 

study successfully developed a microsatellite library.  The microsatellite library and 

subsequent development of PCR microsatellites by this study provides essential genetic 

information for future forensic and genetic applications, or for studies featuring this 

species (Roderick 1996).  Forensically, these new microsatellites can be used for species 

identification - the first and most important step in the process of minPMI estimation - 

when taxonomic keys are unable to determine species (Harvey, Dadour & Gaudieri 2003; 

Nassu, Thyssen & Linhares 2014).  Specimens collection at a crime scene are not always 

of intact, whole adult specimens suitable for morphological identification and 

identification of larval specimens is more difficult using morphology, often requiring 

rearing to adulthood (Nelson, Wallman & Dowton 2007; Sharma, Singh & Sharma 2015).  

Microsatellites, as developed here, could be used in identification of eggs, larvae or pupae 

that cannot be reared, or of fragmented specimens that cannot be accurately 

morphologically identified (Nelson, Wallman & Dowton 2007).  The developed library 

can also be applied to broader areas of study such as population genetics of C. dubia. 

 

5.3 Population Genetic Structure and Gene Flow 

Eleven unique markers were successfully developed for the molecular analysis of C. 

dubia (see Table 3.4).  STRUCTURE showed that between the four populations of C. 
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dubia analysed in this study two genetic clusters (K=2) were identified.  A dominant 

genetic cluster was observed across all sites analysed (Carnarvon, Perth, Albany and 

Geraldton).  The second genetic cluster identified was only observed in a small proportion 

of samples from Geraldton. 

 

Even though sampling covering a distance of 1202km along the Western Australian coast, 

and an average of 402km between locations, there appears to be no significant genetic 

variation for C. dubia despite spatial and environmental factors that had the potential to 

effect gene flow.  As a general rule, gene flow reduces with increased geographical 

distance, however, geological and environmental barriers can prevent gene glow over 

smaller distances (Martins & de Aguiar 2016).  The dispersal and flight ability of blow 

flies is important to understand in regard to gene flow in this context. 

 

5.3.1 Dispersal and Flight Ability 

The movement and long term settlement of individuals within new populations, known 

as dispersal, contributes greatly to gene flow and survivability of a species (Lowe & 

Allendorf 2010).  The dispersal of insects and its effect on population genetics has been 

explored for a number of species (Chaput-Bardy et al. 2008; Jha & Kremen 2013; Jha 

2015; Koch 2015; López-Uribe et al. 2014; Lozier, Strange & Koch 2013; Macleod & 

Donnelly 1958; Ugelvig et al. 2012).   

 

There is a lack of information on the flight capabilities of C. dubia, however many 

calliphorid species have been investigated in mark-release-recapture studies.  In South 

Africa, the blow flies, Ch. albiceps and Chrysomya marginalis Wiedemann 1830 

(Diptera: Calliphoridae) were estimated to have minimum daily rates of movement of 

2.2km and 2.4km respectively (Braack & Retief (1986), as referenced by (Smith & Wall 

1998)).  The dispersal index, or distance travelled by half the marked flies after 48hrs, 

was estimated as 0.7 to 3.5km with a maximum distance of 17km after 12 days, for L. 

cuprina in Australia (Gilmour et al. (1946), as referenced by (Smith & Wall 1998)).  

Smith & Wall 1998 suggested that, given a maximum dispersal rate of L. sericata, of 

350m per day, a lifetime’s travel could cover 10.5km and a population could potentially 

spread between 31 and 42km per year (Smith & Wall 1998).  A Japanese population of 

Calliphora nigribarbis Vollenhoven 1863 (Diptera: Calliphoridae) was estimated to 

travel an average of 1.789km on day one and 1.25km on day two, with a maximum 
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distance of 3.5km per day (active 7hrs/day) (Tsuda et al. 2009).  Johnson 1969, compiled 

flight distance studies including several species of Calliphoridae; Calliphora rufipes 

Macquart 1843 (Diptera: Calliphoridae), Calliphora stygia Fabricius 1781 (Diptera: 

Calliphoridae) and C. augur which travelled four miles (6.44km) in less than 24 hours, 

while C. vicina travelled one mile (1.61km) in the same time frame (Johnson 1969).  

Given the ability of many calliporids to travel several kilometres per day, it is not 

unreasonable to suggest that study species C. dubia would have the same flight potential.  

There are a number of factors that can affect insect flight and dispersal however. 

 

Individual dispersal and gene flow can be affected by barriers and facilitators including 

landscape, air currents, habitat and food source availability, and by human intervention.  

