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Thesis abstract 

The analysis of non-human DNA to provide evidence in criminal cases involving wildlife species is a 
relatively young area of forensic science. Forensic genetic tests have been developed for only a small 
handful of the plethora of species persecuted and exploited, despite their statutory protection. Poor 
resourcing is ever an issue for wildlife crime, which most often falls below crimes against humans in 
the financial priorities of governments. Forensic DNA profiling techniques are resource intensive to 
develop, so the wildlife forensic scientist is continually working to develop and validate new 
techniques and expand their capacity for forensic testing between casework.  

Furthermore, wildlife species bring additional challenges not met by forensic scientists specialising in 
human DNA. Species identification is peculiar to wildlife forensic science and the elevated genetic 
structure and fragmented populations and low sample sizes encountered when validating 
individualisation tests for wildlife species provide difficulties of interpretation and application unique 
to this field. This PhD thesis has progressed the field of wildlife forensic science by providing novel 
phylogenetic and population genetic analyses of Australasian python species commonly 
encountered in wildlife crime, and in particular one species commonly encountered by Australian 
enforcement officials, the carpet python, Morelia spilota. Forensic tests for both species 
identification and individualisation of carpet pythons are developed and validated for direct 
application to casework involving this species.  

This thesis explores the arrangement and sequence level variability of mitochondrial genomes in a 
wide range of snake species to identify a locus with characteristics desirable for species 
identification of individuals belonging to Pythonidae. Species identification by DNA requires priming 
sites located in DNA regions highly conserved across snakes taxa to facilitate wide amplification 
utility. The amplified region ideally represents a ‘Goldilocks’ sequence, containing a fine balance of 
sequence variability between species and conservation within a species. Such a locus is identified to 
separate all eleven species within the genus Morelia, excluding M. bredli. However, mitochondrial 
and nuclear DNA analyses within this thesis suggest that the species differentiation of M. spilota and 
M. bredli is not reflected at a genetic level. In the context of reporting species identification, any 
match to either of these species should be reported as M. spilota or M. bredli. A more conservative 
approach would be to report to genus rather than species, however the former approach is far more 
useful and this decision falls to the comfort of the reporting officer. Furthermore, this project has 
identified a small target region for species identification of Morelia, suitable for application to 
degraded forensic remains. A developmental validation of the resulting assay is provided to facilitate 
direct application to criminal casework involving python species. Mock case samples demonstrate 
the utility of this test on unknown samples suspected to be carpet pythons. 

The primary focus of this thesis is the development and validation of a novel STR test to individualise 
carpet pythons. This DNA test aids investigations involving matching of evidentiary items, parentage 
testing and ultimately also repatriation of a poached python to the wild through identification of the 
most likely population of origin, which also facilitates concentration of enforcement efforts on 
identified poaching ‘hotspots’. New STR markers are identified with characteristics desirable for 
forensic application. A set of 24 tetra- and penta-nucleotide markers are optimised into three 11-
plex multiplex assays with inbuilt mechanisms to maintain high quality assurance. Allelic ladders 
accompany the three assays for robust single base-pair genotyping and inter-laboratory utility. 
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Sequence level characteristics of the STR loci are explored and certain features are identified that 
can provide information subsequent to genotyping by size migration, where case scenarios involve 
M. bredli or M. spilota imbricata. The applicability of these STR markers to other Australasian python 
species of forensic significance is also explored. 

A DNA reference database of carpet pythons representative of their native range is presented to 
facilitate the calculation of statistical conclusions. However, the complete database violates 
assumptions made when calculating the forensic statistics ultimately reported in casework. 
Population genetic analyses are conducted to identify more appropriate sub-populations with which 
to calculate forensic statistics. The dataset offers a number of limitations that confound straight-
forward reporting of the forensic statistics, caused by small sample sizes, sparse sampling across 
large geographic areas and high genetic structuring within sub-populations. Approaches to 
application involving varying degrees of conservativism are presented, but the best approach to 
apply will need to be assessed on a case by case basis, depending on the scenario and population 
involved.      

The overall reference DNA dataset is divided into six sub-populations that are more appropriate than 
the total database for calculating forensic statistics. Samples unsuitable for inclusion in the reference 
database (for example, missing data at >2 loci) are used to test the effectiveness of geographic 
assignment to the six sub-populations and the resulting population specific statistical calculations. 
The resulting statistics offer strong discrimination power in all sub-populations, even when samples 
in poor condition yield DNA profiles of around half a dozen loci. Geographic assignment to the six 
populations is also effective even when less than half the total loci have been obtained. Only one 
interface between two populations showed limitations for assignment to sub-population. A limited 
developmental validation of the STR assays lays the foundation for application in criminal casework 
involving the Australasian carpet python. 
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Appendix included in Chapter 1: 

Appendix 1 Publication - Sherryn Ciavaglia, Hannah Dridan, K. Paul Kirkbride, Adrian Linacre, 

Current Issues with the Investigation of Wildlife Crime in Australia: Problems and 

Opportunities for Improvement, J. Int. Wildl. Law Policy (2015) 18: 244-263.  

1.1. Protecting Australia’s unique species 

1.1.1 The importance of the Australian biota 

Australia has had a long history of isolation from the other major continents, stretching back to the 

breaking up of the supercontinent Gondwana, around 180 to 130 Mya [1]. This has caused the 

diversification of unique biota and over 80% of flora and fauna are found only in Australia [2]. The 

vast majority of our herpetofaunal complement is unique in the world, as 93% of all Australian 

amphibian and 89% of all Australian reptile species are endemic [2]. The South-West corner of 

Australia constitutes one of the world’s 25 biodiversity hotspots [3].This range of unusual creatures 

causes great interest in Australian species from fauna and flora collectors worldwide [4] and has led 

to a considerable black market international trade in Australian species.  

At a national and state level in Australia, there are many opportunities for wildlife crime to occur. 

These include the regulation of the local trade in native fauna; the keeping, breeding and selling is 

regulated at different levels for different species and can lead to illegal take from the wild. Section 

1.6 provides a review of the issues that Australian wildlife enforcement officers face and presents 

suggestions to mitigate some of these issues. Essentially, Australian wildlife is a unique and valuable 

asset to the country that warrants protection. 

1.1.2 Forensic science and the Australian legal system 

Forensic science is the application of scientific techniques to aid legal investigations. Historically, it 

has been a reactive science, borrowing techniques that have been developed in other sciences and 

applying these to answer judicial questions, rather than a proactive science that invests time and 

effort in developing new techniques (although novel forensic development has become much more 

commonplace). Australian judicial proceedings follow the adversarial system, which involves a 

prosecution and defence council presenting alternative cases in relation to particular facts in issue 

[5,6]. These facts in issue pertain to one or more allegations of breach in legislation. So, forensic 

science must be conducted in response to the relevant legislation.  Legislation varies between 

jurisdictions and also over time, so a forensic question that is relevant to one case will not 

necessarily be relevant to other investigations. 

1.1.3 Wildlife forensic science 

A specialised area of forensic science has emerged in recent years specifically for the investigations 

of crimes involving wildlife. The term wildlife embodies both flora and fauna, although fauna and 

especially the class Mammalia are most frequently publicised, reported and subsequently 

investigated, due to the public popularity of high profile ‘flagship’ species. This polarity in subject 

matter does not mirror the affected victims of wildlife crime. 
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Wildlife forensic investigations have gained momentum in recent years due to changing attitudes 

towards the sustainability of environmental resources. The involvement of wildlife in breaches of 

legislation can occur in a number of forms: where the animal is the suspect such as dog bite; where 

the animal is an accomplice to a crime, such as deliberate poisoning via lizard derivatives or the use 

of hounds in badger baiting; or the animal might be associated with a crime e.g. [7,8]. The most 

common form of wildlife offence (though not mostly highly publicised) are those where the animal is 

the victim.  

1.1.4 Relevant Australian Legislation  

Affairs in Australia are governed by both federal and state legislation, the federal legislation 

overruling state legislation if any conflict is encountered between these. International trade in 

endangered species and the control of international borders and ports are dealt with in the federal 

jurisdiction. 

The Washington Convention on International Trade in Endangered Species of Fauna and Flora 

(CITES) is an international agreement that provides recommendations for legislation in order to 

regulate the use of wildlife in trade and promote the sustainability of wildlife resources 

(www.cites.org). As a signatory to CITES, Australia is obliged to incorporate the guidelines into 

federal legislation and provide the appropriate enforcement of this legislation.  

The Environmental Protection & Biodiversity Conservation Act (EPBCA) 1999 is Australia’s primary 

piece of federal legislation dealing with environmental and wildlife crime. Laws pertaining to CITES 

can be found in Section 13 – Species and Communities. This legislation deals with import and export 

of internationally endangered (CITES listed) species, export of native species and import of live 

plants and animals and all other environmental matters of national significance.  

Divisions 1 & 2 of the EPBCA 1999 outline the processes of nomination and listing, the permit system 

and protection of critical habitat for threated species and ecological communities, and also 

migratory species, respectively. Division 3 outlines offences against whales and cetaceans and laws 

regarding permits. The statutes for protected marine habitats including the Australian Whale 

Sanctuary are also included. Division 4 concludes with laws regarding other marine species and 

permit systems. The above laws cover the taking of species from the wild, harm to species in the 

wild and any trade involving these species. Australia also imposes stricter domestic measures on 

some species than that which would be considered the minimum by CITES. This means that certain 

species listed in CITES Appendix II are treated by authorities as if they were Appendix I listed species 

[9]. 

Another key national legislation document concerning wildlife is the Customs Act 1901. This is 

monitored and enforced primarily by the Australian Customs and Border Protection Service and 

deals with wildlife crossing the international border of Australia.  

The Australian Quarantine and Inspection Service (AQIS) administers a number of legislative Acts. 

The Quarantine Act 1908 governs the import of wildlife into Australia in order to control biosecurity 

and prevent the entry of infectious diseases in live imports. The Export Control Act 1982 contains 

numerous regulations regarding the export of Australian wildlife and wildlife derivatives. 
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The Therapeutic Goods Act 1989 applies to both the export of therapeutic goods and use of 

therapeutic goods within the country. An Australian Register of Therapeutic Goods exists on which 

goods must be listed before they can be imported. The import of traditional medicines would be 

regulated by this piece of legislation, among others (e.g. EPBCA 1999 for CITES listed species). 

For more information on national legislation regarding wildlife trade, refer to: 

http://www.environment.gov.au/biodiversity/wildlife-trade/legislation/index.html  (accessed 

03/06/2018). 

Each state and territory also has a list of species that are and are not allowed to be traded across 

borders, as well as other state-specific legislation. South Australian legislation relevant to wildlife 

includes the Animal Welfare Act, SA 1985; Animal Welfare Regulations, SA 2000; Dog and Cat 

Management Act, SA 1995; Livestock Act, SA 1997; Marine Parks Act, SA 2007; Mining Act, SA 1971; 

National Parks and Wildlife Act, SA 1972; Native Vegetation Act, SA 1991; Pastoral Land 

Management and Conservation Act, SA 1989 and Wilderness Protection Act, SA 1992. 

1.1.5 The nature of wildlife forensic investigations – how do these differ to human 

investigations? 

Wildlife forensic science has become a forensic discipline in its own right much more recently than 

human forensic science. However, it has benefited from the advances made in human forensic 

science to develop much more rapidly, despite having a much smaller community of practitioners.  

The biology of the respective victims is the same (see Section 1.2: Forensic DNA techniques), so 

techniques applied to human forensic investigation can also be applied to wildlife forensic 

investigation. Depending on the question being answered though, wildlife forensic work requires a 

degree of specialisation beyond the human field and any human forensic practitioners interested to 

investigate wildlife crimes must be aware of differences between the two (discussed in the following 

section). 

One major distinction between human and wildlife forensic investigations is that most wildlife crime 

involves a silent victim. While industries, such as the legal wildlife trade and legitimate breeding 

programs can suffer loss as a result of illegal activity, the animal or plant almost certainly suffers 

direct hardship from illegal activity. Especially in cases of trade, the welfare of the animal goes 

without consideration. For example, two personal suitcases were intercepted at Mopah Airport in 

Merauke, Papua New Guinea containing 1495 pig-nose turtles that were most likely destined for the 

pet trade or the dinner table [10]. 

The animal or plant cannot report the offence and so wildlife crime relies on report or detection by a 

secondary party. The majority of wildlife crime being conducted is probably never detected. For this 

reason, it is impossible to quantify the amount of wildlife crime that actually occurs, and the 

subsequent cost to governments and the public. A recent estimate has placed this range between 

US$7 billion and US$23 billion per annum [11] (in [12]). As most crime goes undetected, estimates 

based directly on the level of criminal activity identified are likely to be vast underestimates. 

The victimless nature of the crime is largely responsible for lacking resources allocated to wildlife 

crime. If the crime is not investigated, then there will be no retaliation on the part of the animal or 

plant. A higher value is placed on the human life than the life of an animal or plant by most people 

http://www.environment.gov.au/biodiversity/wildlife-trade/legislation/index.html
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and so resources will always be allocated to fighting crimes against humans before they are 

allocated to crimes against wildlife. Countries often affected the most by wildlife crime due to their 

tropical climate and resulting high compliment of species endemism by and large are third world 

countries with struggling economies, some rife with problems of governmental corruption and civil 

war. Sixteen of the world’s 25 biodiversity hotspots (categorised by species endemism) are located 

in developing countries where threats to biodiversity are the greatest and resources for 

conservation and environmental enforcement most limited [3]. The human forensic work in these 

countries is severely underfunded and many crimes against humans go without investigation. What 

chance then is there of justice for the wildlife victimised in these countries?  

While beyond the scope of this discussion, a mention should be made of an ethical problem 

confounding wildlife enforcement in developing countries. Often, wildlife exploitation is the sole 

form of income available to citizens living below the poverty line and a balance must be struck 

between conservation interests and the allowance of some exploitation for those whose lives rely on 

farming or trade of wildlife for income [13,14]. 

Yet, much wildlife crime in third world countries is conducted by wealthy individuals or organisations 

and motivated by greed. The organised nature of illegal trade is another similarity between crimes 

seen in human and wildlife forensic investigations [12]. While recognised in general for at least 

twenty years [15], the ties between wildlife crime and organised crime syndicates have become 

increasingly apparent to the law enforcement community in more recent years [16]. 

The circumstances surrounding wildlife smuggling often suggest that criminal networks must be in 

operation [17]. Take for example the arrest of a Czech national caught while trying to smuggle 

almost 250 animals out of Buenos Aires in December 2011 [18]. The animals were stowed in the 

man’s luggage, which officials noticed was moving during security screening and included snakes, 

snails, spiders, lizards and insects, some of which are CITES listed. All animals were native to 

Argentina or surrounding countries, yet the man’s travel records show he had entered Argentina just 

a few days prior. This has drawn authorities to suspect that the wildlife had been collected by other 

individuals acting in an organised animal smuggling syndicate and the Czech man was acting as 

courier between groups. 

Illegal wildlife trade is suggested to follow similar patterns to the trade of narcotics and arms. Often 

these trades are conducted simultaneously by organisations. Wildlife trade is enticing to criminals 

for a number of reasons. It can result in high returns, yet the risk of getting caught is far lower than 

that of the narcotics trade. The risk of prosecution of those caught is minimal [16]. The resulting 

penalties of prosecutions that have taken place are far lower than the expected value of the 

trafficked stock on the black market [2], leading questions to be raised over the effectiveness of the 

relatively lenient sentences actually handed to deter further criminal activity [19]. 

With the south western corner of Australia home to one of the world’s 25 biodiversity hotspots[3], 

where 80% of mammal, reptile and flowering plant species from this region are endemic [20], there 

is much reason for interest in Australian biota by the international pet trade.  Australia is not exempt 

from organised criminal activity and illegal wildlife trade operations have been suggested to link with 

much larger international organisations [2]. 
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1.1.6 Applying scientific techniques in a forensic context 

The issues surrounding the straddling of wildlife forensic science between the human forensic field 

and the conservation biology laboratories where many of the techniques applied to wildlife forensic 

cases are developed have been discussed elsewhere [16,21]. One extremely important attribute that 

separates wildlife forensic science from science conducted in a standard university laboratory is the 

application of strict Quality Assurance procedures and the conclusion of assay development with a 

validation study. Forensic science is a process ultimately conducted as part of the criminal justice 

system and must be undertaken in accordance with judicial proceedings. The process of validation 

involves conducting a number of tests on a new technique to establish the capabilities and 

limitations of the test under the given set of conditions. This process is used to demonstrate that the 

technique is robust, can reliably achieve its intended purpose and is ultimately fit for application to 

judicial proceedings.  

The validation procedure for forensic genetic investigations has previously been described for 

human work by the Scientific Working Group on DNA Analysis Methods (SWGDAM) [22] and the 

most recent edition of the Forensic Science Regulator (UK) Codes of Practice and Conduct [23] 

provides extensive detail about what a validation conducted by any forensic practitioner should 

involve. As evidence will be presented under the same level of scrutiny, non-human forensic work 

should follow the same validation guidelines as human forensic work.  

Routine validation tests include:  

Robustness: Ability of the technique to perform in an identical manner under varying circumstance.  

Repeatability: Consistency of the technique to produce a result for the target substrate every time. 

This includes the precision of the test (ability to produce an identical result every time, such as the 

same basepair sizing) and accuracy of the test (ability to produce an accurate result every time, such 

the true basepair sizing). 

Reproducibility: Replication of the technique between independent laboratories to yield the same 

result. 

Specificity: The ability of the technique to produce a result for the target substrate of interest (e.g. 

species) and any other substrate (e.g. closely related species) has been documented. Note: 

amplification result from a closely related species does not necessarily negate the usefulness of the 

test, but must be recorded and disclosed as part of the validation study. 

Sensitivity: Threshold amount of starting material below which the technique will not give a result 

has been determined, in addition to the range of product amount that will yield a reliable result. 

Stability: Effects of environmental fluctuations on the results of the techniques have been 

documented. This step might also include the application of test materials on different substrates 

and when subjected to various environmental insults in order to detect whether post-depositional 

changes to the substrate have any effect on the technique. 

Selectivity: In a biological sense, the same result is obtained from different tissues of origin, such as 

blood, hair, bone, scale, liver, etc.  



7 
 

Some form of peer review, usually through publication in a peer reviewed journal is not essential to 

validation, but would certainly increase the admissibility of the technique in court. The Frye 

standard, superseded by the Daubert standard adopted in many states in the US legal system, 

dictate that a scientific technique is admissible in court only if it has already been generally accepted 

by the relevant scientific community. Australian common law references a similar prescription, 

provided by King in The Queen v. Bonython (1984) 38 SASR 45, that a judge’s assessment of expert 

testimony must consider whether it forms part of “a body of knowledge….sufficiently organised or 

recognised to be accepted as a reliable body of knowledge”. Peer review publication serves to 

demonstrate this acceptance of the technique in question. 

Other recommendations for non-human DNA typing have been published. Budowle and co-authors 

[24] presented the first guidelines on animal forensic DNA analysis, based largely on the human 

system, in order to educate about quality systems necessary for all forensic work. The guidelines 

serve to provide a baseline structure for quality assurance and quality control from which 

laboratories can build more detailed workplace specific standard operating procedures, while also 

promoting standardisation of these fundamental aspects across laboratories. 

This theme has since been updated by discussions of the International Society of Forensic Genetics 

and subsequent publication of thirteen recommendations for best practice when typing non-human 

DNA for forensic purposes [25]. This discussion applies stronger emphasis on the importance of 

standardisation between laboratories as interest in non-human forensic work has increased 

markedly in the intermediate six years and different groups are introducing increasing variations into 

methodology.  The specified recommendations are much more precise than those of the previous 

publication in order to ensure that wildlife forensic work keeps on track with court requirements. 

Likewise, the Society for Wildlife Forensic Science (SWFS) Scientific Working Group for Wildlife 

Forensic Sciences (SWGWILD) has produced Standards and Guidelines for best practice (accessed 

from https://www.wildlifeforensicscience.org/wp-content/uploads/2016/07/swgwild-

standards_and_guidelines_2-0_12192012.pdf, accessed 03/06/2018).  