Landscape can act as both a physical barrier and/or facilitator of dispersal.  Mountains or 

outcrops can produce sub-division of populations that, due to their physical barrier to 

dispersal, can lead to isolation by distance.  In the case of mountains, elevation can result 

in a difference in habitat that is either favourable or unfavourable to migration (King 

1987; Koch 2015; Lozier, Strange & Koch 2013; Zhang et al. 2012).  Areas of desert, 

generally creating an unfavourable habitat, are a barrier to dispersal and gene flow (Zhang 

et al. 2012).  Harris et al. 2017, described an area of Southwest Western Australian coast 

as surrounded by desert leading to isolation and a very high degree of endemism (Harris 

et al. 2017), a description which could be applied to much of the Western Australian coast.  

Bodies of water can be facilitators of gene flow by water current dispersal in the case of 

water borne insects (Chaput-Bardy et al. 2008).  In other cases, river systems or water 

between mainland and island populations can provide a physical barrier to flying and land 

insect dispersal (Jha 2015; Macleod & Donnelly 1958; Thomas, Thomas & William 

1992).  The availability of favourable habitats and food sources is important for dispersal, 

with underestimation of flight distances in mark-release-recapture studies due to the 

availability of suitable habitats, and behavioural adherence to these environments (Smith 

& Wall 1998).  There is a concern that climate change may lead to a reduction in gene 

flow as suitable habitats become more widely separated (Koch 2015), a real concern in 

the harsh landscapes of Australia.  Habitat adaptation will lead to increased dispersal 

which in turn leads to gene flow.  Human urbanisation and the resulting change in 

habitats, though shown to be problematic for other insect species (Jha & Kremen 2013), 

may have aided in dispersal and gene flow of blow flies along the coast of Western 

Australia, as urban settings can be favourable to blow fly populations.  Another human 
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intervention with potential effects on insect dispersal is the presence of vehicle transport 

between towns, or trade routes providing artificial dispersal beyond flight capabilities 

(Gleeson & Heath 1997; Heath & Bishop 2006; Macleod & Donnelly 1958). 

 

Temporal variations in habitat availability, with their potential for extinction and re-

colonisation events, can affect genetic variation and population structure.  Depending on 

the circumstances, re-colonisation can lead to increased gene flow or genetic 

differentiation (Wade & McCauley 1988).  The extinction/re-colonisation process will 

increase differentiation only if the colonising population has a greater variance than older 

populations (Whitlock 1992).  In the example of the forked fungus beetle Biolitotherus 

cornutus (Coleoptera: Tenebrionidae), extinction and re-colonisation processes increased 

genetic variation among populations in comparison to long term genetic equilibrium 

predictions (Whitlock 1992). Populations of the study species C. dubia are reported to 

peak in summer and autumn and significantly decline at other times of year, however, 

specimens have been collected along the Western Australian coast from Perth to Exmouth 

(360km north of Carnarvon) during winter (Monzu 1977).  Warmer winter temperatures 

in the north of the state contribute to a larger presence of this blow fly out of season.  Low 

numbers are seen in Perth during winter, but it does persist (Monzu 1977), and given 

similar average low temperatures in Albany (Perth 7.8°C, Albany 8.2°C) it can be 

hypothesised that this species persists during winter across the whole of the sampled 

region.  This assumption would rule out the presence of extinction/re-colonisation 

processes for C. dubia in Western Australia and this species’ permanency would limit 

potential genetic variation from such events.   

 

An example of how calliphorids disperse can be seen in the introduction of Australian 

sheep blow fly L. cuprina to New Zealand.  L. cuprina was first discovered in the north 

island of New Zealand in 1988 and had dispersed to sheep farms across the north island 

by 1989 (Heath & Bishop 2006).  By 1993 it was discovered to have dispersed to the 

south island with complete invasion by 1999 (Heath & Bishop 2006).  L. cuprina was 

shown to travel 8.7 miles (14km) in a rural environment and 5 miles (8km) in urban 

landscapes (Johnson 1969) and in a separate study 8km over 2 days (Danthanarayana 

1986).  This shows that L. cuprina has the potential for self-introduction, which is 

supported by studies showing the gradual rate of dispersal throughout the South Island 

between 1990 and 1997 (Gleeson & Heath 1997; Heath & Bishop 2006).  However, 
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Gleeson & Heath 1997 suggested that sheep transport vehicles were a major contributor 

in dispersal as L. cuprina generally shows low dispersal rates when in a favourable 

habitat, such as sheep farms (Gleeson & Heath 1997).  The study species, C. dubia, shows 

a similar flight range to L. cuprina (Johnson 1969), and the presence of rural trade routes 

cannot rule out the possibility that self-introduction or human intervention contributes to 

dispersal of this species along the coast of Western Australia.  When higher levels of gene 

flow occur despite large geographical distances, it can be considered that human 

interventions have prevented an isolation by distance model (Gleeson & Heath 1997) 

which was shown in the Western Australian C. dubia populations. 

 

5.3.2 Population Connectivity 

Population connectivity is the dispersal of individuals among distinct populations and is 

measured using both direct and indirect methods (Lowe & Allendorf 2010).   

 

Direct methods involve observation of individual’s dispersal and flight ability using 

mark-release-recapture studies to reveal demographic connectivity (Lowe & Allendorf 

2010; Roderick 1996).  This provides information on migration, population growth and 

species persistence essential to understand basic population biology (Lowe & Allendorf 

2010).  Limitations for direct methods include short distances of observation and 

assumptions of genetic success after migration.  Studies can easily miss independent and 

random events that result in gene flow (Roderick 1996).  As previously mentioned, flight 

ability research is lacking for the study species.   

 

Indirect, or genetic, methods provide information of genetic connectivity due to gene 

flow, genetic drift, selection and other evolutionary processes (Lowe & Allendorf 2010; 

Roderick 1996).  Using genetic data to suggest movement, multiple populations can be 

compared for genetic variation relative to geographical location, such as described in this 

research.  Genetic connectivity, however, neither provides information on population 

growth, and birth and death rates, nor does it indicate the presence of phenotypic plasticity 

(Lowe & Allendorf 2010).  The genetic methods used to assess genetic variation in this 

research suggests a level of genetic connectivity and gene flow along the coast of Western 

Australia.  The lack of population structure suggests a high degree of gene flow and a 

lack of isolation by distance.  Direct observation studies on the dispersal potential of this 
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species, either through individual flight or human interventions, would allow for a more 

complete picture of population connectivity and evolutionary processes for this species. 

  

5.3.3 Plasticity 

Previous studies of geographically separated populations of a single species, have 

suggested both genetic variation (Gallagher, Sandhu & Kimsey 2010) and variation in 

environmental experiences.  These differences in environment experience causes 

temperature dependant growth rate differences attributing to aspects of phenotypic 

plasticity (Price, Qvarnström & Irwin 2003).  Differences in life history traits have been 

shown over both small (Hwang & Turner 2009; Owings et al. 2014) and large (Gallagher, 

Sandhu & Kimsey 2010; Hu et al. 2010) geographical distances and can be attributed to 

environmental differences between locations.  Despite current evidence suggesting that 

there is no significant genetic variation for this blow fly species across geographically 

removed populations in Western Australia, it does not disprove the existence of 

development rate variation as a result of environmental effects on plasticity.  Future work 

could focus on a development rate comparative study across populations of this species 

in Western Australia.  There is also a lack of research into both genetic variation and 

phenotypic plasticity in relation to location specific development data across all 

forensically important blow fly species. 

 

5.4 Geraldton Differences 

The multiple clusters identified within Geraldton were further explored using 

mitochondrial DNA analysis, genetic bottlenecking and gene flow analysis.  To rule out 

the collection of the sister species C. augur, the mitochondrial gene COI was amplified 

and analysed across all Geraldton samples.  Despite C. augur not previously being located 

in Western Australia, it was necessary to rule out its presence in the collected samples 

due to its similarity to C. dubia and the fact that it occurs sympatrically with C. dubia in 

both South Australia and Victoria (Wallman & Adams 1997).  The COI data confirmed 

samples from Geraldton originated from the species C. dubia.  In regard to population 

structure, pairwise difference between samples was identified as 0.2-0.6%.  This is not 

significant and most likely indicative to haplotype variation within the species.  It was 

noted that all samples which were identified as the other cluster also had a unique 

haplotype.  The presence of two haplotypes, though only minimally different, may 

suggest genetic concordance where despite this genetic variation, the subpopulations 
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show the same traits.  Overall Geraldton appears to have two distinct sympatric 

populations.   

 

The possibility that genetic variation in Geraldton was due to population bottlenecking 

was ruled out with no significant (>0.05) excess in heterozygosity (p-value 0.065, 5 loci).  

Reduced population size has a correlative reduction in heterozygosity and allele number 

at polymorphic loci, however allele number reduction is faster creating an excess in 

heterozygosity (Piry, Luikart & Cornuet 1999).  This excess will be shown in the majority 

of loci in recently bottlenecked populations, therefore with 5 out of 11 loci showing an 

excess in heterozygosity for Geraldton 2 samples there is no evidence of bottlenecking. 