Ultimately, wildlife forensic genetics work should be conducted to the same standards as human 

forensic work and the ISFG recommendations strive to ensure that best practice is in line with 

concurrent human casework. Many obstacles still prevent this congruence, such as under-resourcing 

and the infancy of the wildlife forensic industry. With time and increased interest in this expanding 

field, wildlife forensic investigations will develop in a direction to bring it in line with current human 

forensic best practices. A guilty verdict from either investigation will result in a sentencing and 

potentially incarceration for the defendant, so vigilance in stringent quality practices must be 

maintained. 

  

https://www.wildlifeforensicscience.org/wp-content/uploads/2016/07/swgwild-standards_and_guidelines_2-0_12192012.pdf
https://www.wildlifeforensicscience.org/wp-content/uploads/2016/07/swgwild-standards_and_guidelines_2-0_12192012.pdf
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1.1.7 The Wildlife Forensic Scientist’s Toolkit 

As mentioned earlier, the questions asked in wildlife criminal investigations are often quite different 

from those that arise in investigations of crimes against humans and accordingly the techniques 

applied to answer these questions differ. One important distinction when transferring human 

forensic DNA techniques to wildlife is that human investigations deal with one focal species, whereas 

wildlife investigations deal with many. Short Tandem Repeat (STR) profiling (these DNA markers are 

commonly referred to as microsatellites outside of the human forensic field), the workhorse of 

human forensic DNA investigations, is much more resource intensive for the associated returns in 

wildlife forensic investigations. Each species being dealt with requires population screening and the 

construction of an allelic frequency database in order to calculate forensic statistics reported in 

support of the competing propositions. This drain on resources has contributed to the much slower 

growth of wildlife forensic investigations, which are conducted by a fraction of the current 

organisations practicing human forensic work. Wildlife forensic DNA investigations also commonly 

apply a universal test for species identification, not relevant to human forensic investigations, which 

is relatively quick to develop and cheap to conduct. 

The biological sample types encountered can be specific to wildlife forensic science, such as feather, 

bile, processed (e.g. pickled, cooked, dried, tanned and taxidermied) tissues, organs and skins, and 

powders claimed to contain derivatives of protected species. This thesis will focus on biological 

remains and in particular the application of DNA techniques to provide investigative answers in 

crimes against wildlife. 

Every crime has at least one allegation and forensic investigations work to provide evidence relating 

to the allegation. Questions to be answered by wildlife forensic science are peculiar to wildlife crime 

and often involve the following:  

- What species is this?  

This question often arises when an evidentiary item is not morphologically identifiable, but is 

suspected to derive from a certain protected species. The answer in this case requires a 

molecular test that can identify a species to the exclusion of all other species.  

 

- Does this crime scene sample match that from an individual? 

A forensic investigation might ask to match meat from a protected species in a freezer to 

blood on a suspect’s toolkit or perhaps discarded remains at the scene of an illegal poaching 

event. This technique requires a test for individualisation; that is, a test that can identify a 

particular individual and differentiate it from all other individuals in a population.  

 

- What is the relationship of this individual to that individual? 

A parentage test is the wildlife equivalent of a human paternity test and might be required 

to investigate a fraudulent captive breeding program, where native young were collected 

from the wild and claimed to be the offspring of captive parents. This uses the same 

individualisation technique as the matching test.  

 

- Where did it come from? 
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In the above scenario, where young have been identified as unrelated to the alleged captive 

parents, potential repatriation back into the wild can only be attempted if the most likely 

native source population is identified. The prediction of geographic origin is also useful for 

identifying poaching ‘hotspots’ of heavily persecuted and traded species, allowing limited 

resources to be focused on patrolling these areas. To answer this question using DNA 

analysis requires an extension of the individualisation technique and extensive surveying of 

native populations across their entire geographic range, a resource intensive undertaking 

that has yet been successfully achieved for very few species. 

 

A forensic case should avoid reliance on a single line of evidence and techniques provided by 

different disciplines ideally provide independent support for a particular scenario. Many wildlife 

forensic techniques can provide evidentiary answers to the above questions, for example 

microscopy [26,27] and mass spectrometry [28] for species identification and stable isotope analysis 

for the determination of geographic provenance [29,30]. However, for the purpose of this doctoral 

thesis the discussion herein will focus specifically on the use of molecular genetic techniques to 

answer these questions. The next section will examine the underlying characteristics of the different 

DNA markers available and their application to the above questions.  

 

1.2. Forensic DNA techniques 

Put simply, the animal genetic blueprint comprises two types of DNA molecule, the single-copy 

chromosomal nuclear genome found in the cell nucleus (although nuclear fragments can be found 

repeated throughout the genome) and the multi-copy plasmid mitochondrial genome found in the 

mitochondrion organelle. Both mitochondrial DNA and nuclear DNA are of use to wildlife forensic 

investigations, as they can answer different questions based on their unique characteristics. 

1.2.1 Mitochondrial DNA  

Mitochondrial DNA is a small (~16 000 bp) circular molecule of double-stranded DNA that exists in 

multiple copies in most cells, rendering it an excellent candidate for ancient DNA and trace evidence 

investigations where only a small amount of potentially degraded material remains. Anywhere from 

1 to 15 copies of mitochondrial DNA are contained in a mitochondrion. Given that each cell contains 

around 100 mitochondria, estimates of 500 copies of the mitochondrial genome per cell have been 

made, although this figure is possibly an underestimate due to potential mitochondrial destruction 

during the visualisation process [31]. It is a robust organelle, protected by an organellar wall, so 

mitochondrial DNA endures in the environment due to this characteristic as well as its high copy 

number [32]. 

Mitochondrial DNA is maternally inherited, so it can only inform about ancestry along the maternal 

lineage, not paternal relationships. Due to this pattern of inheritance, the recombination process 

that affords nuclear DNA the large phenotypic variation seen between individuals even between 

single generations is not present in mitochondrial DNA [33], so mitochondrial genotypes will remain 

very similar over many generations. Despite these mechanisms producing a more conserved 

mitochondrial genome, mitochondrial DNA has an evolutionary rate around five to ten times higher 

than nuclear DNA [34]. Mitochondrial DNA does not have the proof reading mechanism built into 
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nuclear DNA replication, so all changes created by the spontaneous mutation rate become 

incorporated into the new sequence at replication time, providing a degree of variation that is useful 

to phylogenetic and forensic studies.  

Owing to maternal inheritance, relatively slow mutation rates (when compared to much more 

rapidly mutating STR markers) and lack of genetic recombination, the mitochondrial genome is 

highly conserved across a range of taxonomic levels and is thus a good candidate marker for 

examining deep phylogenetic relationships; it allows examination of relatedness at the coarse-scale 

resolution of species, genera, families and orders. A genetic signal will endure over many 

generations, which could amount to thousands of years of descent. These characteristics make it a 

popular marker for species identification.  

1.2.1.1 Species identification using mitochondrial DNA  

Regardless of the target region, the technique used for species identification follows the same 

process (figure 1.1). An evidentiary item of questioned species origin is submitted. All DNA is 

liberated and purified from the remainder of the cellular contents through a process called DNA 

extraction. Short, synthetic DNA oligonucleotides called primers are designed to target highly 

conserved DNA regions and produce an amplification product from a large range of taxa (universal 

primers), or a specific target region known only to amplify in a subset of taxa (species or group 

specific primers). 

Note that if the species is completely unknown then universal primers are applied, but in a forensic 

context a species of interest is usually provided for which targeted primers might be available. PCR 

amplification is used to replicate the target region up to a suitable quantity to enable sequencing. 

The PCR product is purified, a Sanger sequencing reaction performed and the product further 

purified and the underlying sequence determined using a genetic analyser.  

Figure 1.1: Process of species identification by sequencing of a mitochondrial locus, simplified for 
illustrative purposes. Mitochondrial DNA is isolated from the unknown sample and a specific target locus 
amplified and sequenced. The resulting sequence of the unknown is searched against a database of 
knowns to identify the most closely related species (indicated by highest sequence similarity). 
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The resulting sequence of unknown origin is compared against a collection of known homologous 

reference sequences from many different species. If the species from which the evidentiary item 

originated is represented in the reference sequences, then the unknown sequence should show the 

highest similarity with this species. If it is not, then the sequence should show the highest percent 

sequence homology with the species most closely related to actual source species. Phylogenetic 

reconstruction (arranging the sequences into a phylogenetic tree) is a desirable way to visualise the 

results because it reveals the phylogenetic relationships between the different reference sequences 

and the unknown. It also shows whether the locus is suitable for accurately reconstructing the 

phylogenies of the associated species (do the sequences group taxonomically in the expected 

hierarchical manner?). The ability of the locus to accurately reflect the phylogenetic relationship of 

the target taxon must be established as part of the validation of the technique prior to casework 

being conducted. This investigation should involve representation of all closely related species in a 

genus where possible, if the technique is going to be used to report a species identification result in 

criminal casework.    

1.2.1.2 Choice of locus for species identification 

The mitochondrial genome comprises almost entirely coding DNA. This functional constraint 

maintains highly conserved sequence. Most variation within protein coding regions occurs every 

third base (due to the codon redundancy in transfer RNAs). It contains genes coding 13 proteins, 2 

ribosomal RNA subunits and 22 transfer RNA molecules, as well as the D-loop that does not appear 

to code for any functional genes. It is not subject to the same constraints as coding sequence, but 

does contain elements for initiation and control of replication and transcription [35]. Genome length 

and gene order can vary between taxa [36]. Most snake species have a duplicated control region 

[37–39]. 

Mitochondrial genes exhibit different degrees of conservation in mammals in accordance with their 

function. Gene conservation is generally ordered: D-loop < protein coding genes < ribosomal 

subunits < tRNA genes [40] (in [34]), but figure 1.2 provides a much more detailed summary from 

mammalian species. This affects the choice of gene examined for a particular purpose. By the advent 

of forensic DNA investigations, the mitochondrial genome had been well characterised across 

different taxa (e.g. [41–46]). As the D-loop (also called the control region) is most variable, it is not 

generally suitable for species identification because it exhibits too much intra-species variation 

(however it has historically been applied in some taxa such as cetaceans e.g. [47–49]). Highly 

conserved sequence such as either of the ribosomal subunits would be more useful for comparisons 

of highly divergent taxa, but less suitable for congeneric comparisons (although see [50]). Early 

studies used conserved regions in the cyt b, 12S rRNA and control region loci for priming sites 

[46,47] and examined cyt b as a potential target region for phylogenetically differentiating many 

mammalian taxa [51,52] (Irwin, Kocher & Wilson, 1991; Hsieh et al. 2001).  

The issue of which locus to use has seen much recent debate in the species identification field. The 

amount of variability at most mitochondrial genes results in moderate to high inter-species 

variability (depending on the degree of divergence), but low intra-species variability. This is 

desirable, as a species identification test ideally targets a piece of DNA which is highly conserved 

within a species, but differs in base composition from all other species. Primers need to be placed in 
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highly conserved regions, either across all taxa universally or across the particular taxon of interest. 

In practice, finding the mitochondrial region appropriate to the different phylogenetic histories of 

different taxa is not a trivial task.  

 

Figure 1.2: Degree of conservation in mitochondrial genes compared in 33 mammalian species (from [35]).  

 

1.2.1.3 The advent of DNA ‘barcoding’ & debate over the best locus 

In 2003, the cytochrome c oxidase I (COI) gene was advanced as a potential alternative to the 

cytochrome b gene for species identification [53]. The basis of this paper was to propose a single 

gene region which could be used as a ‘barcode’1 to identify any species to the exclusion of all other 

species - despite the fact that Palumbi & Cipriano [48] had already expressed the need for multiple 

locus investigations to address cases of species hybridisation.  The COI region was proposed to fit 

this purpose because, in this particular demonstration and other research [54], it was particularly 

good at distinguishing between species of lepidopterans and had also been used successfully in 

planktonic copepods [55] and onychophora [56]. One should note that the aforementioned taxa are 

invertebrates and COI has been successfully applied to species identification of many invertebrate 

taxa e.g. [57], yet the technique was subsequently proposed as a universal species indicator for all 

                                                           
1 I note here a terminological aside that the ‘barcoding’ label is broadly reserved for use of the COI gene alone. 
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taxa! This gene sequence is proposed as a superior alternative to cyt b as it exhibits higher sequence 

conservation and should therefore be more informative when looking at deeply divergent species 

[53]. However, a locus maintaining a high degree of conservation can confound the species 

identification tests required in forensic investigations if species have diverged at very recent 

timescales.  

This rising interest in species barcoding by COI also sparked raging debate about various issues, 

including: the suitability of COI in comparison to other mitochondrial genes, such as cytochrome b 

[58], ND1 [59], 12S rRNA [60,61] and 16S rRNA [62,63]; it’s use as a substitute to taxonomy (see 

Trends in Ecology and Evolution, issue 18, February 2003, [64]); and the appropriateness of a DNA 

system to be able to categorise and distinguish all life on earth [65,66]. From a forensic perspective, 

cyt b has been argued as the more useful locus for many of the mammalian taxa often encountered 

in casework [58], a conclusion reiterated in avian species [67]. Wilson-Wilde and colleagues [68] 

compared two mitochondrial genes (COI and ND2) and three nuclear genes (APOB, IRBP and GAPD) 

across Australian marsupials; they claim that ND2 was found to be the superior gene for species 

identification.  

It is clear that the choice of gene will depend on the taxon of interest (and the reference sequences 

available, a point to be discussed shortly). Validation must be used to identify a region with a gene 

tree that accurately reflects the species tree. Both cytochrome b [69] and COI [70] have been 

validated for use in forensic casework. However, when applying these tests to a new species, the 

practitioner must undertake an appropriate assessment of the species’ taxonomy and investigate 

whether it is correctly reflected within the genetic signal of the locus in order to confidently report 

the species identification results. 

As hinted at earlier [48], application of the single mitochondrial locus without the combined use of 

nuclear DNA can create difficulties in identification of parapatric hybridising species where 

introgression of mitochondrial genomes is occurring [71]. Wiemers & Fiedler [72] emphasise the 

need to use any ‘barcoding’ region in conjunction with other non-mitochondrial DNA data in order 

to avoid misidentification that can occur through use of a single DNA locus. The use of nuclear DNA 

is problematic when forensic evidence involves trace amounts of DNA, but the above issue is one of 

which wildlife forensic biologists must be aware.  

1.2.1.4 Online databanks and reference sequence repositories 

The development of online repositories or databases of species sequences over time has allowed the 

refinement of the species identification technique. The three predominant genetic code databanks – 

the European Nucleotide Archive, Genbank run by the National Centre for Biotechology in the US 

and the DNA Databank of Japan – have joined to form one collaborative resource, the International 

Nucleotide Sequence Database. This database can be searched from any of the three collaborators 

websites. Using Genbank (www.ncbi.nlm.nih.gov) for example, the sequence is searched by a Basic 

Local Alignment Search Tool (BLAST) algorithm against the online database, which in 2010 already 

contained over one hundred million uploaded nucleotide sequences from more than 300 000 taxa 

listed at genus level or below [73]. Highly similar or 100 % homologous sequences are returned and 

enable the putative species of origin to be identified. If the sequences are not identical then a 

percent homology between sequences is also given. The use of mitochondrial DNA sequencing 
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results has been validated for human genetics [74], however the validation of specific searchable 

databases was not included in this report and is indeed rarely encountered.  

One must exercise caution when using this technique though, as the source of the reference 

material has not been verified and can often contain mistakes [32,70,75]. Human contamination 

should be obvious if the sequence also retrieves results matching Homo sapiens. An assumption is 

made that the reference sample is representative of the species, rather than constituting a rare 

genotypic variant or sub-species [58]. Further, this technique relies on only a relatively short stretch 

(i.e. 400-550bp) of DNA and an identical match in the sequence of interest does not exclude possible 

variation between the two individuals at DNA sequence outside this section. 

The Barcode of Life Database (BOLD, www. http://www.boldsystems.org/) resulting from the COI 

barcoding work described earlier, is often applied to forensic casework. It is considered a more 

reliable source of accurate sequence data than Genbank, due to increased measures of 

authenticating samples prior to curation onto the databank and inbuilt tools to flag and investigate 

data anomalies [76]. Despite or even in direct contradiction of these measures, many sequences 

represented on BOLD have been ‘mined from Genbank’ and BOLD no longer overcomes the issues of 

sequence authenticity encountered on Genbank. Another disadvantage is that BOLD only contains 

COI locus data (for animals), so precludes utility in species for which this locus is not an appropriate 

phylogenetic discriminator. 

A novel fully-regulated online repository of whole mitochondrial genome sequences has recently 

been proposed, to be used for the identification of wildlife species commonly encountered in 

forensic investigations [77]. This ForCyt tool will allow wildlife forensic practitioners to access 

vouchered and validated reference sequences from any mitochondrial locus for comparison with 

their unknown casework samples. The ForCyt initiative will provide a highly improved, quality 

controlled and universally accessible resource for forensic casework involving species identification 

analyses. 

1.2.1.5 Applications of mitochondrial DNA tests for species identification 

The question of species identification is by far the most commonly addressed question in wildlife 

investigations, due to the relative simplicity with which DNA methods can be developed and 

validated. There are two possibilities in forensic casework: the allegation will stipulate a specified 

species; or the allegation will provide that legislation has been breached, but the particular species 

in question is uncertain, for example the smuggling of bird eggs from unknown taxa. Universal tests 

can be applied when there is no a priori knowledge of the species, as the primers are designed with 

low annealing stringency in highly conserved mitochondrial sequence to amplify a wide breadth of 

taxa. Nucleotide sequencing is required to determine the identity of the unknown sample. Universal 

tests are also useful when a certain species is suspected, but tests for this species have not yet been 

developed.  

Species-specific tests might be more suitable when a particular species requires identification, such 

as a confiscated meat or pelt sample that is suspected to be from a protected species. If the primers 

have been designed to target only a specific subset of species, then their presence or absence is 

indicated by a positive or negative PCR product without the need for sequencing. Mixed DNA 

samples are frequently encountered in forensic investigations, particularly when Traditional 

http://www.boldsystems.org/
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Medicines are involved and in these cases species specific assays are required to obtain an 

interpretable result, as DNA sequence from multiple sources cannot be deconvoluted without the 

use of new and expensive technologies that are not yet routinely accessed by wildlife forensic 

laboratories.  

Universal tests 

DNA sequencing and phylogenetic reconstruction 

Baker and Palumbi [47] and Malik and colleagues [78] used DNA sequencing and phylogenetic 

reconstruction to identify protected marine species sold in marketplaces and indicate the incidence 

of illegal poaching for trade purposes. Wu and colleagues [79] were able to differentiate between 

the four extant species of sika deer using the mitochondrial control region and consequently identify 

the presence of the wild sub-species in traditional medicines that legally should only contain the two 

captive sub-species. This indicated the continual illegal harvesting of wild sika deer for the traditional 

medicine industry.  

Traditional East Asian Medicine (TEAM) investigations constitute a recurring theme in wildlife 

investigations, due to their frequent incorporation of protected species. Phylogenetic reconstruction 

involving the cyt b locus has been applied to species identification of skinned and bleached turtle 

shells [80], seahorse [81] and processed and powdered rhino horn [82]. Due to the degraded nature 

of the horn, a nested PCR was designed to amplify only a small internal region of cytochrome b – a 

novel method to deal with difficult TEAM samples. It should be noted that the visualisation 

phylogenetic trees only gives a relative determination of how similar two sequences are to one 

another, unlike direct sequence comparison which can give a percent homology quantification of 

similarity (corresponding only to the small region begin compared), so both data should be 

considered. 

DNA sequencing and sequence homology comparison 

This DNA databank search technique is used in species ‘barcoding’ [53], yet the term barcoding also 

embraces the use of a standardised gene region (chosen as COI) and the BOLD sequence repository 

(see [83] for a critique of barcoding using the usual distance-based analyses). Due to the conceptual 

differences of the two methods, barcoding examples will be grouped separately succeeding other 

examples using traditional DNA sequence homology comparisons. 