 

FSTAT analysis of isolation by distance showed significant (>0.05) differences between 

the Geraldton 2 population and the Albany, Perth and Carnarvon populations, suggesting 

subpopulations of C. dubia within Geraldton.  This confirms the results from 

STRUCTURE in suggesting that Geraldton appears to have two subpopulations, with 

more individuals showing genetic differences in Geraldton 2 compared to the other 

geographical locations than Geraldton 1 which is visualised in Figure 4.2.  A 

subpopulation is a subdivision in a population that shows distinct gene frequencies, is 

genetically different (even if only slightly) yet morphologically the same and therefore 

not classified as a new species. 

 

Geraldton is a large port town with road trade routes to other Australian cities and 

townships.  Transport of goods via truck is heavily replied upon in Western Australia and 

routes out of Geraldton span north to Carnarvon and Port Hedland, inland to Meekatharra 

and south to Perth (Transport-and-Infracstructure-Council 2015).  Introduction of a 

genetically different subpopulation can be speculated to be from one of these sources.  

This potential for human mediated invasion has previously been recorded for other 

species in Western Australia with genetic subpopulations occurring either through self-

dispersal or human-intervention.  Rollins et al. (2009) analysed Australian populations of 

invasive starling bird, Sturnus vulgaris (Passeriformes: Sturnidae) to determine genetic 

differentiation and population structure. Western Australia had two major genetic groups 

with comparatively high levels of genetic differentiation (mean pairwise FST = 0.086) 

from separate invasions from the eastern states of Australia (Rollins et al. 2009).  The two 

starling samples with genetic difference were sourced less than 250km apart, despite 
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starlings having a dispersal range potential far greater than this (Rollins et al. 2009).  Four 

sites of mussel, Mytilus galloprovincialis (Ostreoida: Mytilidae), growth in Western 

Australia were analysed to determine the potential genetic impact of translocation of 

interstate individuals (Dias, Fotedar & Snow 2014).  It was discovered that both 

introduced Northern hemisphere and native Southern hemisphere haplotypes existed 

within each population.  The introduced subpopulation was the dominant population at 

each site (Dias, Fotedar & Snow 2014).   

 

Finally, an example of two haplotypes co-existing was shown when determining the 

genetic structure of feral pigs, Sus scrofa (Artiodactyla: Suidae), in Southwest Western 

Australia.  Spencer & Hampton (2005) reported some anomalies to the natural biological 

expansion of the local populations (Spencer & Hampton 2005).  Animals from 

geographically isolated areas as far as 50 to >400 km away were detected, and given the 

generally low dispersal rate of southwest feral pigs, the authors suggested the deliberate 

translocation of pigs for recreational hunting stocks (Spencer & Hampton 2005).  This 

theory was bolstered by the fact that the genetically different populations were discovered 

close to public roads and towns (Spencer & Hampton 2005). In light of such findings, it 

can be considered that the presence of two haplotypes of C. dubia in Geraldton could 

potentially be from accidental introduction of a genetically different subpopulations, from 

another area where this species is endemic, via transport or trade routes. 

 

5.5 Limitations 

A limitation of this research was the sample size.  Most of the samples were collected for 

a previous study and then passed on for this research.  Collection of greater numbers of 

samples from the locations was not viable due to funding and time constraints.  The Perth 

samples were collected specifically for this research, but timing for collection needed to 

fit within the allotted timeframe for this thesis and as a result was not ideal for the species 

with timing moving into summer when the species is present but not abundant (Voss, 

Spafford & Dadour 2009).  This meant large sample numbers were not possible.  Larger 

population samples for genetic analysis would potentially provide more information on 

genetic variation.  In addition to this, trapping was not performed across different seasons, 

which has limited understanding of the temporal effects on the populations, whether they 

experience extinction/re-colonisation events or are permanent populations at these 

locations. 
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Increased data for genetic variation observation could have been gathered if those 

microsatellites or samples that failed on first analysis were able to undergo repeat 

analysis.  Increased microsatellite numbers could also increase the genetic information 

collected.  Though 15 microsatellites were selected for multiplexing, only 11 were 

suitable for use in the final analysis.  More specific genetic variation and population 

structure information would have been obtained using markers such as single nucleotide 

polymorphisms (SNPs), which may have provided more information on the genetic 

differences within Geraldton (see 5.6.3 Future Directions). 

 

5.6 Implications for Current and Future Research and Applications 

5.6.1 Forensic Science and minPMI Estimation 

This research into C. dubia showed that, at this stage, there is no genetic evidence to 

suggest the need for location specific development data for C. dubia within Western 

Australia for minPMI estimation.  However, caution is advised for application of data in 

Geraldton due to discovery of a genetically different subpopulation.  This brings 

uncertainty of differences in life history traits which could affect minPMI calculations.  

Distance does not appear to have provided a barrier to gene flow for this species in 

Western Australia.  Other than genetic variation, there are a number of different factors 

that can affect blow fly development rates.  Environmental factors such as temperature, 

relative humidity, light exposure, weather, density of the insect assemblage, and food 

source or competition, will all effect phenotypic plasticity and possibly cause 

developmental rate differences across spatially separated populations (Al-Saffar, 

Grainger & Aldrich 1996; Clark, Evans & Wall 2006; Nabity, Higley & Heng-Moss 

2014).  As previously discussed by Hwang & Turner (2009), small-scale geographical 

distances between populations can show developmental variation attributed to phenotypic 

plasticity rather than genetic variation.  Gene flow was present over these distances, but 

development data variation was present because of environmental pressures (Hwang & 

Turner 2009).  It would be reasonable to consider that even though this research found no 

significant genetic variation between populations, developmental data may still vary due 

to phenotypic plasticity from greatly varying environmental conditions.  It was important 

however to first investigate/eliminate genetic variation as a cause. 
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The second area of forensic entomology that stands to gain from insights into genetic 

variation in forensically important insects is the ability to identify post-mortem corpse 

movement.  This has been achieved through discovery of genetic differences in 

populations in previous research (Picard & Wells 2010; Wells & Stevens 2009).  Given 

that C. dubia showed no population structure, it is not currently possible to apply this 

concept to this blow fly species within Western Australia.  Further advances in the 

analysis of fine scale population structure may allow for this in the future.   

 

5.6.2 Future Directions 

Due to the limited sample sizes for this research it would be productive to conduct a 

similar study with increased sampling across Western Australia, and additionally into 

South Australia and Victoria where the effects of co-habiting with sister species C. augur 

can also be assessed.  Trapping across different seasons would also provide information 

on temporal effects on populations of C. dubia, to determine the permanency of 

populations which the lack of genetic variation suggests, or whether they experience 

extinction/re-colonisation events.  Investigation into the genetic population structure of 

other forensically important blow fly species in Western Australia, such as Ch. rufifacies 

and L. sericata, would also increase knowledge of blow fly genetics and evolution, along 

with indicating whether C. dubia’s lack of genetic structure across the state is common 

among other blow fly species. 

 

Since there is an apparent lack of genetic variation for C. dubia across the sample 

populations, in order to determine if location specific development data is still required 

for estimation of minPMI in forensic entomology, a focus of future research would be on 

a development rate comparative study.  Though it is important to first rule out genetic 

variation as a concern, research into phenotypic plasticity and direct measurement of 

development rates of this species can confirm or refute the requirement of location 

specific data for minPMI estimation. 

 

In regard to the identification of two genetic clusters within Geraldton, future research 

using SNPs and a larger population size may reveal the extent of genetic variation and 

the possibility of a cryptic or sibling species in this area.  By increased sampling of the 

study species within Geraldton, and re-analysis of genetic structure using SNPs, the 

presence of these two clusters (or potentially more) can be confirmed.  SNPs are the most 
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abundant polymorphism found in DNA and are the results of single nucleotide changes, 

providing a more fine scale marker in genetic analysis (Allendorf & Luikart 2007; Li 

2015).  SNPs can be used as an alternative method to generate genotypes, and when 

analysed can be used to determine genetic structure, generate phylogenetic trees and 

deliminate species on a much finer scale, and have previously been used to uncover 

cryptic lineages (Zarza et al. 2018).  The use of SNPs can confirm if the genetic variation 

shown in Geraldton is due to a subpopulation of C. dubia or whether the presence of a 

cryptic lineage has been revealed.  Cryptic species are two or more morphologically 

inseparable species that are reproductively isolated and have been classified as a single 

species (Milankov et al. 2009; Mills & Cook 2014).  The existence of a cryptic species 

would be of importance to genetic and species diversity studies and conservation biology 

(Milankov et al. 2009). 

 

It would also be beneficial to use SNPs to study populations beyond Geraldton to provide 

further information on both genetic and phenotypic variation.  It has been shown that 

despite being less informative individually, thousands of SNPs can provide better 

resolution of population structure than tens of microsatellites (Rasic et al. 2014; Vendrami 

et al. 2017).  Vendrami et al. (2017) found that restriction site associated DNA (RAD) 

sequencing of over 10,500 SNPs produced higher FST values and suggested two genetic 

clusters, while analysis of data from 13 microsatellites only detected one population 

cluster of great scallop Pecten maximus (Vendrami et al. 2017). Similarly, Rasic et al. 