Parson and colleagues [84] simulated the types of poor quality or unusual samples seen in casework 

and demonstrated the successful species identification from taxa across the five major vertebrate 

groups; this work provided the earliest example of direct applicability of species identification by 

sequence homology comparison to forensic casework involving wildlife. A cyt b fragment was shown 

by sequence homology comparison to be diagnostic in uniquely identifying each of 221 different 

species considered forensically relevant [85]. Turtle derivatives for sale in US and Asian market 

places were also identified as having been substituted with other turtle species and even alligator 

using cyt b and control region sequence homology [86]. 

Pyrosequencing of the two mitochondrial ribosomal RNA subunits was attempted for 28 forensically 

relevant European mammals, but species identification of all species was unsuccessful due to the 

highly conserved nature of these genes [87]. This result reiterates the importance of conducting 
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multi-gene conservation rate studies when developing species identification tests to determine 

which genes are most suitable to identify the species in question.  

Nested PCR analysis was used to identify the species origin of elephant ivory [88] and treated turtle 

shells [89]. This research group took the small amplicon idea further in avian species by designing 

five internal cyt b primers to amplify subsequently smaller fragments in degraded samples, 

increasing their chances of amplifying a product approaching maximal obtainable sequence size [90]. 

Even the smallest fragment of 220 nucleotide bases contained enough sequence variability to 

differentiate between all 40 bird species tested. 

Marsupial specific primers have been designed to amplify very small fragments of cyt b in order to 

obtain macropod DNA from degraded samples such as museum specimens and forensic samples. 

Three sets of cytochrome b primers were combined into a triplex reaction to amplify a total of 554 

bp from difficult samples with limited starting material, but these small fragments still have to be 

sequenced separately in order to identify particular macropod species [91].  

While providing important trade intelligence, DNA sequence comparison has also led to successful 

criminal convictions. Identification of remnant tissue on a chopping board as originating from a 

protected peacock species led to the confession and apprehension of the accused [92]. One Korean 

forensic investigation involved allegations of illegal hunting that prompted the genetic examination 

of 11 evidentiary items [93]. The investigators applied cytochrome b sequence comparison to 

identify two of the six game meats as illegally hunted roe deer. The other exhibits were five skinned 

pheasants, in which hunting of females is illegal. Pheasants are easily sexed by plumage dimorphism, 

but the skinned exhibits had to be sexed by molecular genetic techniques. Fragment size 

polymorphism in the CDH gene of the pheasants identified two of the five exhibits to be female (also 

see [94] discussed below). The suspect was found guilty based on the DNA evidence and sentenced 

accordingly. 

DNA Barcoding 

Barcoding the COI locus has been applied to the African bushmeat trade [95] and to legitimise 

labelling of blue fin tuna in restaurants and markets around San Francisco [83]. Endangered species 

were found to be present and, while no direct prosecutions resulted, information about the 

continuing illegal import into California of protected tuna species destined for the sushi menu was 

obtained. Three forensic cases of poaching in South Africa were investigated using COI barcoding. 

Two exhibits were identified as beef, but the third carcass returned a 100% match to the reference 

samples of the reedbuck, indicating illegal poaching had taken place [96].   

Sequencing is an unsuitable technique when DNA mixtures are involved and in these cases species-

specific tests have proven valuable. 

Species-specific tests 

The following tests are species-specific. Unlike sequence homology comparison and barcoding using 

database searches, these techniques require prior knowledge of the species likely to be present.  
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Species specificity by Restriction Enzymes 

The analysis of Restriction Fragment Length Polymorphism (PCR-RFLP) patterns offers a cheaper 

alternative to Sanger sequencing and has therefore been applied in forensic case investigations. 

Restriction enzymes are used to create digestion patterns specific to particular species. It can 

however be difficult to compare band sizes between gels, precluding the standardisation of 

techniques across laboratories, and its utility has been superseded by the availability of much more 

robust and standardised techniques. 

Nonetheless, the potential effectiveness of PCR-RFLP has been demonstrated for a number of 

forensically relevant species tests including the differentiation of red and sika deer species [97], 

Indian crocodile species [98] and distinction between human and domesticate species [99]. This 

technique has also been combined with two sex-specific markers for use in identifying species and 

sex of game meat [100]. Combining information obtained from independent loci can add value to 

poaching investigations.  

Single Nucleotide Polymorphisms in mitochondrial DNA 

Single Nucelotide Polymorphisms (SNPs) are single base changes occurring throughout both 

genomes that can be diagnostic of particular species. While they offer great utility for species 

identification and population genetics, their application in this project has been limited and their 

discussion within this thesis will therefore be kept brief. 

Identifying single nucleotide sequence polymorphisms that are species and sub-species specific 

allows a test to be developed to interrogate just these sites rather than the whole DNA sequence 

(especially useful when the remainder of the genome asides these bases is conserved). This simple 

test can determine in one step whether a particular species is present in a sample, providing greater 

efficiency than universal primers. Of equal importance, this test can determine the presence of a 

species in a mixed sample containing DNA from multiple species. 

While originally developed for conservation genetics [101], SNP testing by Allele Specific Primer 

Extension (ASPE) offers a simple but excellent forensic test for presence or absence of a species. 

Development of the primers must involve an extensive validation process of screening individuals 

within the species and other species that might reasonably be expected to be present, in order to 

ensure the robustness of the test to give a product for every species member and no false positive 

results for other species.  

This species-specific primer technique has been applied to monitor the illegal trade and false 

labelling of sturgeon [102,103] as well as a criminal investigation into tiger meat sold illegally by a 

circus to which the tiger had belonged six months earlier [104]. Single species-specific mitochondrial 

12S rRNA primers have been applied in Real Time PCR to detect trace amounts of a species in mixed 

and degraded samples and quantify the amount of target species present [105] (see [106] for 

methodology involved). Nuclear gene species-specific primers have also been applied to 

differentiate European carnivores [107], yet this approach is less common due to high gene 

conservation caused by selective pressure.  

Species-specific primers have been combined with other informative tests to provide more 

information for forensic investigations. Y chromosome markers have been combined with a control 
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region species-specific primer pair in elephants to obtain both species and sexing data [108]. This 

study is a rare application of the Y chromosome to wildlife work, even though Y markers are 

becoming routine in human casework.  

A dual species/gender test has also been developed for birds [94], which is quite unique because 

birds exhibit Z/W female heterogamety and these chromosomes have been far less characterised 

than the X/Y male heterogamety system (but also see [93] discussed above). In this case, two avian 

specific primer sets amplify Z and W regions, enabling sex identification. These products happen to 

exhibit species-specific size polymorphism, allowing the simultaneous determination of avian 

species. Similar species identification based on fragment size polymorphism has been found in a 

nuclear gene, TP53, but the underlying variation of the intronic region has not been well 

characterised and validation studies are necessary [109]. 

    Whole mitochondrial genome sequencing for SNP identification 

Species-specific SNP sites are very useful for species identification, but can be difficult to locate. This 

is particularly true when looking at sub-species between which there is low genetic variation, such as 

the four dwindling sub-species of extant tiger. Kitpipit and colleagues [110,111] designed an 

overlapping set of 26 primers to amplify the entire mitochondrial genome of the tiger and found that 

they contained very few polymorphic mitochondrial sites. Targeting just a small number of species 

informative SNP sites resulted in a more precise species identification test than comparing the whole 

of the mitochondrial genome between individuals, due to ambiguities caused by non-species 

informative mutations [112]. Tiger sub-species could be identified by a haplotype containing five 

particular SNPs not seen together in any other species tested. Sub-species polymorphisms were 

identified as indicative of two of the four tiger sub-species, but no SNPs specific only to either of the 

other two sub-species were identified. 

Similar primer design has been undertaken on the Asiatic Brown Bear, culminating in an 18 

overlapping primer set test to amplify the entire mitochondrial genome [113]. This test would 

likewise prove useful in identifying SNPs from which to design a species diagnostic SNP test, given 

that the Asiatic brown bear exhibits 87-92% mitochondrial genome sequence similarity with the 

three other extant Ursus species.  

With this application in mind, the prospects of the ForCyt project become even more exciting. 

SNP multiplex tests 

More information can be gained from a multiplex of many SNPs in one reaction. This is extremely 

beneficial in forensic investigations, which are often working with very valuable and limited trace 

samples. 

Optimal species-specific primers for each of six shark species were combined into an octaplex with 

the two universal shark primers [114]. Chapman and colleagues [115] have similarly designed a 

highly robust species test for white shark. A pentaplex amplifying two fragments from the 

cytochrome b gene and three fragments from the nuclear ribosomal internal transcribed spacer 2 

(ITS2) gene introduces bi-organellar redundancy of the test to provide heightened stability, 

robustness and quality control. One of each primer pair is species-specific to the white shark and the 

other primer sets are universal, acting as internal positive controls. This test has since been used to 
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monitor shipments for white shark [116], and detect illegal white shark trade in Hong Kong markets 

[117]. Similar tests have also been applied to the Chilean shark fin trade [118], and designed for the 

basking shark to detect derivatives in Hong Kong and Japanese market places as well as international 

trade worldwide [119]. Validation of the test for forensic application has been reported previously 

[120,121].  

Tobe & Linacre [122,123] have further refined the species-specific SNP multiplex concept by 

combining universal and species-specific primers in an amplification pair to incorporate more species 

into a single test. A universal forward primer amplifies a region in conjunction with a species-specific 

reverse primer. If the species and therefore the reverse annealing site is not present, then no 

product will result. Reverse primers are designed so that species products size uniquely. These 

products can then be separated in a single capillary electrophoresis lane. By including multiple 

universal forward primers amplifying different regions, more species can be combined into a single 

test. This approach, using three different gene regions, has enabled 18 different European mammals 

of domestic and forensic importance to be identified with a single test. Further, this test has been 

fully validated and demonstrates sensitivity to detect product down to 17 femtograms of DNA. 

Robustness is increased by inbuilt dual primer set redundancy for each species, safeguarding against 

polymorphism at one priming site. 

A similar test to the above Allele Specific Primer Extension (ASPE) SNP multiplex kit for European 

mammals has since been tailored specifically for species commonly found in TEAM and their 

common domesticate substitutes [123,124]. A universal primer pair is also built into the test to 

detect whether negative results are due to inhibition caused by some medicinal product substrates. 

This technique has also been developed for the species identification of 19 terrestrial New Zealand 

mammals [125]. 

The above technique applies to SNP detection. Single Base Extension (SBE) has also been applied to 

multiplex testing for species identification. A SBE multiplex technique, known as SNaPshot, has been 

applied to test for the four extant wild subspecies of tiger [112,126]. SNaPshot is more appropriate 

for species testing than ASPE when there are very few species-informative SNP sites present and 

samples are increasingly degraded. For instance, in the whole tiger mitochondrial genome five SNP 

sites were identified as species informative and a further six could differentiate between sub-

species. The SNaPshot test therefore interrogates these specific sites to detect the exact nucleotide 

polymorphism present and this can distinguish population of origin in tigers. The small size of the 

amplification product (primer + 1 base) makes this test ideal for highly degraded remains – in this 

particular test the maximum product size was a mere 71 base pairs [112]. A SNaPshot based assay 

has also been developed to identify the species origin of elephant ivory [127]. Allele Specific Primer 

Extension is cheaper to use than SNaPshot kits that are purchased through biotechnology 

companies, but the initial developmental stage is time consuming.  

1.2.2 Nuclear DNA  

In brief, double-stranded DNA is found in the nucleus of every eukaryotic cell (with some exceptions, 

although snakes possess nucleated red blood cells). In humans, this genetic material is packaged into 

diploid cells (containing two sets of 22 autosomal chromosomes and two sex chromosomes), or in 

the sex gametes, a haploid set of 22 autosomal chromosomes and one sex-linked chromosome. 

Humans and most other mammals exhibit male heterogamety, where all individuals exhibit an X 
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chromosome and the inheritance of a Y chromosome as the second chromosome determines the 

male sex. Some avian and squamatan species exhibit female heterogamety, where a male has two Z 

chromosomes and the inheritance of a W chromosome determines the individual to be female 

[128,129]. The Y and W chromosomes are referred to as lineage markers. Lineage markers have their 

own favourable characteristics and Y chromosome markers are used extensively in forensic human 

identification [130–132]. Equivalent applications for the W lineage marker have not yet been 

developed for routine use in wildlife investigations beyond [94], but this is one area with potential 

for development in the future.  

The human nuclear genome contains 3.2 billion nucleotide bases, though only approximately 5 % 

actually code for functional proteins [133]. These gene regions consist of DNA that is related directly 

to the generation of a biological product. Natural selection acts upon coding DNA, so limited 

variation is seen within gene regions between individuals, otherwise the functionality of the 

products would be affected. A eukaryotic gene complex includes areas that initiate transcription, 

promoters, coding sections termed exons, and non-coding sections that separate the exons, termed 

introns. Both exons and introns are transcribed, but the introns are spliced out of the primary 

transcript prior to translation [134]. These intronic regions are responsible for regulatory functions.  

While less than 5 % of genomic DNA is comprised from exons, a further 20 % of the genome is 

comprised from introns and sections of DNA up-stream of the exons relating to initiation of 

transcription. This leaves approximately 75 % of the genome that is comprised from extragenic DNA 

(see Figure 1.3). Extragenic DNA is invisible to selective forces and the freedom to mutate produces 

highly polymorphic markers that are highly informative about relationships between individuals. 

 

Figure 1.3: DNA type and proportion within the human genome (from [135]). 

Repetitive DNA actually comprises a large proportion of the extragenic DNA. These repeat regions 

(first termed satellite repeat regions as a result of the density gradient centrifugation study that led 

to their discovery [136]) vary in repeat motif size, repeat number and frequency within the genome. 

Variable Number of Tandem Repeats (or VNTR [137]) is another overarching name for all DNA 

containing tandemly repeated motifs of varying size [138]. Moderately repetitive regions tend to be 

of large motif sizes and many are found interspersed between coding regions in genes. Some 

moderately repetitive regions in the genome are known as transposable elements and are found 



21 
 

duplicated throughout the genome (see [139] for further reading). These are in fact known to move 

throughout the genome, but further discussion of this phenomenon is not within the scope of this 

introduction. 

The first application of DNA to a forensic investigation involved the use of telomeric repetitive motifs 

termed minisatellites by Jeffreys [140]. Minisatellites contain repeat motifs that range between 10 

and 100 bases in length [133]. Recognising that these size variable regions (size varying due to motif 

repeat number at a given site) were heritable and could therefore resolve individual identity and 

relationships between individuals, Professor Sir Alec Jeffreys isolated these markers in humans using 

Restriction Fragment Length Polymorphism (RFLP) primers to target the variable regions [141]. Their 

first application in forensic casework was to resolve an immigration dispute [142]. This technique he 

termed ‘DNA fingerprinting’ was shortly thereafter used to link evidence from two murdered girls to 

the otherwise unsuspected offender and this became the first successful apprehension of a criminal 

via DNA evidence [133]. While DNA provides critical evidence to apprehend, it plays just as 

important a role in exonerating the accused, although these outcomes often don’t receive as high a 

profile in the media (see innocenceproject.org for more information). 

A smaller alternative marker has since superseded the use of minisatellites in forensic casework. 

Microsatellites exhibit similarly highly repetitive DNA, but the repeat motifs vary between two and 

six base pairs in length (hence the name). These markers offer increased ease of genotyping as the 

two microsatellite fragments found at a particular site in any individual are similar in size due to the 

much smaller repeat motifs, even though repeat number can ranges between 5 and 40 units [143].  

1.2.2.1 Short Tandem Repeats  

Microsatellites are currently the routine marker used in human forensic biology worldwide. Refer to 

Goldstein & Schlotterer [144] for an in depth discussion of underlying microsatellite biology, function 

and applications. For reviews of microsatellites, see [143] and [145].  

Having been identified shortly after minisatellites and thus named microsatellites [146], these 

regions are often also called Short Tandem Repeats (STRs) and Simple Sequence Repeats (SSRs) 

[143]. Due to the term’s wider use in forensic applications, STR will be used to refer to these markers 

for the remainder of this thesis. STRs appear within the nuclear genomes of most taxa, although at 

varying frequencies ([147]  provides a good comparison of STR proportions in different taxa). 

Homologous STR regions are seen in closely related species (and become less comparable as taxa 

increase in genetic distance), which makes these excellent target areas for numerous applications 

including fairly recent phylogenetic studies of population differentiation and contemporary 

evaluations of relatedness. 

STRs are lengths of repeated motifs. The repeat number varies between individuals and this 

variation has arisen through slipped strand mispairing at the time of chromosomal replication [148]. 

Accepted allele nomenclature in forensic science denotes the number of repeats in the underlying 

sequence. Dinucleotide repeats (consisting of two base units, e.g (CA)n) are most frequent within the 

genome [149], followed by tri-nucleotide repeats, which will not cause a frameshift mutation in a 

neighbouring coding region [143]. Yet, tetra- and penta-nucleotide repeats are far more useful for 

forensic studies, due to the lower frequency of associated analytical artefacts, namely stutter peaks 

(described shortly).  
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STRs are surmised to experience mutation most frequently as a result of polymerase slippage during 

replication. The mutational pattern, put simply, generally follows a Stepwise Mutation Model (SMM, 

[150]), where a whole single repeat unit is gained or lost, resulting in a new allele one repeat unit 

longer or shorter than the ancestral allele. This mutational pattern endows STRs high allelic diversity 

(some loci showing >0.90 heterozygosity [151]), but also facilitates homoplasy (hidden past allelic 

diversity), as single step mutations are just as likely to step back to a previous state as give rise to a 

new state. 

Although SMM is the dominant mutational force, STRs also undergo other mutational events such as 

point mutations, insertion/deletions (indels) and anomalies involved with recombination, such as 

unequal crossing over. STRs are selectively neutral. The lacking selective restraint, recombination 

during meiosis and mutational model afford STRs a much higher mutation rate than most other 

markers (between 10-2 and 10-6 mutations per generation), which can be either beneficial or 

detrimental to analyses, depending on the question being asked. This high mutation rate further 

intensifies the problem of homoplasy, as more frequent mutations lead to quicker saturation of 

mutational possibilities. 

1.2.2.2 Stutter 

Both alleles exhibited by autosomal STRs are easily detectable through electrophoresis. Due to size 

differences which might only involve one or two base pairs, STR alleles are most commonly viewed 

by capillary electrophoresis, which gives much better resolution of similar size alleles than traditional 

gel electrophoresis. Certain artefacts such as stutter can arise from the analytical process. The same 

slipped strand mispairing that causes STRs to be highly polymorphic occurs during PCR when the 

polymerase enzyme has difficulty replicating the repetitive DNA [133,152]. As the complementary 

DNA strands separate during denaturation, a hairpin loop of one repeat unit can form upon 

reannealing causing a daughter DNA strand differing by one repeat. If this loop forms in the 

template strand, then the resulting molecule will contain one less repeat unit. This phenomenon is a 

common artefact of STR analysis, evident as a small amount of product one repeat unit shorter than 

the allele of interest on the viewing platform, and is known as 'back-stutter' or simply 'stutter'. Very 

occasionally, the synthesised strand will loop out during replication causing a fraction of product one 

repeat unit larger and this is known as 'forward stutter' or ‘over-stutter', although it is much less 

commonly seen than back-stutter (see figure 1.4). Stutter is much more pronounced in di- and tri-

nucleotide repeat units, and could easily be confused with genuine alleles in a profile with more than 

one contributor. Therefore, larger repeat units such as tetra- and penta-nucleotide repeats are 

favoured in forensic studies.  