(2014) demonstrated better population structure results using over 18,000 SNPs 

compared to using eight microsatellites for mosquito Aedes aeypti (Diptera: Culicidae) 

(Rasic et al. 2014).  A better understanding of the population structure and phenotypic 

plasticity could therefore be provided by analysis using SNPs in future research. 

 

5.7 Conclusions 

This study aimed to determine if intraspecific genetic variation exists between four 

Western Australian populations of the forensically significant blow fly C. dubia, and the 

extent of this variation in relation to appropriate application of species-specific data and 

identification of corpse relocation in forensic casework.  

 

A microsatellite library was developed, and markers were designed and optimised for use 

in population genetics analysis.  C. dubia specimens from Carnarvon, Geraldton, Perth 
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and Albany were assessed to reveal the existence of two genetic clusters.  There appeared 

to be no genetic structure between the four populations of C. dubia however Geraldton 

required further testing to understand some differences shown by samples from this 

location.  The extent of genetic variation within Geraldton will need to be resolved in 

future research. 

 

Information on population genetic structure and dispersal of this species has been 

obtained and has the potential to be applied outside of the forensic entomology setting in 

population biology, evolution studies and conservation. 

 

At this stage, there is no genetic evidence suggesting that development data could not be 

used for geographically separated populations of C. dubia within Western Australia.  

Differences in development data due to phenotypic plasticity is still a possibility and 

requires further investigation.  The use of genetic evidence from C. dubia to determine 

corpse relocation is not possible based on this research. 
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Appendix 1 

Allele report for all C. dubia samples across 13 loci.  ** indicates alleles that were unable to be called. 

 

Sample Cdub10 Cdub05 Cdub28 Cdub23 Cdub27 Cdub08 Cdub20 Cdub12 Cdub24 Cdub09 Cdub04 Cdub26 Cdub30 

AL01 113, 122 91,109 164, 172 113, 113 230, 230 147, 147 113, 113 170 ,174 294, 296 114, 122 299, 302 127, 129 194, 194 

AL02 122, 128 85,103 164, 164 110, 116 230, 230 147, 147 110, 116 174, 178 289, 294 116, 116 296, 299 129, 133 194, 194 

AL03 113, 128 97, 97 162, 162 110, 110 230, 230 147, 147 110, 110 170, 174 248, 251 108, 116 299, 302 ** 194, 194 

AL04 128, 128 109, 109 160, 160 107, 107 230, 230 147, 147 107, 107 166, 170 255, 255 114, 116 296, 299 127, 131 194, 194 

AL05 122, 128 94, 94 164, 166 110, 113 230, 230 147, 147 110, 113 170, 182 248, 306 110, 118 299, 302 127, 129 189 ,194 

AL06 113, 122 94, 97 156, 160 107, 113 230, 230 153 ,153 107, 113 170, 174 247, 247 114, 114 290, 299 125, 129 194, 194 

AL07 128, 134 103, 106 162, 168 113, 119 230, 230 141, 147 113, 119 166, 166 178, 178 114, 116 302, 305 127, 127 194, 194 

AL08 122, 128 85, 90 162, 162 113, 116 230, 230 147, 147 113, 116 186, 190 243, 283 116, 118 302, 302 127, 127 194, 195 

AL09 128, 128 103, 106 160, 168 113, 113 230, 230 144, 150 113, 113 166, 170 247, 294 108, 120 296, 296 129, 129 194, 194 

AL10 125, 134 106, 106 154, 156 113, 116 230, 230 147, 147 113, 116 166, 170 265, 265 106, 120 296, 299 125, 129 194, 194 

AL11 122, 131 88, 106 166, 166 104, 113 230, 230 144, 144 104, 113 166, 174 250, 250 ** ** ** ** 

AL12 122, 122 97, 106 160, 164 107, 113 230, 230 144, 147 107, 113 166, 186 246, 306 ** ** ** ** 

AL13 122, 122 85, 88 166, 170 110, 116 230, 230 147, 147 110, 116 174, 194 247, 247 110, 112 296, 296 127, 129 189, 194 

AL14 128, 128 94, 100 156, 162 107, 113 230, 230 147, 147 107, 113 166, 170 253, 299 114, 118 299, 305 127, 129 194, 194 

CN01 128, 128 94, 94 150, 150 107, 116 230, 230 147, 147 107, 116 166, 170 244, 247 ** ** ** ** 

CN02 119, 125 100, 100 156, 168 110, 116 230, 230 147, 147 110, 116 166 ,166 ** ** ** ** ** 

CN03 122, 125 97, 97 162, 164 107, 110 230, 230 150, 150 107, 110 170, 170 255, 300 116, 118 290, 296 123, 129 194, 194 

CN04 122, 131 100, 107 162, 168 113, 116 230, 230 147, 156 113, 116 166, 166 269, 293 108, 108 293, 296 129, 129 189, 219 

CN05 128, 128 90, 94 164, 166 110, 113 230, 230 147, 147 110, 113 198, 198 214, 214 116, 118 290, 299 127, 129 194, 194 

CN06 125, 128 85, 97 162, 163 113, 113 230, 230 144, 147 113, 113 170, 178 243, 245 110, 110 296, 299 123, 125 189, 194 

CN07 122, 128 90, 100 162, 164 110, 110 230, 230 147, 147 110, 110 166, 178 249, 294 110, 120 299, 305 127, 129 194, 224 

CN08 113, 134 100, 100 168, 174 110, 110 230, 230 147, 150 110, 110 162, 162 250, 294 116, 120 293, 296 127, 131 194, 194 

CN09 125, 134 97, 97 162, 164 113, 113 230, 230 141, 141 113, 113 166, 166 296, 296 116, 116 290, 308 129, 129 194, 194 

CN10 128, 134 97, 100 162, 168 113, 113 230, 230 147, 147 113, 113 170, 182 240, 289 116, 118 299, 299 127, 131 194, 194 

CN11 113, 128 94, 103 164, 170 110, 119 230, 230 147, 147 110, 119 166 174 247, 295 108, 116 293, 302 127, 133 194, 194 

CN12 113, 134 91, 91 150, 162 110, 113 230, 230 147, 147 110, 113 166, 178 292, 292 ** ** ** ** 
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Sample Cdub10 Cdub05 Cdub28 Cdub23 Cdub27 Cdub08 Cdub20 Cdub12 Cdub24 Cdub09 Cdub04 Cdub26 Cdub30 

CN13 113, 122 100, 106 158, 166 113, 113 230, 230 147, 147 113, 113 158, 178 293, 293 116, 118 299, 302 129, 129 194, 194 

CN14 116, 122 103, 103 160, 162 113, 116 230, 230 147, 150 113, 116 162, 170 270, 270 110, 114 296, 296 127, 129 194, 194 

CN15 113, 128 94, 103 150, 162 107, 116 230, 230 147, 153 107, 116 162, 174 247, 296 ** ** ** ** 

CN16 113, 128 92 ,95 156, 160 113, 119 230, 230 147, 147 113, 119 170, 198 248, 248 116, 120 296, 305 123, 131 189, 194 

CN17 122, 131 94, 97 162, 168 107, 110 230, 234 153, 153 107, 110 174, 178 263, 292 118, 118 296, 299 127, 129 194, 194 

GR01 104, 128 ** 160, 162 113, 113 230, 230 147, 147 113, 113 174, 178 247, 247 112, 116 296, 296 103, 129 194, 194 

GR02 128, 128 103, 103 168, 169 113, 116 230, 230 147, 159 113, 116 170, 170 294, 295 120, 122 299, 299 127, 129 194, 199 

GR03 113, 128 90, 97 158, 166 110, 110 230, 230 147, 147 110, 110 170, 182 293, 293 ** ** ** 194, 194 

GR04 122, 128 100, 106 170, 170 113, 113 230, 230 159, 159 113, 113 178, 178 247, 286 110, 116 296, 296 125, 127 194, 194 

GR05 113, 119 94, 100 162, 168 113, 113 230, 230 147, 147 113, 113 166, 182 246, 250 108, 122 290, 296 127, 129 194, 194 

GR06 119, 128 97, 106 162, 166 107, 110 230, 230 147, 147 107, 110 154, 166 242, 242 116, 118 296, 296 127, 129 194, 194 

GR07 113, 131 94, 94 160, 160 116, 116 230, 230 147, 147 116, 116 162, 178 251, 266 ** ** ** ** 

GR08 128, 128 94, 100 156, 164 110, 125 230, 230 141, 141 110, 125 162, 174 245, 245 116, 116 293, 296 125, 127 194, 194 

GR09 113, 128 103, 103 160, 160 110, 116 230, 230 141, 141 110, 116 158, 170 251, 251 ** ** ** ** 

GR10 116, 119 91, 103 166, 170 113, 116 230, 230 147, 147 113, 116 174, 174 291, 293 118, 118 299, 299 127, 135 194, 201 

GR11 125, 128 94, 94 156, 156 110, 116 230, 230 147, 147 110, 116 162, 178 254, 254 112, 114 299, 299 127, 129 194, 194 

GR12 113, 128 94, 94 160, 166 110, 116 230, 230 147, 147 110, 116 158, 178 251, 251 112, 116 299, 302 127, 129 194, 194 

GR13 122, 128 91, 94 162, 180 110, 110 230, 230 147, 147 110, 110 178, 182 247, 247 116, 116 299, 299 127, 129 194, 194 

GR14 113, 125 97, 97 158, 166 107, 113 230, 230 147, 153 107, 113 166, 116 268, 268 118, 122 299, 299 127, 131 194, 194 

GR15 113, 113 100, 100 154, 166 110, 110 230, 230 147, 150 110, 110 166, 178 241, 304 112, 112 302, 302 127, 131 194, 194 