1.2.2.3 STR repeat class and implications 

Table 1.1 shows of the nomenclature relating to STR motif arrangements as agreed upon by the 

European DNA Profiling group [153], although terminology and indeed definition of a STR locus still 

endures debate [154].  Simple (a.k.a. pure or perfect) repeats comprise a string of a single motif 

type, surrounded by non-repeating flanking DNA. When a simple repeat motif exhibits a micro-

variant (an incomplete repeat unit created by an Indel), the result is called a simple non-consensus 

repeat. Compound STRs contain two different motif types. The size of each 
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Figure 1.4: Mechanism of slipped strand mispairing proposed to cause stutter bands during STR amplification 

(from [133]). 

motif is not necessarily equal. Complex STRs represent more than two repeat motifs flanked by non-

repetitive DNA. These might contain incomplete motifs and invariable motifs (see Table 1.1 for 

examples of STR nomenclature).  

Table 1.1: Examples of STR nomenclature as described in [153] . 

Nomenclature Example motif 

Simple (ATTT)8-14 

Simple non-consensus (TCAT)4CAT(TCAT)5  

Compound (TCTG)3(TCTA)5(TCTG)4 

Complex (TCTA)5(TCTG)6TCA(TCTA)3TCCATA(TCTG)3 

 

Simple STR motifs and STRs with longer tracts are more likely to exhibit higher allelic diversity [155]. 

It’s possible that longer tracts of simple repeats are more effective at creating polymerase slippage. 

Work on human Y-chromosome STRs by Kayser and colleagues [156] suggests that complex 

arrangements might exhibit increased mutability over simple repeats of the same motif number due 

to effects caused by neighbouring motifs. 

1.2.2.4 Wildlife forensic applications of nuclear DNA 

Hypervariable STR loci provide a rich source of information for answering various forensic questions. 

By screening populations for alleles at multiple loci, allelic frequency databases can be constructed. 

Using the genotype information, examinations for Hardy Weinberg Equilibrium, Linkage 

Disequilibrium and measures of population differentiation (FST) can inform about the suitability of 

the data for forensic applications. The allele frequency database can be used to calculate likelihoods 

that two profiles taken at random in the population would match, allowing the probability of a 



24 
 

reference sample and crime scene sample originating from the same source to be determined. 

Relatedness of individuals can also be calculated e.g. [157], providing evidence about parentage in 

investigations of breeding programs or individual identity where the victim’s remains might be 

compromised (see [158]). A statistical assessment of allelic frequency differences between 

populations can culminate in a probabilistic assignment of individual to a source population [159].  

Individualisation of crime scene samples 

Unlike species identification tests, individual identification tests require separate development for 

each species. This question is often preceded by a species identification test, as the correct species 

needs to be determined in order to assess whether individual identification tests appropriate to the 

species in question have been developed. If profiling markers exist for a species, but an allelic 

frequency population database does not, profiling could still be of use to exclude the individual as a 

source of the crime scene sample. However, the alternative outcome of a match is of no use if a 

database is not available to calculate supporting match probabilities.  

Individual identification of wildlife is conducted using the same DNA profiling technique applied in 

human forensic investigations. Multiple independent STR loci (as with human work) are used to 

construct an allelic frequency database from reference samples of the species of interest. This 

database shows relative incidence of alleles within the population. A statistic can be calculated by 

multiplying the allele frequencies (following the product rule if loci are independent) to evaluate the 

probability that an evidentiary profile originated from the particular individual of interest, rather 

than another unknown individual within the population exhibiting an identical profile by chance. The 

addition of independent loci (and especially loci with greater numbers of alleles) decreases the 

likelihood of seeing the same combination of alleles in two individuals in the population, 

subsequently increasing the power of discrimination of the dataset.  

In this way, animals can be matched to evidentiary items, such as blood and hair, in the same 

manner as humans. Linkage between loci should also be examined as this will dictate which 

statistical analysis should be used (for instance, the product rule is used for the statistical analyses of 

unrelated loci, but related loci such as the lineage markers require the counting method of statistical 

analysis as they are not inherited independently of one another).  

It is crucial that allelic frequency databases are large (or capture the majority of extant individuals 

where large populations no longer exist) to accurately capture the actual allelic diversity and 

frequency within the population; otherwise the resulting statistics will be inaccurate. Population 

structure also becomes a greater issue when calculating probability of identity for wildlife than with 

humans [160]. Wildlife populations tend to exhibit much higher sub-structuring, due to behavioural 

factors or restricted environmental mobility. This results in increased sharing of profiles within a 

population (due to common descent) and causes a bias in favour of the prosecution hypothesis if not 

addressed. Further, if a population database actually contains two or more subpopulations 

(Wahlund Effect [161]), then the use of the greater dataset to calculate a match probability for an 

individual belonging to a subpopulation will underestimate the population substructure and 

incidence of profiles matching by chance, biasing the results in favour of the prosecution hypothesis. 

Increased population structure must be factored into statistical calculations appropriately. This is 

facilitated by the use of theta (θ) to correct for population substructure. Theta represents 

population FST values (Wright’s [162] measure of population subdivision), given random mating 
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within subpopulations [133]. This correction factor is determined from the underlying breeding 

behaviour and size of the population in question and must be included in the validation of wildlife 

allelic frequency databases. Endangered species with few surviving individuals will inescapably be 

inbreeding and thus require a higher θ adjustment. As a stronger θ value is applied, the probability 

that profiles match by chance increases, favouring the defence hypothesis.  

Selective mating and inbreeding are issues relevant to wildlife populations that are usually 

discounted in human statistical calculations due to human behaviour favouring outbreeding. Animals 

may exhibit hierarchical mating systems or live in superfamilies, causing elevated inbreeding levels. 

The breeding behaviour of animals might otherwise be unknown, but inbreeding is likely to be more 

prominent than in human populations and should be factored into statistical calculations. A factor f 

exists to account for inbreeding in the match probability [163], however the best way to apply this 

statistic is debated [164]. Polygamy is an added issue in wildlife species, not so commonly 

encountered in human investigations. 

An exclusion of an individual as a match to a crime scene profile demonstrates that the crime scene 

sample did not originate from the individual in question. A non-exclusion of an individual that 

matches every allele at every locus is not as definitive, as the loci chosen are only a subset of the 

entire genome and it is possible that the individual could be excluded through use of alternative loci. 

An evaluation of the match probability of two individuals sharing a profile at the given loci is always 

necessary in the case of a non-exclusion to provide statistical support to the conclusions of the test 

based on the known population allelic content. In the forensic context, presentation of the inverse of 

the match probability, the likelihood ratio, is preferable to present the results in terms of the 

competing prosecution and defence hypotheses.   

The requirement of an allelic frequency database for each separate species is reiterated, as this 

elevates the cost of wildlife profiling investigations in comparison to human. However, many of 

these databases have already been developed by molecular ecologists and conservation geneticists 

(e.g. [165]) and can be made suitable for forensic investigations through additional validation studies 

– a much more cost effective approach than entire marker development.  

Due to their cost, allelic frequency databases have frequently been developed for species with high 

commercial returns, such as game animals (e.g. deer: [166–168]; wild boar: [169] and prominent 

fisheries species (e.g. Salmon: [170]). Animals often in conflict with humans have also been targeted 

due to the high frequency of problems arising. This includes animals threatening to human safety 

(e.g. bears: [171]; leopards: [172]) as well as those considered a pest for their impact on human 

industry (e.g badgers: [173,174] foxes: [175]). 

Dawnay and colleagues demonstrate the procedure of constructing an allelic frequency database for 

forensic use, using the example of the Eurasian Badger [173]. The process of database validation as 

outlined by the Scientific Working Group on DNA Analysis Methods (SWGDAM) is presented and 

difficulties following these guidelines when pedigree records and chromosomal maps are not 

available addressed.  

A commercial STR kit produced for domestic dogs was used to construct an allelic frequency 

database of the UK dog population including 15 STR loci and one sex differentiation marker [176]. 

Three loci included in the kit were discarded from the database as inheritance behaviour deviated 
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from Hardy-Weinberg Equilibrium, suggesting loci to be linked. The authors calculated the random 

match probability between unrelated individuals across breeds to be 2.8 x 10-17. Both the badger and 

dog DNA profiling sets are currently applied to forensic casework in the UK.  

Wild boars are a popular game hunting target in the UK and are frequently poached illegally. An STR 

allele frequency database using 11 tetrameric markers was constructed to calculate the probability 

of exclusion for individual identity testing [169]. Wild boar and domesticated pigs constitute the two 

sub-species of Sus scrofa. In this situation, a domesticated pig reference database was also typed; 

results demonstrated STR typing to be capable of discriminating between subspecies, which will aid 

investigations involving illegally poached boar meat that is claimed to have originated from domestic 

pig.  

Northern European brown bears were sampled remotely (hair trapping) to construct a 12 locus 

database, which was successfully applied to forensic casework [171]. A profile match was obtained 

between the bear carcass and a blood stain from the suspect’s firearm in an illegal poaching 

investigation, providing important evidence for the prosecution. Another case involving a bear 

located at a taxidermy shop saw the suspect exonerated when genetic evidence identified the bear 

to have been a legally hunted individual.  

STR loci were used for individual identification of leopards in Western India, which are often in 

conflict with humans due to their adaptability to environments bordering settlements. Remotely 

sampled (scat collection) specimens were profiled and compared against a database constructed of 

37 wild-caught individuals to identify a further seven individuals [172]. Population structure is 

evident in the leopard population and the probability of identity assuming all individuals were 

siblings was 5 x 10-4 or 1 in 2000 individuals.  

Tigers have also been the subject of individual identity testing due to their critically endangered 

status and prevalence in smuggling and poaching cases. Seven loci developed in cats cross-amplified 

in tigers to enable screening of 37 reference individuals [177]. Although three loci were found to 

depart from Hardy-Weinberg Equilibrium, match probabilities of the test including all seven loci 

were calculated (details of calculations not given). This test was applied to casework samples of eight 

bone pieces and results suggested all fragments to have originated from one individual.  

Relationships between individuals and parentage testing 

Mitochondrial DNA is termed a lineage marker due to single parent inheritance and is therefore only 

useful for looking at familial relationships down the maternal line. The conserved nature of the 

almost entirely protein coding genome and limited genomic size make mitochondrial DNA unsuitable 

for examining relationships between individuals. This investigative tool has been useful in human 

forensic investigation left only with degraded remains of important figures e.g. [178,179], yet it can 

provide limited use in wildlife forensic investigations and should be used in conjunction with nuclear 

markers for more definitive outcomes, see [158].  

The applicability of DNA profiling to answer questions regarding individual relationships and 

parentage lies in the diploid nature of nuclear DNA inheritance in sexually reproducing individuals. 

This inheritance mode introduces genetic variation among generations and between siblings from 

the same parental pair – variation further enhanced by the integrated mechanism of recombination. 
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Not long after the advent of human DNA fingerprinting, the first published parentage investigation 

was applied to wildlife. Minisatellite profiling was used to assess parentage claims in sparrows and 

to reach the conclusion that an offspring showed DNA fingerprinting patterns not seen in either of 

the alleged parents and was therefore from an ‘extrapair copulation’ [180]. 

This question of parentage is relevant to wildlife investigations of captive breeding programs where 

the provenance of an individual as captive or wild-caught is questioned. Breeders require a permit to 

take individuals from the wild and, on occasion, an individual might be taken from the wild to 

supplement breeding stock and be claimed to be an offspring of a breeding pair in the captive 

population. A paternity test can be conducted by comparing alleles between the progeny and the 

alleged parents. Alleles belonging to the offspring not seen in a parent result in a straight forward 

exclusion of the offspring as having been sired by that individual. When all alleles match each 

parent, then an allele frequency database of the population must be used to calculate the 

probability that the offspring was sired by each parent as opposed to any other member of the 

population [157]. The rate of mutation should also be taken into account and, if the markers have a 

high mutation rate as STRs do, then one or two mismatches might be acceptable.  

STR profiling databases have been developed for six raptor species in an initiative funded by the UK 

government to directly counter illegal laundering in avian captive breeding programs [164,181]. 

Allele frequency databases were constructed and validated for forensic application. While four of 

the genetic systems demonstrated high discriminatory power and robustness, tests for two species 

were found to be inadequate for legal proceedings due to low sample sizes used to screen markers 

[181]. These techniques have since been applied to forensic investigations, one such case involving a 

peregrine falcon breeder suspected of providing false parentage documents. One chick was excluded 

as offspring to the parental pair, but the breeder subsequently admitted to the possibility of record 

keeping errors and was able to produce a chick that matched the parents at all loci [164].  

Renshaw and colleagues [182] applied 25 STR loci to wild and hatchery populations of the marine 

fish red drum, including in the analysis computer simulated progeny for any mating combination 

within and between these two groups. Exclusion and likelihood tests could identify wild versus 

captive bred individuals within error margins acceptable for forensic application.  

Parentage tests have also been conducted to identify the origin of poached animal remains. A tigress 

at an Indian zoological park was poached for its hide and claws in 2000, the crime receiving high 

media interest and remaining unsolved for five years [158]. In 2005, a framed claw and tiger hide 

suspected to belong to the poached individual were located, but the carcass was not available for 

direct individual testing. Seven STR loci and mitochondrial D-loop testing were applied to the 

evidence samples and a parentage test conducted using the extant parents and sibling of the tigress. 

All alleles were shared between the alleged family members and likelihood ratios of these 

relationships calculated. The study also included 34 unrelated individuals and one allele was specific 

to the alleged tigress family to the exclusion of all other individuals. The D-loop sequence matched 

that of the alleged mother. These findings resulted in charges being laid against the accused.   

Another wildlife investigation involved the poisoning of a protected vulture through intentional 

baiting with a laced lambs carcass [183]. STR parentage analysis was used to identify the parental 

flock of the poisoned lamb to the precision of the particular mating pair, the flock origin thereby 
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revealing the identity of the perpetrator. Individual identification and paternity testing has also been 

applied to koala poaching [184]. 

Population assignment and geographic provenance  

This scenario is addressed last because the techniques used build on those already discussed. It is a 

particularly relevant question in wildlife enforcement because species ranges rarely coincide with 

legal jurisdictions and populations or stock are only protected within the political boundaries of the 

protective legislation. In a forensic genetic context, the question ‘from which geographic origin did 

this come’ equates to ‘from which reproductive population did this individual originate?’ [164].  

Population differentiation using DNA requires populations to exhibit diverging genetic 

characteristics. Natural populations show varying levels of admixture and relatedness. As population 

differentiation decreases, additional genetic markers are necessary to distinguish between them, 

until the point is reached where two populations are so genetically similar that differentiation 

cannot be achieved and they are essentially one population. This was the case of the red drum 

discussed earlier [182], where 25 STR loci were unsuccessful in assigning source population, due to 

the low genetic divergence between the two groups.   

Statistical analyses are then applied to the allele frequencies to calculate the probability of an 

individual originating from one population and also surrounding populations. This allows an 

assignment to be made based on the most probable event. Allelic frequency data must be available 

for all of the populations under question in order to place an individual in one population to the 

exclusion of all other populations (although assignment techniques that apply smoothing methods 

to estimate missing allele frequencies are being designed to account for sampling gaps that include 

the source population, see [185]). Numerous statistical tests applying different models have been 

developed for population assignment and there is no consensus about the best technique to apply 

[186]. Regardless of the technique applied, the forensic scientist must ensure that they understand 

the underlying assumptions of the chosen model and are able to explain these if challenged in court.  

Illegal cases of animal translocations have been aided by geographic assignment tests. Four red deer 

individuals were suspected to have been translocated into Luxembourg for game hunting [187]. 

Using multilocus STR genotyping, each of the individuals had alleles in at least one locus that 

excluded them from any of the three reference populations that were sampled in Luxembourg. 

While this does not assign their population of origin, it does support the allegation of illegal 

translocation. Wild pig populations in Western Australia were also genotyped during population 

genetic investigations. Some individuals exhibited multilocus genotypes that did not fit with their 

current population. Their genotypes suggested that they had originated from populations distantly 

removed, indicating that illegal translocation for recreational hunting had occurred [188]. 

Game hunting fraud has also been detected in fishing competitions using STR markers for Salmon 

[170]. The winning individual’s genotype was excluded from the population that the fishing 

competition targeted. The individual could not be assigned to a source population, and the 

fisherman confessed to having purchased it from the local shop. In this case, the population 

exclusion was enough to press charges. 
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STR markers have also been identified in Ramin [189], red cedar [190] and Sapelli timbers [191] that 

could aid investigations of illegal logging and source population, should the appropriate reference 

populations exist to conduct population assignment tests. Dormontt et al. [192] notes that STRs 

often exhibit poor amplification from timber derived DNA template.  

Historically, assignment tests have encountered limitations caused by sampling design. If the 

population of interest has sparse coverage over a large geographic range, then it becomes difficult to 

sample the reference population over the entire geographic range to ensure that the resulting 

frequency database is accurate. The power of the assignment test decreases with inadequate 

sampling. If the individual of interest’s source population has not been sampled, the assignment will 

be even more inaccurate as it will be assigned with most probability to a population from which it 

did not come.  

A smoothing method has been developed to fill the sampling gaps by estimating allele frequencies in 

areas from which no individuals have been sampled. This technique was first demonstrated with 

African Elephants, a classic example of a species difficult to sample for an accurate reference 

database due to their high geographic range and light distribution in any particular locality [185]. 

Allele frequencies from 16 STR loci were determined over the entire geographic origin, including 

both savannah and forest populations.  

This information has been used to pinpoint the origin of illegally traded ivory and focus anti-

poaching and law enforcement efforts [193,194]. The largest seizure of ivory since the trade ban in 

1989 was suspected to originate from various elephant populations in Africa. The above assignment 

test indicated that ivory actually originated entirely from savannah elephants and could be 

pinpointed to a particular East-West band of elephants located around Zambia. Interestingly, the 16 

STR markers also indicated that rare hybridisation events had occurred between savannah and 

forest elephants[185]. 

 

1.3. Which marker is best? 

Each technique can benefit wildlife forensic investigations. There is overlap in the questions that 

each technique can answer, so it’s not a simple situation of one technique for one application. When 

choosing a technique to answer a given question, one should weigh up the advantages of each 

technique, alongside consideration of current access to equipment and readily available resources 

for the question, and in wildlife casework species, at hand.  

Mitochondrial DNA markers are ideal for degraded or trace remains often found at crime scenes due 

to their high copy number and more robust packaging than nuclear DNA. The rate of sequence 

conservation is high enough that comparison of more deeply divergent species can be made and so 

this is a good candidate tool for species identification tests. The mitochondrial genome is a linked 

single locus, so non-mitochondrial markers should also be assessed to provide increased statistical 

significance to relationships between individuals. Maternal inheritance makes this molecule 

unsuitable for paternity evaluations [195] and inquiries about hybridisation. Paternal leakage can 

cause heteroplasmy within individuals and pseudogenes can appear as problematic nuclear 

paralogues to the true mitochondrial target locus [196]. In wildlife forensic investigations, 
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mitochondrial DNA is a useful marker for species identification tests and can also provide an 

alternate source of information about phylogenetic relationships of taxa that have diverged further 

back in time, should these need to be clarified prior to development of forensic assays.  

In rare cases, usually where population numbers have declined severely and there is no longer 

genetic migration between fragmented populations that have now become isolated, genetic 

variation between populations will have become discrete enough that mitochondrial markers can be 

applied to identify the geographic origin of an individual. This was the case above with the 

subspecies identification of Sika deer [79] and tigers [112]. While this trait intensifies as species near 

extinction, most species under study do not exhibit such extreme isolation.  

STR loci have also been applied for the purpose of species identification[197,198]. One locus has 

been applied to Indian felid species [197]. The marker amplifies across species, exhibits very low 

polymorphism within species, and length polymorphisms group discretely for each species. 

Encountering an STR marker with these characteristics happens rarely. McCusker & colleagues [198] 

qualify that wolf-fish exhibit very low genetic differentiation and the application of STRs to species 

identification might only be suitable in large ranging species, with few geographic barriers and low 

genetic diversity, such as marine species.  

STR regions are found in nuclear DNA, so there is a higher abundance of markers to characterise. STR 

markers have been demonstrated to detect hybridisation events e.g. [185]. In most cases they are 

free of selection and their very high mutation rate makes them excellent candidates for individual 

identification and paternity studies. Yet, homoplasy and null alleles [199] can confound their use and 

the uncertainty of the underlying mutation model makes them less suitable than Single Nucleotide 

Polymorphisms (SNPs) for statistical models that rely on underlying assumptions [195]. STR sites and 

frequency are variable between genomes and can be difficult to characterise in some taxa [147].  

Single Nucleotide Polymorphisms (SNPs) have not been discussed in detail herein (although they 

might be the underlying cause of variable RFLP patterns) because they are not being investigated 

within this project. However, they must be acknowledged for offering advantages over species 

identification by sequencing and STR analysis. SNPs are found in both nuclear DNA and 

mitochondrial DNA. Like STRs, SNP sites can be multiplexed and used to construct allelic frequency 

databases from which to calculate an individual match probability or geographic assignment 

statistic. SNPs occur more frequently throughout the genome (every 300-1000bp) than STR loci 

(every 5000-50000bp) [195]. Ascertainment bias used to be considered a disadvantage of SNP 

characterisation [195], but this has been resolved by Mass Parallel Sequencing (MPS) technology. 

Dormontt and colleagues [192] observed that STR markers perform poorly in timber species and 

SNPs provide a favourable alternative. SNPs offer a versatile substitute to the other markers 

discussed and their prominence in forensic investigations is steadily increasing. 

STR loci exhibit much higher allelic diversity than bi-allelic or tri-allelic SNPs and so many more SNP 

sites are required to give the same statistical confidence in paternity exclusions and relatedness 

estimates [195,200]. An STR assay involving 4-6 loci has around the same discriminatory power as a 

SNP test involving 10-20 loci for individual identification, dependant on the measure of 

Heterozygosity at each locus [195]. Chakraborty and colleagues [201] validated 13 STR loci for 

human individual identification. They found that many more SNPs were needed to provide the same 
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power of resolution, however SNP loci alone would not resolve more complex cases unless they 

were supplemented by the 13 validated STRs.  

To date, many more allelic frequency databases for non-model species have been published using 

STR markers rather than SNPs, so wildlife forensic investigators should review and utilise any existing 

data before considering the development of a new screening test for the species of interest. Interest 

is rapidly increasing in SNP typing of non-model organisms (see the special issue of Molecular 

Ecology Resources titled “SNP Development in Non-Model Organisms” [202]). 

In fact, using a combination of techniques can produce improved outcomes. By itself, mitochondrial 

DNA sequencing cannot be applied to mixed DNA samples. Applying the SNP technique of ASPE can 

isolate DNA from the species of interest and this DNA fragment can then be sequenced to give 

increased accuracy in the species identification [159]. This technique is ideal, provided there is only 

one individual of the particular species present in the mixed sample.  

Ramakrishnan & Mountain [203] present the utility of SNPSTRs, STR tracts that are closely linked 

with SNP sites in the flanking DNA, to increase the precision and accuracy of estimating divergence 

times. The associated SNP can help clarify the uncertainties caused by homoplasy in the 

hypervariable STR. Grimaldi & Crouau-Roy [204] also discuss the benefit of STR flanking region 

mutations assisting separation of populations with otherwise inseparable evolutionary histories due 

to homoplasious events. While rare, this sort of combined marker when identified could provide 

increased benefits over traditional STR typing of wildlife samples, especially in the context of 

geographic assignment tests.  

The utility of MPS to forensic marker investigation and casework has not been discussed in detail in 

this chapter, as it is of minimal focus within this project. Application of MPS is however gaining 

momentum by wildlife forensic scientists. This technology is most often applied for novel marker 

discovery (as demonstrated in Chapter 3). However, it offers great potential for contributor 

sequence deconvolution from mixed human DNA samples (discussed in an MPS workshop presented 

by D. McNevin & R. Daniel at the ANZFSS Symposium, 2014 in Adelaide, Australia) as well as 

determination of taxonomic composition of complex mixed samples such as traditional medicines 

[205].  

1.3.1 Forensic investigations involving multiple questions 

Many published forensic case studies demonstrate that investigations frequently ask more than one 

question, requiring the application of multiple genetic approaches:  

A wild boar carcass was located in an Italian wildlife park shortly after it had been illegally killed 

[206]. On return to collect the carcass, the poacher was apprehended. Necropsy determined the 

boar to have been fatally wounded by knife cut. A knife was located at the suspect’s house that 

displayed blood-like staining on microscopic analysis. No other evidence was found to link the 

suspect with the carcass. The blood from the knife was examined with PCR-RFLP, which indicated it 

to be of single source from Sus scrofa species, but restriction analysis cannot differentiate between 

domestic pig and wild boar. Sequencing of cytochrome b identified a sequence match to wild boar. 

Morphological analysis refuted the possibility of a wild-domesticate hybrid. Twelve STR loci were 

applied and demonstrated a complete match of alleles between the bloodstain and the carcass.  
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Using these markers, a reference database of 30 wild boar from the park estimates a Probability of 

Identity between siblings of 6.7x10-6 or one in 150 000 individuals, which is substantial given the 

small population size of a few hundred individuals. The suspect was subsequently convicted of illegal 

poaching and animal cruelty charges. 

Enforcement officers apprehended a tourist attempting to smuggle four iguanas from Galapagos 

[207]. Analysis of the Cyt b gene allowed species identification of the four iguanas to Conolophus 

subcristatus. An existing mitochondrial DNA database for the Galapagos populations of iguanas 

assisted the research group to identify the population of origin of each individual and perform 

subsequent repatriation.   

A protected Sardinian mouflon was found poached and the farmer claimed it to be one of his sheep 

[208]. Mouflon are the wild counterpart of sheep, both sub-species of Ovis aries, and in rare cases 

interbreeding occurs. High relatedness of these animals rendered identification by mitochondrial 

DNA inappropriate, so STR based population assignment was undertaken to assess whether the 

individual was a domestic sheep or wild mouflon. Sixteen sheep STR loci from an online genomics 

site cross-amplified in mouflon. Reference databases were constructed for both sheep and mouflon, 

although admixture was identified enough structure was present to identify the carcass as that of 

pure mouflon. The database was also used to demonstrate that evidentiary bloodstains from the 

farmer’s sheepfold matched the poached carcass. In this investigation, different statistical analyses 

of genetic data were able to answer the questions of both individual identity and population 

assignment; the farmer was indicted for the crime and the case is reported to be ongoing. 

Poaching of the endemic and threatened Cypriot mouflon (Ovis orientalis ophion) was also 

investigated by local authorities using DNA evidence [209]. A car containing several bloodstained 

exhibits was intercepted by police; three protected mouflon carcasses were located on a nearby 

roadside. All bloodstains and the three carcasses were sequenced for cytochrome b and exhibited 

identical sequences identifying them as mouflon species. A reference database was utilised that 

contained genotypes of ten STR loci in 47 wild mouflon. This was used to match nine of the exhibits 

with two of the three genotypes with a Likelihood Ratio of >3000 (which offers strong support given 

the low number of extant Cypriot mouflon). The driver was charged with illegal poaching of the 

mouflon. 

Expansions of wolf populations in Italy are causing frequent conflict with humans. For fifteen years, 

DNA data has been collected by remote sampling and genotyping of deceased wild animals as an 

initiative to develop wolf and domestic dog population genetic databases and also inform the 

management of protected wolves. The database contained 417 individuals at time of publication. A 

necklace containing ten canine teeth was confiscated from a villager in a locality where a wolf was 

found poached and missing its entire muzzle [210]. The reference databases were used to determine 

species origin of the teeth as domestic dog or wild wolf, individually genotype each tooth to assess 

the minimum number of individuals, assess whether any teeth matched the wolf carcass and assign 

a likely population of origin to each tooth. Mitochondrial control region wolf-specific primers were 

also used to amplify a region that contains an Italian wolf diagnostic haplotype. Nine teeth gave 

single source control region sequences that matched the Italian wolf haplotype (the remaining tooth 

did not produce amplifiable DNA). 
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STR data also identified the presence of six different individuals. Analysis of the sexing markers 

ZFX/ZFY indicated three female and three male wolves. The three male samples were examined with 

three wolf Y-STR markers that confirming their identity as Italian wolves. Profiles from one tooth 

matched the de-muzzled wolf carcass, while two other profiles were direct matches to two wolves 

remotely sampled within the area of the suspect’s village. A Bayesian analysis of genotypes to assign 

population of origin supported the previous findings that all individuals were protected Italian 

wolves. This case demonstrates well the different types of evidence that genetic techniques can 

provide wildlife forensic investigations. 

To conclude, the value of forensic genetic markers to wildlife investigations has also been 

demonstrated in an Australian endemic species of Black Cockatoo [211]. Reference databases 

developed for the Red Tailed-Black Cockatoo and White Tailed-Black Cockatoo were used to 

investigate three allegations of illegal activities involving these species. A Red Tailed-Black Cockatoo 

nestling (not yet able to fly) cockatoo was confiscated from a residence after the homeowner was 

witnessed inspecting a Red Tailed-Black Cockatoo nest in a roadside tree. Using seventeen STR loci 

from a database of 30 individuals, eggshell from the nest was a direct match to the DNA profile 

obtained from the nestling. The reference database was used to calculate a likelihood ratio of 1 in 

389 billion that the samples match by shared origin rather than chance. The suspect pled guilty to 

illegal poaching and Red Tailed-Black Cockatoo nestling was confiscated. 

This cockatoo STR database was also used to investigate the paternity of 15 Red Tailed- and White 

Tailed-Black Cockatoos found in a breeder’s backyard; foul play was suspected, as these birds are 

difficult to rear in captivity. Paternity testing found two of the White Tailed-Black Cockatoos not to 

be related, and at least one bird was found to match a genotype from a wild nest site on the White-

Tailed Black Cockatoo database. The suspect pled guilty to illegal poaching and all birds were 

confiscated.  

The last example presented by White and colleagues [211] involves the illegal shooting of Black 

Cockatoos in an orchard. Using STR analysis, at least 13 separate individuals were identified as 

having been shot. None of the individuals matched the 347 profiles on the population database of 

White Tailed-Black Cockatoos. Unfortunately, no evidence existed to link the crime to a perpetrator 

so no charges could be laid.  

The wildlife forensic investigations discussed in this section demonstrate the range of questions for 

which DNA analysis can provide evidence in criminal investigations and also that successful 

convictions can result if the evidence is presented in an appropriate manner. The different DNA 

markers can be applied complimentarily and all comprise the wildlife forensic biologist’s tool kit for 

providing evidentiary information in a judicial context. In some cases, even the suggestion of DNA 

evidence might be enough to provoke an admission of foul play [212]. The publication of successful 

convictions of offenders in wildlife crimes by DNA analysis could also act to deter the activities of 

potential wildlife poachers.  

Australian snakes are popular in international legal and illegal trade, yet limited work has been 

conducted to develop forensic tests and deter the poaching of protected native species. The 

development of forensic genetic tests for pythons and other protected snake species will form the 

final section of this chapter. 
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1.4. Snakes in wildlife crime 

1.4.1 Reptiles in wildlife crime    

Media coverage concerned with wildlife crime tends to focus on a handful of high profile species, 

such as the tiger, rhino, and great panda [32]. High profile species have dominated a large part of 

forensic investigations as they are able to attract funding due to either public popularity e.g. 

[52,82,104,197,213] or their role in an important economic or commercial industry (e.g. abalone 

[214], game hunting [215]).  

Yet, herpetofauna (reptiles and amphibians) are a large constituent of the international wildlife 

trade and any product traded legally begs the opportunity for a black market supplying illegally 

acquired cheaper alternatives. Around the turn of this century, the international trade in reptile 

skins was already alleged to consume 10 million reptiles each year [15,216]. The legal trade has 

increased over time [14] and was reportedly worth $6 million per annum worldwide in 2002 [13]. 

The global net legal trade in reptiles was reported to be 20 116 616 individuals between 1995 and 

1999 [217]. The most prevalent legally traded species are not protected by legislation [14,218]. At 

least 44% of the top 25 imported or exported in the United States live reptile trade were not 

protected by CITES [217].  

Legal trade records can only leave one guessing at the extent of illegal trade, but prosecution 

records can provide much better insight into the magnitude of the problem. Eighty-nine percent of 

Australian reptiles are considered endemic [20]. It is no surprise then that reptiles were the most 

targeted taxa in illegal wildlife smuggling detected by the Australian Customs Service between 1997 

and 2004. They were involved in 43% of prosecutions cases during this time as recorded on the 

Australian Customs Prosecutions Database [2] (note that the category of reptile appears to include 

amphibians in the study). 

Reptiles are a popular target to illegal traders as they can come in very unique forms and peculiar 

morphs, fetching high prices on the international pet market. Being typically small they are relatively 

easy to conceal either in the post, luggage or on one’s body [4] and their quiet nature renders them 

much more likely to avoid detection than birds, for instance. They tend to be fairly robust and more 

likely to survive transport in compromised conditions than other animals – although that’s not to say 

that mortality rates are not high during smuggling attempts [4]. There is high demand for reptile 

products, such as leathers and skins [219]. Clearly, there is a need to tightly regulate trade in reptiles 

and prosecute those responsible for illegal activities to break the cycle driving many endangered 

species to extinction. 

1.4.2 Snakes in illegal international trade 

Snake derivatives are also commonly found in traditional medicines [220–224]. Consumption of 

snake products is believed to convey certain qualities associated with snakes and also provide 

therapeutic benefits for numerous ailments [221,225]. Snake derivatives are frequently traded at 

markets in China [221,222], Hong Kong [225], Brazil [226,227], Vietnam (where snake wine is hugely 

popular [228]) and South Africa [229] to name a tiny subset of localities.  This popularity can cause 

heavy exploitation of particular species  (Gao, 1996, as cited in [221]. Many traditional medicines 
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make their way into Australian markets and alternative medicine shops opening the possibility that 

these products may contain snake derivatives that possibly include protected species. 

Snake skins and leathers are also a popular commodity and reason that snakes are heavily targeted 

in legal trade [216,230], which often leads to illegal markets. While snakes are also traded as food in 

many developing countries [231], this is does not generally pose a problem for Australian wildlife 

enforcement except if travellers enter Australia carrying snake products for personal consumption; 

this creates a quarantine risk (as well as a CITES breach if a python).   

Over-collection for the pet trade has also contributed to severe declines in wild populations of many 

snake species [232]; the Australian snake species Hoplocephalus bungaroides and the focal point of 

this study, Morelia spilota are included [233,234]. 

1.4.3 Protected snake species  

  1.4.3.1 CITES listed snakes 

Snakes protected by CITES can be seen in Appendix 1. Note that all species of the family Pythonidae 

are listed in Appendix II. Species of the genus Python are common in the international skin trade 

[216]. The Royal Python (Python regius) was the second most commonly traded reptile between 

1996-2012 and accounted for 14% of total reptile trade according to CITES records [219]. Heavy 

harvesting has been linked with reduced physical and reproductive health in wild populations [4]. A 

TRAFFIC trade report on the live reptile trade in Europe [235] highlighted Morelia bredli (Bredl’s 

python) to be of great trade demand to EU markets. Furthermore, both Morelia bredli and Morelia 

oenpelliensis (Oenpelli python) are claimed to be abundant in illegal international trade in general. 

Aside from the pythons, Cerberus rynchops (a water snake) and Hoplocephalus bungaroides (Broad 

Headed Snake) are the only other CITES listed snakes that are found naturally in Australia, the latter 

endemic to the country. International trade in these species is regulated through mandatory trade 

permits.  

  1.4.3.2 Snakes of interest to South Australian enforcement authorities 

Snakes protected in South Australia are any species indigenous to Australia, any species that 

migrates regularly to Australia and any species listed in the National Parks and Wildlife Act, 1972 

(Hannah Dridan, Department of Environment and Natural Resources, pers. comm. 2012). 

According to the National Parks and Wildlife Act, 1972, no snake species are listed as endangered, 

the Desert Death Adder (Acanthopis pyrrhus) is listed as vulnerable and the Spotted Brown Snake 

(Pseudonaja guttata) and Western Black-naped Snake (Simoselaps bimaculatus) are listed as rare 

species and therefore protected by this legislation.  

It is an offence to take any of the species mentioned in table 1.2 from the wild. One individual can be 

kept without requirement of a permit, but attainment must be through a licensed fauna dealer or 

appropriate permit holder and from captive stock. Permits are required to sell or otherwise dispose 

of an individual.  
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Table 1.2: ‘Basic’ species that require a Fauna Permit to be taken from the wild in South Australia 

 

Common name Species Common name Species 

Black-Headed Python Aspidites melanocephalus Master’s Snake Drysdalia masterii 

Brown Tree Snake Boiga irregularis Olive Python Liasis olivaceus 

WA Carpet Python Morelia spilota imbricata Pygmy Python Antaresia perthensis 

Carpet Python Morelia spilota Slaty-grey Snake Stegonotus cucullatus 

Centralian Python Morelia bredli Stimson’s Python Antaresia stimsoni 

Children’s Python Antaresia childreni Spotted Python Antaresia maculosus 

Common Tree Snake Dendrelaphis punctualata Water Python Liasis fuscus 

Diamond Python Morelia spilota spilota Woma Python Aspidites ramsayi 

 

The fact that legislation dictates rules pertaining to species and subspecies definitions introduces 

problems into enforcement efforts.  The definitions of these categories have to be unambiguous in 

order that molecular genetic evidence can provide support for or refute the allegations made in 

forensic investigations. Unfortunately, in the case of pythons, they are not. 

1.4.4 Molecular genetic investigations of snakes 

 

Much molecular genetic based research has been conducted on snakes in the evolutionary biology 

disciplines of molecular ecology and conservation genetics. Evolutionary relationships among snake 

taxa have been examined typically using mitochondrial DNA sequences with more recent studies 

incorporating nuclear loci as single locus sequence data (e.g. c-mos gene [236]), multi locus STR data 

for population level studies (e.g. [209,237] or whole genome sequencing to study evolution and 

adaptation [238–240].  

 

Some of the published data might be applicable to forensic investigations once the appropriate 

validation has taken place, yet very few studies of snakes have undertaken investigations with the 

intent of applying the results directly to wildlife forensic investigation. A collaborative approach is 

required between Australian wildlife enforcement officers and research scientists in order to 

develop tests for use in wildlife forensic investigations that will directly answer the questions asked 

during investigations and fulfil and comply with the requirements of the legal system. 

1.4.5 Taxonomic difficulties of Pythonidae 

Historically, the situation has not been helped by the taxonomic debate of what exactly constitutes a 

species and a subspecies [241–245]. Traditionally, species boundaries have been based on the 

biological species definition, which utilises behavioural and morphological traits to distinguish 

between species. Genetic investigations into species boundaries have revealed the limitations of 

species determination based on behavioural and morphological characteristics [246]. Behavioural 

distinctions might reflect selection on a fewf traits due to local environmental conditions rather than 

the widespread genetic differentiation that populations exhibit when on their own unique 

evolutionary trajectory.  
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Morphological characters can exhibit phenotypic plasticity and won’t necessarily reflect the 

underlying genetic divergence. Different disciplines use different variable characters to classify 

species, which don’t necessarily concur. Further, there are always exceptions of species 

identifications based any one of these characters. De Queiroz [247] argues that, while all of these 

traits should contribute to the recognition of different species, none is integral to defining a separate 

species. The sub-species category is problematic as it treats the species construct as another 

taxonomic rank rather than a unique entity in its own right, as it is now commonly accepted to be 

[247]. Examination of genetic variability provides but another alternate means to assessing the 

presence of separately evolving lineages, from which conclusions about systematics can be drawn. 

Different classifications of python taxonomy based on phenotypic characteristics have been debated  

(e.g. [248,249]) and new molecular techniques have provided an important alternate line of 

evidence about evolutionary relationships [236,250–254]. Schleip & O’Shea [255] published a review 

of current python taxonomy and one can see from the amount of synonymous names in this 

document that defining python systematics has not been a clear or easy task.  