GR16 116,134 94, 100 164, 164 110, 119 230, 230 147, 147 110, 119 166, 170 198, 248 114, 114 296, 296 135, 135 194, 199 

GR17 113, 128 94, 103 156, 166 110, 116 230, 230 147, 147 110, 116 162, 170 251, 251 114, 116 299, 299 127, 129 194, 194 

GR18 113, 128 103, 103 162, 162 116, 116 230, 230 141, 141 116, 116 162, 178 251, 251 112, 114 299, 299 123, 129 194, 194 

GR19 125, 131 94, 94 156, 156 116, 116 230, 230 139, 139 116, 116 158, 170 254, 267 114, 116 299, 302 123, 127 194, 194 

GR20 125, 131 94, 94 160, 166 110, 116 230, 230 147, 147 110, 116 162, 178 254, 266 112, 114 299, 302 123, 129 194, 194 

GR21 113, 131 94, 94 160, 166 110, 116 230, 230 141, 141 110, 116 162, 170 251, 266 114, 114 299, 299 123, 123 194, 194 

GR22 125, 125 88, 97 158, 172 107, 113 230, 230 147, 147 107, 113 158, 174 253, 266 112, 116 296, 305 129, 129 194, 199 

GR23 113, 131 94, 103 160, 166 110, 116 230, 230 147, 147 110, 116 158, 178 251, 267 112, 114 299, 299 127, 129 194, 194 

PR01 122, 134 91, 103 160, 168 110, 113 230, 230 153, 153 110, 113 182, 182 291, 300 108, 116 296, 296 127, 127 194, 194 

PR02 122, 128 91, 100 164, 164 107, 113 230, 230 147, 147 107, 113 166, 170 242, 292 114, 116 293, 296 129, 131 194, 194 

PR03 119, 122 91, 100 156, 156 110, 116 230, 230 147, 147 110, 116 162, 170 245, 286 114, 118 296, 299 133, 133 194, 194 
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Sample Cdub10 Cdub05 Cdub28 Cdub23 Cdub27 Cdub08 Cdub20 Cdub12 Cdub24 Cdub09 Cdub04 Cdub26 Cdub30 

PR04 ** ** ** ** ** ** ** ** ** ** ** ** ** 

PR05 119, 128 100, 106 160, 168 110, 110 230, 230 147, 153 110, 110 178, 186 231, 279 116, 116 296, 302 127, 127 194, 206 

PR06 122, 128 100, 100 174, 188 110, 113 230, 230 147, 147 110, 113 166, 166 240, 247 122, 122 290, 290 131, 133 194, 194 

PR07 122, 122 97, 97 162, 178 113, 119 230, 230 147, 147 113, 119 170, 174 248, 248 114, 116 293, 293 127, 127 194, 199 

PR08 122, 125 85, 100 152, 168 107, 113 230, 230 147, 147 107, 113 170, 174 247, 247 114, 114 296, 296 127, 129 194, 194 

PR09 122, 125 100, 106 164, 168 113, 113 230, 230 147, 147 113, 113 170, 174 247, 249 116, 118 293, 299 125, 125 194, 194 

PR10 113, 122 94, 97 156, 160 110, 110 230, 230 147, 147 110, 113 170, 190 245, 245 110, 120 299, 303 129, 137 194, 194 

PR11 128, 134 94, 100 160, 164 110, 110 230, 230 147, 147 110, 110 170, 174 262, 289 108, 116 296, 296 129, 129 189, 194 

PR12 122, 125 94, 103 160, 180 110, 110 230, 230 147, 147 110, 110 166, 166 240, 295 116, 120 290, 299 127, 131 194, 194 

PR13 116, 122 88, 100 160, 164 110, 116 230, 230 147, 147 110, 116 166, 166 243, 294 116, 118 296, 296 129, 129 194, 199 

PR14 128, 128 88, 91 154, 170 107, 116 230, 230 147, 162 107, 116 158, 166 236, 236 120, 120 290, 296 127, 129 194, 194 

 