Pythonidae is still accepted to contain the eight genera proposed by Kluge [249,255]; see [254] for 

further insight into phylogenetic relationships within Pythonidae). Seven of these genera (comprising 

22 species) are found in Australia and New Guinea, with Python being the only exclusion. Antaresia 

and Aspidites are confined to Australia, while Apodora and Bothrochilus are only found on the New 

Guinean mainland and island territories [254]. The remaining genera Leiopython, Liasis and Morelia 

can pose quarantine difficulties for Australian enforcement agencies if traders falsely claim that an 

imported specimen originated in the country of import. Molecular markers might be able to aid 

these investigations, but only if enough differentiation exists between cross-territory populations to 

distinguish them from one another. 

Python curtus, P. reticulatus, P. breitensteini and P. brongersmai are prevalently harvested for 

leather, meat and medicinal uses [231]. Due to the heavy exploitation of this group, phylogenetic 

studies were undertaken to determine whether its previous taxonomic grouping as one species 

containing three subspecies was accurate [231]. The data indicated the populations to be genetically 

divergent for each subspecies to be elevated to the species level.  

1.4.5.1 Systematics of Morelia  

Within pythonidae, the genus Morelia was proposed to contain six species by Kluge [249]: Morelia 

amethistina, M. boeleni, M. carinata, M. oenpelliensis, M. spilota and M. viridis. This view is still 

largely accepted, although central Australian python M. bredli was grouped by Kluge as a subspecies 

of M. spilota. Morelia bredli is now considered a separate species [256,257] with Morelia comprising 

seven species.  

Limited molecular genetic investigation has been conducted specifically on the systematics of 

Morelia; most systematic classifications are based on morphological assessments e.g. [258]. 

Molecular genetic work using direct sequencing of two mitochondrial and one nuclear locus 

examined the genetic variability in Boelen’s python (M. boeleni), native to New Guinea, and 

compared it with congeneric and co-habiting M. amethistina and M. viridis [259]. Boelen’s python 

exhibited reduced genetic variation in contrast with the other species, suggesting a recent 

population size reduction and raising concerns about its use in captive breeding programs. 
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Morelia viridis is popular in trade, but for the pet market (sought after for novelty rather than utility 

value). At least 80% of individuals exported from Indonesia as captive bred are suspected to have 

actually been wild caught [260]. This species provides the added complication for Australian 

enforcement that populations occur naturally on both sides of Torres Strait, inhabiting New Guinea 

and also the Australian northern tropical rainforests. Although these two populations represent one 

species, translocation between them poses a biosecurity risk for Australia. The northern Australian 

population exhibit a very close genetic relationship to the southern New Guinean snakes and form a 

single lineage, expressed as a clade nested within the New Guinean populations [261]. 

  1.4.5.2 Morelia spilota 

Within Morelia, the Morelia spilota species complex poses its own problems to taxonomists and 

therefore legislators that rely on correct taxonomic boundaries. Commonly referred to as Carpet 

Pythons and Diamond Pythons, the underlying systematics of this species complex has been debated 

over the last thirty years [257,262,263] and still remains unresolved. Its natural range crosses seven 

different state jurisdictions, each with their own differing legislation. This vast range, which is largely 

continuous down the eastern third of Australia, spans many varying habitats from rainforest, 

through temperate woodlands and grasslands to arid and vegetatively sparse rocky outcrops. 

Covering the largest geographic range of all the Morelia species, Morelia spilota has correspondingly 

been split into the largest number of subspecies, seven as proposed by Barker & Barker [257]. This 

may be as expected as the large diversity of habitats could cause a wide variety of selective 

pressures and phenotypic plasticity not mirrored in the underlying genotypic record. Morelia spilota 

exhibits a variety of morphological characteristics across its range. Colouration and patterning, 

behavioural traits [264], sexual dimorphism [265] and mating systems [266] have been used in 

attempts to categorise these snakes [234]. Morelia spilota taxonomy has been confounded by the 

use of morphological characters which have overlapping ranges and for which areas of 

intergradation exist between the putative subspecies. Shine [234] has also argued that some 

populations cannot be simply classified using these features. 

Of the seven subspecies recognised within the Carpet Python complex, some are geographically 

isolated from each of the other subspecies (i.e. south-western WA, New Guinea), but the remainder 

are found within a continuous distribution across northern and eastern Australia. Most of the 

subspecies have a contentious taxonomic status and whether these subspecies represent separate 

populations or evolutionary lineages has yet to be established. 

A doctoral dissertation [246] was the first molecular genetic study undertaken to elucidate the 

taxonomy of the Morelia spilota complex in order to aid wildlife conservation, management planning 

and law enforcement efforts. Taylor used allozymes, mitochondrial DNA (control region) nucleotide 

sequence data and nuclear STR allele frequency data from 334 individuals across the range of M. 

spilota to reassess the systematic basis of the species classification, including the seven subspecies. 

His study confirmed M. bredli as a separate species, but also demonstrated genetic differentiation of 

M. spilota imbricata that warrants its reclassification into a separate species. Classifications of the 

putative subspecies residing in northern and eastern coastal Australia remained unresolved; a 

conservative conclusion was made that these populations form one species M. spilota and 

subspecies ranks should be discarded, but evidence exists for potential population genetic 

structuring within this large group and further work is required. Insufficient sampling was 
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highlighted as a confounding factor of analyses in and between certain populations and increased 

sampling of these areas recommended, which would greatly benefit future studies of Morelia spilota 

systematics. The discontinuation of the subspecies ranking has important implications for law 

enforcement, as current legislation includes guidelines specific to subspecies (see National Parks and 

Wildlife Act SA, 1972; National Parks & Wildlife (Wildlife) Regulations, SA, 2001, Regulation 19).  

1.4.6 Problems that pythons pose to enforcement agencies 

Pythons are a popular trade commodity for many reasons. Due to symbolic associations (often 

mythologically derived) and the vast range of distinctive colour and pattern morphs that occur 

naturally or are purposely bred, they maintain high novelty value as pets or trophies. Australasian 

pythons display many morphological characteristics not seen elsewhere, adding to their popularity in 

overseas markets. Pythons are also popular to keep as pets and python breeding for the local 

commercial trade is a substantial industry in Australia. A large number of pythons exist in captivity, 

estimated to be around 25 000 carpet pythons in South Australia alone (H. Dridan, pers. comm.). 

Currently in South Australia, a permit is required to breed and trade protected pythons.  

As discussed earlier, pythons inhabit a large geographic range that covers most of Australia. This 

range includes fairly continuous populations down the eastern coast with morphological 

intergradation. Problems arise when captive breeders illegally take wild caught individuals to 

supplement their own captive collection and doctor breeding records to reflect the false parentage 

(an issue common for reptiles, see [4]). An alternative means of pedigree analysis is required. 

Molecular genetic testing can assist with parentage analyses, whilst also holding the potential to 

provide information about the most likely population of origin if the appropriate reference 

databases have been developed and validated to demonstrate suitability. 

Isotope analysis and chemical profiling has also shown promising results in differentiating wild and 

captive pythons from South-East Asia [267], but like DNA profiling the development of a reference 

dataset representing the native population is resource intensive. Information about an individual’s 

population of origin is important as it can help to identify poaching hotspots and channel 

enforcement efforts, while also assisting possible repatriation efforts. 

Pythons further present a complicated scenario in legal settings when their native range crosses 

political boundaries; the carpet python’s natural range traverses Australia’s northern border with 

New Guinea. Not only might legislation involving international trade be in breach, but the trade 

scenario creates a biosecurity threat to Australia. 

1.4.7 Australia’s close proximity with New Guinea – problems of local enforcement and 

biosecurity 

A publication entitled “Snakes across the Straits” [268] describes exactly this scenario and examines 

the phylogeography of three Australasian elapid snake genera that naturally occur on both sides of 

Torres Strait. With the fluctuating sea levels of the late Quaternary, a land bridge has existed at 

times between Australia and New Guinea, allowing multiple migrations between the countries. 

Interestingly, no genetic variation was seen in 1360 bp of the mitochondrial ND4 and cytochrome b 

genes between Taipan individuals examined, which originated from Merauke, Indonesia, Central 

Province in PNG and Cairns, Queensland. Only one individual from each locality was sampled, yet the 
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results suggest very limited genetic variation between these populations. This suggests that nuclear 

DNA might also be of limited use to support allegations of transfer between these populations.   

A similar mitochondrial DNA based phylogeographic study was undertaken by Williams and 

colleagues [269] to examine relationships between Brown snakes sampled from Papua New Guinea, 

Indonesian Papua and Australia. The research aimed to determine number of colonisation events 

and whether these were a result of natural migration or human intervention. Again, population 

divergence rates indicate continental crossing by land bridge during the Pleistocene. Interestingly, 

the eastern New Guinea populations are most closely related to the northern Queensland 

populations, while the Arnhem Land populations are genetically most similar to those from 

Merauke, Indonesian Papua, indicating that two independent dispersal events occurred, separated 

by Lake Carpentaria. These mitochondrial DNA sequence data suggest that these populations could 

contain enough genetic variation for a DNA-based test to be able to assign individuals to their 

population, or country, of origin. 

The distribution of Morelia viridis also spans the Torres Strait and might likewise cause problems for 

enforcement agencies. As discussed earlier, mitochondrial haplotypes were not shared between 

populations inhabiting Australia and New Guinea [261]. The haplotype diversity between these two 

groups suggests there is enough underlying genetic differentiation to distinguish between New 

Guinean and Australian Green Pythons, allowing molecular genetic support of law enforcement and 

border security. 

1.4.8 Previous DNA Analyses 

1.4.8.1 Species Identification 

The prevalence of snake products and derivatives in highly processed goods such as leathers, dried 

meats, snake wines and a multitude of traditional medicine products directs the need for molecular 

genetic tests that can help to identify whether a species of protected snake is present within a 

sample. Many of these goods are no longer morphologically identifiable and morphology can also be 

misleading in some cases if different species exhibit similar or clinal variation in characters. 

Limited work has already been conducted regarding snake species identification.  Yau and colleagues 

[220] multiplexed a technique called sequence-characterized amplified region (SCAR) to identify 

three species of protected snake commonly encountered in traditional medicines. In this technique, 

an extension of the Randomly Amplified Polymorphic DNA (RAPD) method, products are 

subsequently sequenced and species-specific primers designed. Species-specific primers were 

developed for three snake species (Zaocys dhumnades, Agkistrodon acutus and Bungarus 

multicinctus multicinctus) and validated against another six species not used in Chinese 

pharmacopeia.   

Work subsequently published by the same research group [225] involved sequencing of the 

cytochrome b gene in six snakes species including 3 elapids, 2 colubrids and a python (Python regius). 

Four of these species are protected by CITES and all are commonly consumed in Hong Kong [225]. 

Universal primers (from [46]) were used to sequence a cytochrome b gene fragment in these six taxa 

and these sequences, along with sequence data from GenBank for another 84 snake species, were 

used to construct a cytochrome b database containing 90 different snake species.  
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Wong and colleagues [225] conclude with a case report describing the application of the database to 

identify six fresh and dried meat samples confiscated by Chinese authorities. Other species 

commonly traded as meat were included in the comparison and the phylogenetic reconstruction 

using all sequences demonstrated the unknown samples to group most closely with Python 

reticulatus and Python molurus – reiterating the popularity of pythons as a meat source in Asian 

countries. The paper claimed that the snake cytochrome b database was available for researchers to 

access at time of publication, but this database has since been decommissioned due to insufficient 

resources for maintenance (P.C. Shaw, pers. comm.). 

The DNA research group of the Central Forensic Science Laboratory in West Bengal, India also 

conducted investigations into the development of different species identification techniques for 

three endangered species of snake: Indian Rock Python (Python molurus), Indian Cobra (Naja naja) 

and Checkered Keelback (Xenochrophis piscator). Species identification techniques included a PCR-

RFLP test targeting the cytochrome b region [270] and the design of a multiplex SNP test that uses 

ASPE (as described by [122]) involving one universal forward and three species-specific reverse 

primers to demonstrate presence or absence of a particular species [271]. Barcoding of two COI 

regions (175bp and 245bp) was also demonstrated to identify 11 different snake species with 98% to 

100% sequence homology for each specific species [272].  

1.4.8.2 STR based analyses  

Gibbs & Weatherhead [273] review four investigations that used STR markers to examine parentage 

in colubrid and viperid snakes. All were ecological enquiries, exploring such themes as demographic 

connectedness of populations and individual reproductive success. To date, STR markers have not 

been used to study parentage in pythons for forensic purposes. 

Technological advances are further aiding STR research in snakes. MPS analysis has been used to 

identify Copperhead snake STR markers [155] and compare repeat element content between the 

Copperhead snake and Burmese python. Allozymes have been used to look at parental relationships 

in rattlesnakes, but for the purpose of identifying artificial insemination rather than verifying 

breeding records [274]. 

1.4.8.3 STR markers in closely related species 

Historically, research has relied heavily on the use of STR loci characterised previously due to the 

prohibitive resourcing involved in finding new markers.  Many studies have performed cross-species 

amplification with pre-discovered loci in the hope of finding a variable marker for their own study 

organism. This has enabled research of many closely related species, but the disadvantages include a 

higher frequency of null alleles in the species for which the primers were not designed and reduced 

polymorphism in related species (caused by sampling bias), even though amplification is successful. 

The emergence of new whole genome sequencing technologies has made STR discovery much 

quicker, cheaper and more accessible (refer to [155] for further reading). For research groups with 

greater resources, MPS analysis of each species provides a more efficient means of locating effective 

STR markers. Until whole genome sequencing prices reduce, cross-species screening during marker 

development remains a cheaper alternative to provide potential markers in closely related species.  
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STR markers have been developed and tested for cross-species amplification and polymorphism in 

rattlesnakes [275–279], adders [280], Australian tiger snakes [281] and Australian Eastern Small Eyed 

snakes [282]. Jordan, Goodman & Donnellan [283] took this approach when characterising 27 new 

STR loci in the focal species Morelia spilota. When screening STR loci for polymorphism, members of 

twelve other python species were included along-side the focal species, representing all recognised 

python genera [255]. With the exception of one species (Bothrochilus boa), pythons showed high 

STR locus conservation (81-95%) across all individuals. Nine STR loci (47%) were conserved between 

Morelia spilota and Bothrochilus boa.  

Development of STR tests for wildlife forensic applications is restricted by the heavy resource 

requirement in locating new STR loci, screening for polymorphism, selecting putative markers for 

population screening and subsequently constructing population allelic frequency databases for each 

different wildlife species. If the cost of MPS prohibits its use to identify STRs in multiple species, then 

cross-species testing during the first two stages should be encouraged to increase efficiency in 

development of these tests for closely related species. The MPS approach does however overcome 

the disadvantages of cross-species marker screening, such as ascertainment bias. 

  1.4.8.4 Geographic assignment testing 

Taylor [246] further assessed the effectiveness of a geographic assignment technique (developed by 

[185]) in order to determine the most likely geographic origin of a particular unknown individual. In 

accordance with the phylogenetic assessment previously discussed, the assignment testing was 

reliable for geographically isolated mainland and island populations. As this technique requires 

population divergence at the genetic markers of interest, the limited genetic structuring seen in the 

northern and eastern populations of M. spilota combined with insufficient density of geographic 

sampling cause poor geographic assignment resolution. Taylor [246] developed a new two-phase 

assignment methodology which helped to improve the precision of assignment in these populations, 

but not to a level of reliability necessary for court purposes. His research used eight independent 

STR loci. The use of more STR loci exhibiting greater numbers of alleles and a denser sampling of 

snakes from the eastern and northern part of the range will improve the effectiveness of this 

assignment test to establish a probable geographic origin of an unknown Carpet Python. 
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1.5. Aim and Objectives of my research 

This chapter has demonstrated the need for further development of molecular genetic techniques to 

aid successful prosecutions of crimes involving snake species. My project aims specifically to develop 

and validate a range of forensic DNA tests for the carpet python that can be applied directly to 

forensic casework involving this species. 

My PhD project objectives are to: 

- develop and validate a forensic species identification assay specific to the family Pythonidae that 

can differentiate all species of the genus Morelia and is suitable for use on degraded forensic 

samples; 

- develop, optimise and validate multiple forensic DNA profiling multiplex assays to survey a marker 

set of around two dozen highly polymorphic STR loci; 

- apply the optimised multiplex assays to screen native carpet pythons across their native geographic 

range and compile a reference DNA database of carpet python genotypes that can be used to 

calculate forensic statistics for application to criminal casework involving matching of evidentiary 

items and questions of parentage; 

- assess the ability of the developed dataset to assign a carpet python suspected to be poached from 

the wild to its most likely geographic origin. 
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Appendices included in Chapter 2: 

Appendix 2.1 Publication - Sherryn Ciavaglia, Stephen Donnellan, Julianne Henry, Adrian 

Linacre, Species identification of protected carpet pythons suitable for degraded 

forensic samples, Forensic Sci., Med. Pathol. (2014) 10:295-305 

Appendix 2.2 Publication - Sherryn Ciavaglia, Shanan Tobe, Stephen Donnellan, Julianne Henry, 

Adrian Linacre, Molecular identification of python species: Development and 

validation of a novel assay for forensic investigations, Forensic Sci. Int. Genet. 

(2015) 16:64-70 

Appendix 2.3 Snake whole mitochondrial genome maps 

Appendix 2.4 Mitochondrial genome duplications and translocations between snakes 

Appendix 2.5 Sequence homology charts by gene 

Appendix 2.6 Best nucleotide substitution model for each dataset 

 

2.1 Preface 

Species identification tests constitute the most commonly arising question in forensic casework. The 

tests to answer this question are also the simplest assays to develop and conduct due to the 

conservation of genes and therefore priming sites in the mitochondrial genome. A range of 

techniques can be developed, from broad-scale universal amplification across taxonomic orders to 

fine-scale genus- and species-specific tests. One must not be lured into thinking that species 

identification is a simple task of picking a marker with a well-represented reference dataset, 

sequencing the unknown sample, searching the sequence against the databank and reporting the 

closest match. An understanding of the target species taxonomy is essential, as well as the 

representation of this species and other closely related species on the particular databank, not to 

mention the ability of the locus in question to accurately reflect the species phylogenetic history 

within its genetic signal. The following chapter will discuss the development of a new species 

identification assay for Australasian snake species, describing a novel bottom up approach to ensure 

continued effectiveness of the assay. The technique is designed in silico and concludes with a 

practical validation examining amplified product to demonstrate the actual utility of the developed 

assay for degraded forensic remains. 
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2.2 Aim and objectives of this chapter 

The aim of this chapter is to develop and validate a mitochondrial DNA based species identification 

assay for the carpet python that can separate this species from all other species within the genus 

and is specifically designed to be suitable for the analysis of samples commonly encountered in 

forensic casework. 

My objectives to complete this aim are: 

- to assess DNA sequence conservation at the mitochondrial loci across a range of snakes to 

determine the most appropriate locus for design of universal and species-specific snake PCR assays. 

- to create a species-specific python test through the identification of appropriate primer sites in a 

conserved region for amplification of a highly variable fragment suitable for differentiating all 

species of the genus Morelia 

- to perform a developmental validation of the developed assay to demonstrate its direct 

applicability for use in criminal investigations involving carpet pythons and closely related snake 

species. 

 

2.3 Introduction 

Snakes are a popular commodity in China as a source of food, leather and for their historically 

perceived benefits in traditional Chinese medicines (TCMs) [1]; their use in TCMs having been 

described as early as the first century A.D. [2].  Snake gall bladder is believed to provide medicinal 

relief for such ailments as cough and gastrointestinal disease [3], rheumatism and poor vision [4].  

Their popularity in countries such as Taiwan elevates the price of snake gall bladders [5] and the bile 

can be sold for values 200-fold higher than those of cow and pig [3].  Snake exploitation is not 

restricted to East Asia; India is a major supplier of snake skin products [6] and traditional snake 

remedies are commonplace in Brazilian culture [7].  These products that make their way onto legal 

and illegal international markets occasionally contain internationally protected species, breaching 

wildlife trade legislation.  

All python species are listed in Appendix 2 of the Convention on International Trade in Endangered 

Species of Flora and Fauna (CITES) and therefore subject to trade sanctions and protection by 

signatory countries (https://www.cites.org/eng/app/appendices.php, accessed 21/07/2018). Despite 

this protection, reptiles including pythons are regularly acquired in Australia and traded unlawfully 

[8].  Native and exotic snake trade is frequently associated with other organized criminal activities 

[9–13]. Variability in morphology and colour pattern makes Australasian pythons attractive to the 

national and international pet trade, while also complicating visual species identification for 

enforcement officers tasked to regulate the trade (S. James, OEH NSW, pers. comm.). Investigators 

locating animals during searches require reliable and definitive tools to identify whether the animals 

in question are smuggled exotics or local species. Identification of the species is essential for an 

evidentiary basis and has previously been inadequate to progress these cases to court (H. Dridan, 

DEWNR, pers. comm.).   

https://www.cites.org/eng/app/appendices.php
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The condition of evidentiary samples received at Flinders University DNA laboratory and SASA 

Wildlife DNA Forensic unit has varied greatly and many are received in a condition adverse to DNA 

preservation; the presence of mould can indicate that samples might have been stored in 

unfavourable conditions prior to submission for laboratory testing.  The samples provided to the 

Flinders laboratory were sometimes scale clippings or poorly stored tissue samples. Swabs from an 

evidentiary item suspected to have come into contact with a snake (e.g. [14]) might also be 

submitted, with the instruction to identify the species present. From such samples there is an 

expectation based on previous experience that the quality of the DNA template could be highly 

compromised. Likewise, traditional medicines are often highly processed and do not retain any 

morphological resemblance to their source species.   

Molecular techniques are necessary to determine the species from which products and samples 

derive.  Genetic techniques can offer a means to identify to species and subspecies level [15].  There 

has been sustained debate over the adequacy of the popular species identification genes: 

cytochrome b (cyt b - the first gene chosen for species identification) and cytochrome oxidase c 1 

(COI - the gene elected by the Barcode of Life consortium).  Few studies have considered other 

candidate gene sequences in the mitochondrial genome for use in species identification [16–20].  

While any of these genes might be equally as informative, their use for species identification hinges 

on a demonstration that the relationships between the mitochondrial DNA sequences for a 

particular locus reflect the evolutionary relationships among the individuals carrying the genes, i.e. 

the species tree relationships. 

Careful primer design forms the foundation of successful PCR assays. Guidelines for primer design 

have been extensively published and refined. Primers that have higher complementarity, and 

therefore specificity, to themselves or each other than the target DNA will form secondary 

structures (e.g. hairpins) and primer dimer rather than amplifying the desired product [21–23]. Base 

compositions involving polynucleotide, di-nucleotide (some of which can form a triple helix with the 

DNA template) and other repetitive sequence tracts within a primer sequence should be avoided 

[24]. Note that section 3.5.6.7 and [25] provide an example of this scenario.   

The length and composition of a primer dictate the optimal melting temperature (Tm, the 

temperature at which half of the target-primer duplex is dissociated).  At this point, the primer is 

most efficient in amplifying the target product. Base composition dictates the strength of binding. 

Adenine and Thymine form double hydrogen bonds, whereas bases Guanine and Cytosine form 

treble hydrogen bonds, creating a stronger interaction [24,26]. A refined formula for melting 

temperature is based on nearest neighbour thermodynamic theory, involving the division of rates of 

change of enthalpy by entropy and incorporating salinity [27,28]. However, a simplified equation Tm 

= 4(G + C) + 2(A + T) °C ([29], cited by [21]) can give a ball park estimate of the expected Tm. 

Increased GC content increases the strength of primer-target binding, however high GC content has 

negative effects on overall binding specificity [24] and 40%-60% GC content is desirable [30]. 

Dieffenbach & colleagues [21] observe that primers 20 bases in length with 50% GC content 

generally have Tm values between 56-62 °C.  The Tm of primers designed as a pair must be similar for 

the primer pair to create the desired product [30]. When the annealing temperature of the reaction 

exceeds the Tm of the primer pair, binding to the target product is reduced. The optimal annealing 

temperature (matching the Tm) will give the maximal yield of target product, whereas a reduced 



87 
 

annealing temperature will induce binding when non-specific base-pairs are present, increasing the 

incidence of the primers hybridising with non-specific products [24]. Melting temperatures are most 

often chosen between 45 and 65 °C [30], falling within the common range of enzymatic activation 

and deactivation in biological systems. Oligonucleotide primers are therefore most frequently 

designed to be between 18-30 base pairs to facilitate binding at these melting temperatures [21,31], 

but the base composition also influences the annealing strength.   

The most crucial region of a primer for primer design is the terminal five bases of the 3’ end, the 

region from which DNA extension is initiated. This region needs to be highly complementary to the 

target sequence for extension to commence [21].  The strength is dependent on the hydrogen 

bonding between complementary bases, as mentioned earlier; three fifths GC content within the 

terminal five nucleotides is desirable for a strong primer-target interaction.  

Primer degeneracy, otherwise known as ‘wobble’ sites, can be incorporated into species specific 

primers.  Primer degeneracy is most often discussed in the context of amino acid redundancy 

[23,31], where the unconstrained third base of the codon site mutates rapidly, so multiple primers 

with different bases at this site are included in the primer mix to amplify all forms of the codon. The 

theory translates in this context to mutations that occur between individuals within a species at the 

primer site (or between closely related species depending on the degree of sequence conservation 

in the target taxa and desired scope of the developed test). Incorporating multiple primer sequences 

varying at known crucial bases expands the capability of the test to capture all desired amplification 

products. Each wobble site adds 2-4 alternate primer sequences to the synthesised primer mix, so 

redundancy at only three sites in a primer creates a reaction mix of 6-12 primers in solution; this 

figure is doubled if used in forward and reverse primers. The danger is increased primer interactions, 

which will out-compete target hybridisation, so the use of primer degeneracy should be minimised. 

Universal primers developed for cyt b have been applied to six snake species commonly consumed in 

Hong Kong for the purpose of species identification [32].  The data were combined with equivalent 

DNA sequence for another 84 snake species available on Genbank to create a searchable online 

snake cyt b database, but this resource has since been decommissioned (P.C. Shaw, pers. comm.).  

The DNA research group of the Central Forensic Science Laboratory in West Bengal, India have 

investigated the potential of the 16S ribosomal RNA and cyt b coding regions for snake species 

identification using a PCR-RFLP approach [6,33].   

Forensic species identification tests should be designed to obtain results from remnant DNA 

fragments in case the forensic sample is in poor condition, which is not uncommon for biological 

exhibits; an example of such a test is nested PCR of the cyt b gene used to identify species of turtle 

from processed turtle shell [34]. ‘Mini barcoding’ of the COI gene has been used to interrogate very 

small fragments of the COI barcoding gene in eleven species of protected Indian snakes [35]. In this 

study, a figure of 98% similarity was claimed to be a species match, however it was based upon one 

sample per species with no apparent consideration of intraspecific variation. It should be 

acknowledged that the authors assessed their technique according to recommendations of the 

Scientific Working Group on DNA Analysis Methods (SWGDAM).  

In most snakes, the cyt b gene is 1114 bp in length and encodes a protein of 371 amino acids and the 

ND6 gene encodes a protein of 171 amino acids in length and is 513 bp in length. The ND6 gene is 

the only protein-encoding gene coded by the light strand in snakes [36] and is adjacent to the cyt b 
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gene, separated by the tRNA-glutamine gene. ND6 is thus a good candidate gene to sequence and 

obtain a continuous contig. sequence of almost 1800 bp containing the complete ND6 and cyt b 

coding regions. Furthermore, alignment of existing GenBank data indicated that alongside cyt b, 

chosen both for its high variability and reputation in previous species identification research (e.g. 

[37,38], ND6 exhibited a high degree of interspecies variation (unpublished data). The ND6 gene was 

the second most variable of all genes in the mitochondrial genome (determined by methods 

described in [39]; the most variable mitochondrial gene locus, ATPase 8, was suspected by the 

authors to be too variable for species identification purposes as it is a very small gene (171 bp in M. 

spilota) and identification of PCR primer sites conserved across the snake species would likely be 

problematic 

The following chapter examines the applicability of the different protein encoding regions in the 

mitochondrial genome for identifying to species level an unknown sample suspected to contain 

snake.  While respective mutation rates have been published, this is first comparison of variability 

within each gene across all of the different mitochondrial protein coding regions within a Suborder, 

in this case Serpentes.  A bottom up approach is suggested for developing species identification 

assays to improve marker specificity for very closely related species.  

A mitochondrial DNA region is characterised that contains appropriate genetic signal for species 

identification of CITES Appendix 2 listed and legislatively protected members of the python genus 

Morelia. This genus, which comprises 11 species ([40] accessed 10/10/2013), is found in Australia, 

New Guinea and the eastern part of the Indonesian archipelago. Through phylogenetic 

reconstruction, the ability of the ND6 and cyt b genes to distinguish between the widespread and 

morphologically variable carpet python species and all other Australasian Morelia species is 

demonstrated. Within these genes, short segments can provide accurate species identification 

comparable to the entire respective gene region.  Also presented is the identification of a small 

fragment of mitochondrial DNA with the ability to identify to species level scale clippings suspected 

to have been taken from a species of Morelia. This work was conducted in line with the 

recommendations of [41]. 
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2.4 Methodology 

2.4.1 Snake whole mitochondrial genome mapping 

Thirty-nine whole mitochondrial genomes of species of the Suborder Serpentes were obtained from 

the online databank Genbank (http://www.ncbi.nlm.nih.gov/genbank/). Table 2.1 provides the 

details of the sequences examined. Schliep & O’Shea [42] was used to clarify snake taxonomic 

classifications. One whole mitochondrial genome (Morelia spilota) was obtained by 454 Next 

Generation Sequencing (Roche). Each genome was constructed into circular mitochondrial maps 

using code written in-house using R [43] to space the regions accordingly within the complete 

mitochondrial genome. Genes coded for by the heavy strand are shown on the outside of the map. A 

mitochondrial genome map was constructed for human to compare gene organisation within and 

between snakes.  

2.4.2 Choice of mitochondrial gene region 

The 40 snake sequences were broken down into fragments corresponding to coding regions.  Each of 

the 13 protein coding genes was aligned by eye using MEGA5.0 [44] and Geneious v5.4.3 

(Biomatters).  The ATPase 8 gene could not be aligned across all species of snakes as sequences 

appeared too divergent.  Similarly, bases 162-301 of ND6 could not confidently be aligned by the 

author due to sequence hyper-variability.  The comparisons of these two regions across all snake 

species have not been included in this assessment.  Alignments were exported into an Excel 

spreadsheet.  Shannon (adapted by [45], cited in [39]) describes the Rs value as the measure of 

uncertainty 

Rs = log2 N - (-Σp log2 p) 

The Rs values for each nucleotide position within a gene were charted to show the degree of 

sequence similarity within each gene for a certain set of individuals.  Charts were constructed using 

alignments of all forty complete mitochondrial genomes obtained to demonstrate the degree of 

variation within a gene across all genomes available for the suborder Serpentes and alignments 

using seven species representing the superfamily Henophidia, to demonstrate the degree of 

variation at a lower taxonomic level.  Complete Cytochrome b sequences were available for 25 

species within Henophidia.  The COI dataset could not be increased in this way because most gene 

sequences on Genbank were not complete.  Moving averages were applied for each 20 base pair 

window to reflect size of primers for primer design.  Both datasets were used to examine the best 

(most conserved) regions to place universal snake primers.  The within Henophidia dataset was used 

to determine which genes exhibited the highest variability, as sequence that shows high variability 

between closely related species is most likely to contain candidate regions for species-specific 

primers.  

2.4.3 Primer design 

Primers were designed using the software Primer3 [46] as part of the Geneious software package 

(Geneious 5.4.3 created by Biomatters), which considers many common primer design parameters, 

in conjunction with the sequence similarity information to ensure that the annealing sites of primers 

are conserved across snake species and the primers amplify product containing high variability.  

Snake gene alignments from section 2.4.2 were used to design primers in locations conserved across 

http://www.ncbi.nlm.nih.gov/genbank/
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Table 2.1: Details of the 39 species for which whole mitochondrial genomes were obtained for gene alignments. Data obtained from reptiledatabase.org and eol.org, accessed 

02/02/2018. This table gives an idea of the taxonomic breadth of sequences aligned in this study, - denotes a classification level that was not identified for the species. 
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all species. Primer sequences located in ND5 and tRNA-Glutamine were designed to amplify the 

entire ND6 gene. Cytochrome b is 1114bp in pythons, so two overlapping primer pairs were 

designed to amplify the entire gene.  The first primer pair is situated at the 5’ end of ND6 and 

amplifies tRNA-Glutamine and 471bp of the first half of cyt b.  The second primer set amplifies bases 

377-1114 of cyt b and 35 bp (5’) of the tRNA-Threonine gene, creating a sequence overlap of 94 bp 

between the two amplification products. Primer pairs were searched using BLAST (Basic Local 

Alignment Search Tool, https://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify potential amplification in 

non-target species. Both primers would need to match to the same species within a region (~2 Kb) 

reasonable for PCR product amplification.  

Primer sequences and locations are provided in figure 1 of the embedded manuscript [47] in 

Appendix 2.1. Primers with a redundant sequence were designed for cyt b to maintain universality. 

When the primer solution is prepared by the manufacturer, primers with alternatives of the 

redundant base are synthesised, so that products containing both alternatives will be sequenced. 

This means that stock solution of a primer with three bi-allelic redundant sites actually contains 16 

unique primer sequences. For this reason, base redundancy should be kept to a minimum when 

designing primers.  

2.4.4 Samples  

Refer to the embedded manuscript [47], Appendix 2.1 for details of the samples used in this chapter. 

2.4.5 DNA extraction and sequencing 

Samples were removed from solution and placed on a heatblock at 56 °C for 10 minutes to remove 

ethanol traces or thawed.  Tissue samples in good condition and expected to give a high DNA yield 

were extracted using the QIAamp DNeasy Blood and Tissue Kit (QIAGEN, Australia) following the 

manufacturer’s protocol for the Purification of Total DNA from Animal Tissues, with the exception 

that the volume for the ATL buffer, Proteinase K and DTT was doubled for large skin samples. The 

QIAamp DNA Investigator kit (QIAGEN, Australia) was used following the “Isolation of Total DNA 

from Tissues” protocol for tissue samples suspected to be of poor condition and contain little DNA 

and the “Isolation of Total DNA from Nail Clippings and Hair” protocol for skin, scale and tail samples 

(volumes of ATL buffer, Proteinase K and DTT doubled for large skin samples).  Elution volumes 

ranged from 40-600ul according to the expected quality of sample. 

Previously extracted samples were purified using BIOLINE Isolate PCR and Gel Kit, following the 

“Isolation of PCR Products” protocol. Amplifications were performed using 2 µL extracted DNA, 200 

nM dNTPs, 1 µM of each primer, 2 Units of DNA Polymerase (BIOLINE, Australia), in a total volume of 

20 µL or 10µL when downstream sequencing was not required. PCR conditions for amplifying the 

ND6 gene were initial denaturation at 95 °C for three min, 35 cycles of denaturation at 95 °C for 30 s, 

annealing at 55 °C for 30 s and extension at 72 °C for 30 s, with a final extension at 72 °C for 10 min. 

Amplification of cyt b was performed as above but for 30 cycles and with an annealing temperature 

of 56 °C. Product concentration was estimated by 2 % agarose gel electrophoresis and visualization 

by ethidium bromide using a Bio-Rad Gel Doc and Image Lab software (Bio-Rad, Australia). PCR 

products were prepared for sequencing using ExoSap (GE Healthcare, Australia), following the 

manufacturers protocol. DNA sequencing was performed by the Australian Genome Research 

Facility.  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.4.6 Sequence alignment and data analysis 

DNA sequence data were edited and aligned using Geneious 5.4.3. Alignments of consensus 

sequences were imported into MEGA v5.0 for phylogenetic analysis. Sequences have been deposited 

on GenBank (accession numbers KJ666583-KJ666640). Phylogenetic trees were constructed using 

Neighbour-Joining and Maximum Likelihood algorithms using Python regius as an out-group. 

Neighbour-Joining trees were constructed using MEGA v5.0 with a p-distance model. Maximum 

Likelihood trees were constructed using RAxML Blackbox v7.6.3 (Cipres Science Gateway [48]) with 

partitioning strategy and nucleotide substitution models chosen using  Partition Finder v1.1.1 [49]. 

Bootstrapping was used to provide statistical confidence for the tree topology. Bootstrap support for 

nodes using the Maximum Likelihood method is applied to the Neighbour Joining trees to compare 

concordance of the two construction types. In order to examine every member species of Morelia, a 

separate dataset comprising four 715 bp cyt b sequences of M. clastolepis retrieved from GenBank 

and the corresponding sequence data for our 53 cyt b reference samples was used to demonstrate 

the phylogenetic placement of M. clastolepis in relation to other Morelia species.   

2.4.7 Genetic distance analysis  

A dataset of 19 initial samples (shaded light blue in Table 1 of embedded manuscript [47], Appendix 

2.1) sequenced for the entire ND6 and cyt b coding regions was used for this analysis. Pairwise 

distances were calculated for each dataset using p-distance, Jukes-Cantor, Kimura-2-Parameter and 

Tamura-Nei models.  The MEGA ‘find the best DNA model’ was used to identify model with best fit 

to the data (Tamura-Nei model to be the best fit for all three data sets, using a Gamma Distribution 

parameter of 0.2) and pairwise distances were also calculated using these settings.  Pairwise 

distances for the complete consensus sequence dataset were exported to an Excel spread sheet, 

arranged by increasing distance and values resulting from the p-distance and Tamura-Nei (G = 0.2) 

models charted. 

2.4.8 Species testing using decreasing DNA fragment size  

Often forensic samples that require DNA testing to determine species identification are processed or 

highly degraded, causing the DNA within to be fragmented and of poor quality.  Amplification of 

intact gene sequences is unlikely. A continuous sequence containing the ND6 and cyt b genes from 

48 reference samples including 32 Morelia spilota, one each of M. amethistina and M. kinghorni and 

two each of M. boeleni, M. bredli, M. carinata, M. nauta, M. oenpelliensis, M. viridis (northern 

population) and M. viridis (southern population) were divided into half and quarter fragments. 

Eighth fragments were also created for the larger cyt b gene.  

Phylogenetic trees were constructed using the complete consensus sequences, the whole ND6 and 

Cytochrome b sequences, as well as the smaller fragments to test if any of the 6 smaller fragments 

from ND6 gene and 14 smaller fragments from cyt b gene could reproduce the ability of the larger 

gene fragments to separate individuals to species. Tree construction techniques used were 

Neighbour-Joining, Maximum Likelihood and Maximum Parsimony, with Python regius included as 

outgroup.  The Neighbour-Joining trees made most intuitive sense in reflecting geographic 

relationships of samples and this method was chosen for further tree construction.   
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2.4.9 Simulated forensic samples 

Five extra samples for which only the complete cyt b sequence could be obtained (due to poor 

sample quality) were included in the comparisons within cyt b fragments. These samples are 

indicated as “Reference (cyt b only)” in Table 1 of the embedded manuscript [47], Appendix 2.1.  

These samples increased the cyt b dataset to 53 individuals. Five blind trial or ‘test’ samples were 

used to test the ability of the best smaller gene fragment to identify species as per the larger gene 

fragment (samples marked Blind trial “test” in table 1 the embedded manuscript [47], Appendix 2.1). 

The species identity of these samples was checked in the ABTC records after testing.  

2.4.10 Forensic case samples 

The 278 bp cyt b segment was analyzed for each of the four samples of scale clippings (M001, M002, 

M003, and M004) believed to be taken from carpet pythons, using the MsCB2 primer pair (figure 1 

of embedded manuscript [47], Appendix 2.1). These sequences were aligned against those already 

generated and a phylogenetic tree was constructed. 

2.4.11 Design and validation of an assay suitable for degraded remains  

The embedded manuscript [50], Appendix 2.2 describes the methods followed to design and validate 

an assay based on the amplification of smaller fragment sizes. 

 

2.5 Results  

2.5.1 Snake whole mitochondrial genome mapping 

Appendix 2.3 shows the snake maps constructed. There are two distinct infraorders of snakes: 

Scolecophidia (thread snakes and blind snakes) and Alephinophidia (all other snakes).  Appendix 2.4 

illustrates differences seen between snake mitochondrial genomes. The most remarkable 

mitochondrial genome characteristic in snakes is a duplicate control region, a synapomorphy present 

in all Alephinophidia and none of the Scolecophidia. Many snake species that have a duplicate 

control region also show  gene translocations so that the gene order around the second control 

region is now 16S rRNA, NADH dehydrogenase 1, Ile t-RNA molecule, control region 2, Leu tNRA 

molecule, Gln tRNA molecule then Met tRNA molecule.  

A gene translocation of the Proline tRNA molecule from between the Threonine tRNA and Control 

Region 1 to between the Ile tRNA and Control Region 2 is present in all species of the Viperidae 

family. None of these snake species have a functional tRNA-Pro coding gene in the original position 

next to the Control Region (CR1).  Ovophis has a tRNA-Pro pseudo gene in this position, but it partial 

and therefore not functional. Pantherophis and Dinodon, of the family Colubridae, have a pseudo 

gene for tRNA-Pro at the position of the translocation seen in Viperidae, but the coding region is 

only partial and not functional.  

Isoleucine tRNA coding region appears to be duplicated in Ophiophagus genus. The coding region for 

tRNA-Gln swaps from the light strand to the heavy strand in Enhydris, Achilinus and Pantherophis, all 

members of the Colubrid family. It is possible that these taxa are closely related and have shared a 

translocation of the gene from one DNA strand to the complementary strand, but further 
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investigation into the relationships of these genera is beyond the scope of this thesis. Tropidophis 

exhibits a translocation of the Lysine tRNA from upstream to downstream of the ATP8 gene. Sibon 

nebulatus has a large repeat region extending the mt genome from the usual 16Kb to 21Kb. 

2.5.2 Choice of mitochondrial gene region 

The sequence similarity across the entirety of each gene were charted for the seven NADH coding 

regions, cytochrome b, the three cytochrome c oxidase regions and the two ATPase coding regions, 

both for the All snakes dataset and in Henophidia only (Appendix 2.5).  The All Snakes dataset did 

not include the ATPase 8 gene or bases 162-301 of ND6.  Moving averages of both datasets generally 

show the same trends towards variability or conservation of sequence at comparable sequence sites 

within each gene. Figure 2.1 provides an example comparison between the genes commonly used 

for species identity testing, cyt b and COI. The cyt b average reaches a minimum of 0.996 at one 

value then rises above 1.0 again (Figure 2.1a). The COI coding region shows the highest average 

conservation across the gene (Figure 2.1b).  The degree of variability within the first 1436 base pairs 

is fairly maintained with the amplitude of the moving average staying within a 0.5 Rs range and only 

the last 166 base pairs exhibiting two regions of increased variability.  The amplitude of the moving 

average over the length of the cytochrome b gene is larger, at some points changing by over a 0.7 Rs 

value. These characteristics provide multiple opportunities for conserved primers to be designed 

flanking a region of high variability, desirable traits for effective species identification tests.  These 

data indicate the cyt b gene overall to be a better candidate for development of a species 

identification assay for snake species than the COI gene. As expected, higher sequence similarity is 

seen in the Henophidia dataset when comparing each gene chart for the two datasets.    
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Figure 2.1: Examples of the sequence similarity across a mitochondrial gene compared between two coding 

regions, cyt b and COI using all available snake species, a) and b), and Henophidian species only, c) and d).  The 

purple line represents a moving average over a 20 bp sliding window: a) and c) The average level of sequence 

similarity is lower over the entire cyt b gene region, with large alternating regions of sequence conservation 

and variability are seen, b) and d) Cytochrome Oxidase c I exhibits quite a high average sequence conservation 

across the gene and the amount of similarity at different gene regions varies little, with one region of 

increased sequence variability seen within the last 100 bp of the gene. 

2.5.3 Within Henophidia variability  

The average Rs value for each entire gene region are provided (table 2.2), however reference to the 

charts (Appendix 2.5) shows that sequence conservation can vary markedly within a coding region.  

The small 171 b.p. coding region for ATPase 8 shows the highest degree of variability across 

Table 2.2: Average Rs values across each gene coding region.  A higher Rs value denotes more 

sequence conservation within that gene across the 40 snake species analysed.   

Coding region Ave. Rs Coding region Ave. Rs 

ND1  1.584 Cytochrome b (across species) 1.508 

ND2 1.503 COI 1.608 

ND3 1.472 COII 1.574 

ND4 1.514 COIII 1.602 

ND4L 1.504 ATPase 6  1.477 

ND5 1.481 ATPase 8 1.201 

ND6 1.380   
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its entirety.  Only the first 20 bases show enough conservation to give a moving average above 1.6. 

The entire gene exhibits an average Rs value of 1.2.  The second most variable whole gene region is 

ND6.  Whereas the average of most other gene charts tends to spend the majority of the time above 

an Rs value of 1.4, ND6 shows far less charted area greater than 1.4.  The ND6 gene also exhibits a 

region of variability where the moving average drops very close to 0.8.  The ND3 gene drops slightly 

below 1.0 over a 6 base region and ND5 also has four stretches below 1.0 within the first 100 base 

pairs of the open reading frame, the longest of these being for 12 base pairs.   

2.5.4 Genetic Distance Analysis 

Genetic distance increased for any particular comparison of two sequences when different models 

were applied in the order p-distance < Jukes Cantor < Kamura 2 Parameter < Tamura-Nei93 < 

Tamura-Nei93+G(0.2) (table 2.3).     

Table 2.3: Genetic distance ranges of pairwise comparisons within and between species using five 

different nucleotide substitution models. 

  p-dist. JC K2P TN93 TN93+G(0.2) 

ND6+cyt b 
(1792 bp) 

Intra-species 0.000-0.066 0.000-0.070 0.000-0.071 0.000-0.072 0.000-0.110 

Inter-species 0.099-0.135 0.107-0.148 0.109-0.153 0.112-0.157 0.221-0.432 

Gap 0.033 0.047 0.048 0.050 0.111 

ND6 
(513 bp) 

Intra-species 0.000-0.066 0.000-0.069 0.000-0.071 0.000-0.075 0.000-0.157 

Inter-species 0.078-0.133 0.082-0.146 0.084-0.149 0.087-0.158 0.161-0.533 

Gap 0.012 0.013 0.013 0.012 0.004 

Cyt b 
(1114 bp) 

Intra-species 0.000-0.072 0.000-0.075 0.000-0.077 0.000-0.077 0.000-0.117 

Inter-species 0.109-0.139 0.117-0.154 0.120-0.159 0.124-0.163 0.254-0.448 

Gap 0.037 0.042 0.043 0.047 0.137 

  

Every model applied to the three datasets showed a distinct gap between intra-species and inter-

species comparisons (see figure 2.2 for example). All intra-species comparisons within the included 

species (M. spilota, M. bredli, M. viridis, M. Oenpelliensis and M. boeleni) resulted in a smaller 

genetic distance value than any of the inter-species comparisons.  Pairwise sequence comparisons 

between the M. bredli sequence and M. spilota individuals gave values within the range of intra-

species comparison distances.  The split between intra-species and inter-species comparisons was 

larger for the entire 1792bp sequence and whole cytochrome b sequence, but quite small for the 

whole ND6 sequence.  In the ND6 dataset, the application of the correction for substitution rate at 

differing codon position decreased the value substantially, giving a very small gap between the 

largest intra-species value and smallest inter-species value. The small separation between intra-

species pairwise distances and inter-species pairwise distances at ND6 suggests that this region not a 

good candidate for a species identification test. 

Application of the Tamura-Nei93+G(0.2) model gave a much greater difference in the genetic 

distances than application of the other three models, likely due to the strong correction factor used 

for the nucleotide substitution rate at the different codon positions. The gap between intra-species 

and inter-species comparisons increased from 0.02 using p-distance to 0.1 when the Tamura-
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Nei93+G(0.2) model was applied.  The error rates were also seen to increase proportionate to the 

genetic distances when increasingly complex models were applied. 

 

 

Figure 2.2: Genetic distances based on pairwise sequence comparisons: 2a) pairwise sequence comparisons 

using p-distance model.  Intraspecies and interspecies comparisons for the most part fall into two distinct 

groupings.  All intraspecies comparisons exhibit a genetic distance <0.07.  All interspecies comparisons 

(excluding Morelia spilota - Morelia bredli comparisons) exhibit a genetic distance >0.09.  The interspecies 

comparisons that fall below 0.07 relate to comparisons of Morelia spilota and Morelia bredli. 2b) the same 

pairwise sequence comparisons applying a Tamura-Nei 93 + Gamma (0.2) model.  The split between the 

intraspecies and interspecies sequence comparisons is much larger when the more complex model is applied.  

All intraspecies comparisons exhibit a genetic distance <0.11 and all interspecies comparisons (excluding 

Morelia spilota - Morelia bredli comparisons) exhibit a genetic distance above 0.22.   
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Figure 2.3: Neighbour Joining phylogenetic trees with p-distance model and 500 bootstrap replicates of 49 individuals including outgroup using a) the complete ND6 gene, b) a contig. 

of ND6/tRNA-Glutamine/cytochrome b genes, and c) the complete cytochrome b gene. Trees were rooted using Python regius as an outgroup. Maximum Likelihood bootstrap 

proportions are in bold to the left of Neighbour-Joining bootstrap proportions, - denotes a NJ node that was not present in the ML tree. 
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2.5.5 Phylogenetic tree reconstruction 

Appendix 2.6 provides the best nucleotide substitution models using Partition Finder v1.1.1 for the 

various datasets used to construct phylogenetic trees during this study. 

Phylogenetic trees constructed using the complete ND6 gene, the complete cytochrome b gene and 

the complete contiguous sequence of both ND6 and Cytochrome b are provided (figure 2.3). The 

partial cytochrome b tree successfully separates Morelia clastolepis as a clade from all other Morelia 

species (figure 2.4). This tree demonstrates the ability of the cytochrome b locus to identify to 

species ten of the eleven Morelia species. Morelia bredli is unable to be distinguished from Morelia 

spilota, indicating that at a genetic level these are not separate species. The mitochondrial genome 

is but a single locus and nuclear data would assist the resolution of the taxonomic classification of M. 

bredli. 

See the embedded manuscript [47], Appendix 2.1 for further results and discussion about the 

phylogenetic trees.  

2.5.6 Species testing using decreasing DNA fragment size  

Results of the decreasing fragment size tests are presented and discussed in the embedded 

manuscript [47], Appendix 2.1.  

2.5.7 Simulated forensic samples & forensic case samples 

Results of the simulated and actual forensic case samples are presented and discussed in the 

embedded manuscript [47], Appendix 2.1.  

2.5.8 Design and validation of an assay suitable for degraded remains 

The embedded publication [50], Appendix 2.2 describes the methods followed to design and validate 

an assay based on the amplification of smaller fragment sizes. 
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Figure 2.4: Phylogenetic tree constructed using 715 bp of cytochrome b from 53 Morelia reference samples used in 

this study and four sequences of M. clastolepis obtained from GenBank. Three constructed using Neighbour-Joining 

with p-distance model and 500 bootstrap replicates and rooted using Python regius as outgroup. 
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2.6 Further discussion 

2.6.1 The Importance of well-designed primers 

The Polymerase Chain Reaction forms the basis of most modern DNA techniques, enabling quantities 

of DNA product that can be visualised and further manipulated. Well-designed oligonucleotide 

probes or primers are crucial to successful PCR amplification. They prescribe the target region for 

the DNA replication process. This project focused on designing PCR based assays for species 

detection and identification, so well-designed primers were vital to a successful forensic assay that 

demonstrates fitness for purpose. 

During primer design, theoretical calculations of a primer’s Tm were made using various online 

software packages; however these rarely agreed with one another or the manufacturer’s Tm supplied 

in the synthesised primer notes. A single primer sequence tested across various web calculation 

tools and the Geneious software gave the Tm values 55 °C, 59.7 °C, 60 °C, 61.4 °C, 62 °C, 69.7 °C, 73.9 

°C and 74.1 °C. Empirical assessment by gradient PCR has always been necessary in my experience to 

determine the optimal annealing temperature for the designed primers, regardless of what the 

manufacturer claims the Tm to be. 

For the species identification tests developed in this chapter, the optimal annealing temperature 

aspect of primer design can be used to the wildlife forensic biologist’s advantage. Species-specific 

primers are designed with sequences highly specific to the target taxon and annealing at the optimal 

Tm produces products specific to this species and no other (provided the priming site is truly species 

specific). When the desired target is a range of closely related species, lowering the annealing 

temperature will relax the stringency of the binding, producing products from the target taxon and 

any other DNA sequences that are highly similar (as those of closely related species often are). 

Universal primers designed to target a broad range of species are best applied using low annealing 

temperatures, as this encourages the primers to amplify targets that are moderately similar and 

effectively extend from homologous priming sites that have varied base composition across wide 

ranging taxa. The danger is that analogous priming sequences from other origins in the genome will 

also amplify, increasing the incidence of non-specific binding products.  

The species specific (MsND6F & -R, MsCB1F & -R, MsCB2F & -R) and forensic (MSFCBF & -R) primers 

developed in this chapter were all designed with the guidelines for primer design introduced in 

section 2.1 in mind. The ND6 primer pair often showed weaker amplification of the same DNA 

template. This primer pair did not have inbuilt primer degeneracy, which could be the cause of the 

lower efficiency of amplification in many individuals. No primer set had to be redesigned due to 

issues such as primer dimer formation. The MSFCB primer pair showed successful amplification 

across a wide range of python species and the difference in amplification results of the moderately 

closely related taxa (Python reticulatus, P. curtus) between the 64 °C and 67 °C annealing 

temperatures demonstrates the relationship between annealing temperature and primer stringency 

well.  Section 3.5.7.7 and [25] in 3.5.13 of chapter 3 provide an example where poor primer design 

(or rather overlooked detail in a particular primer sequence) led to suboptimal amplification results 

failing quality requirements for a forensic assay, although the primer set could provide added utility 

in the context of certain population genetic questions.   
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2.6.2 Which locus is most suitable? 

When designing a DNA test for species identification from an unknown sample for a particular group 

of taxa, snakes for example, the desired approach is to find a DNA region exhibiting conservation 

within one species and variability between that and all other species.  Mitochondrial DNA is a 

preferable target for degraded samples.  It contains 38 functional domains that exhibit varying 

mutation rates, which impact on the usefulness of the genetic sequence for species testing.  The 

non-coding D-loop, for example, is generally not considered suitable for species identification assays 

as its increased mutation rate creates too much variability within a species.  Protein coding 

sequences have highly conserved domains due to functional constraints imposed on the translated 

protein, yet can also contain highly variable stretches in areas where the sequence does not impact 

as rigorously on the protein structure.  The degree of sequence conservation tends to oscillate 

across the gene, as can be seen in the results of this study.  This oscillating pattern of variability is 

ideal for designing a species identification assay for a group of taxa because if the target region 

exhibiting high variability is flanked by conserved sequence, universal primers can be designed to 

amplify product across the various taxa, providing efficiency in assay design and allowing the test to 

be multiplexed in a single tube at a later stage. 

Most often when species identification tests are applied, primers universal across all taxa (e.g. 

cytochrome b,[51]; COI,[52]) are applied to the unknown sample and the resulting sequence 

searched against an online database.  Are the DNA region amplified by these commonly used 

primers really able to distinguish between every species in the world?  Are there regions of 

mitochondrial DNA that are more suitable for particular taxa?  Although this has been suggested in 

the Lepidopteran studies that led to adoption of COI by the Barcoding of Life consortium [53], there 

has been much debate around the subject as discussed in the introduction of this thesis. Sequence is 

conserved by functionality, so different taxa would be expected to exhibit similar degrees of 

conservation for a particular DNA sequence, reflective of the functional constraint on the translated 

protein.  Yet, different taxa are at various stages of evolutionary divergence over differing temporal 

scales, so one gene is not going to reflect the different divergence histories and trajectories of all 

taxa equally. This has been demonstrated by phylogenetic reconstructions of various taxonomic 

groups using multiple genes (e.g. [39]), as discussed in the Introductory chapter.   

This chapter examines the similarity of sequences for all protein coding genes in the mitochondrial 

genome.  While this is useful specifically to identify the best region for snake species identification 

testing, one would expect similar trends across taxa so comparable studies in other taxonomic 

groups might show these regions to be superior for species testing across families. ND6 was chosen 

for further analysis due to its high variability and gene length amenable to standard sequencing 

reaction upper boundaries.  Cytochrome b exhibited moderate levels of variability, but was chosen 

for further analysis because it is the most variable of the well characterised genes, allowing 

comparison to a greater number of existing sequences on Genbank.  This gene pair has the added 

convenience that three overlapping primer pairs could be designed to amplify the entire sequence, 

creating redundancy in the overlaps if one sequencing reaction did not work as well.  

One must also consider the availability of reliable reference sequences when conducting a species 

identification test. Cytochrome b and COI are popular choices because extensive sequence records 

are available online for sequence comparisons. However, if the genetic signal at these genes is 
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simply not suitable for differentiating between species, or the species of interest are not 

represented on these databanks, then obtaining and screening the required reference samples in-

house might be a necessary option. Current database records from Genbank, BOLD, and indeed any 

resource that does not contain an underlying continuity record for sample identity and validity 

associated with the sequences, should always been treated with a degree of caution. 

  2.6.3 Design of species identification markers – a different approach 

Previous species identification research has generally been dictated by casework or local 

enforcement needs to focus on a specific small number of diverse snake species (e.g. [32,54]).  The 

method involves amplifying DNA from the species of interest, searching this sequence against an 

online database (e.g. Genbank) and reporting the closest matching results returned.  Can the chosen 

gene region distinguish between very closely related species?   

A previous study involving 11 species of snake reported that their primers successfully amplified in 

snake species across all major snake lineages (Typhlopidae, Boidae, Pythonidae, Colubridae, 

Elapidae, and Viperidae) and were therefore suitable for species identification testing [35].  The 

primers appear to distinguish between the chosen species well and identify a particular species to 

the exclusion of all others, but this could be symptomatic of an information deficit on the DNA 

database.   

While the COI region is a popular choice due to the Barcode of Life (BOLD) project and extensively 

used for species characterisation, there are currently 224 species of snake on the searchable 

Genbank database listed as COI regions, assuming no typological errors (Genbank search by author, 

03/11/12).  There were estimated over 3300 species of snake as at 1 Feb 2012 (http://www.reptile-

database.org/db-info/SpeciesStat.html, accessed 16/11/12), which suggests that less than 7% of 

snake species are represented at the COI gene on Genbank.  As more species are added to the 

database and the presently missing species gaps are filled, I wonder whether the gene region being 

investigated would still adequately be able to separate individuals to species level.  I expect that high 

match scores (e.g. >98%) would be obtained for very closely related species if the locus is not 

suitable for adequately separating sister species.  

When comparing sequence similarity across all snakes at the cytochrome b and COI loci (refer to 

figure 1), cytochrome b exhibits greater levels of variability which I suggest is necessary for 

comparisons between very closely related species.  The authors [35] have used a top down approach 

of starting with a very broad list of species to search on the databank that is presently relatively 

devoid of listings for all snake species known worldwide.  I propose a bottom up approach to marker 

design for species identification.  Legislation is based on species definitions, so markers for identity 

of one particular species must be able to differentiate between all closely related species.  

It is beneficial to use two datasets of differing resolutions when designing a species identification 

assay.  The broad comparison of gene regions across all snake lineages is important to identify 

priming sites that are conserved across snakes and act as universal snake primers.  To be increasingly 

confident that a DNA sequence is suitable for species identification – that is identifying one species 

to the exclusion of all other species, no matter how closely or distantly related – the DNA sequence 

must be interrogated at a fine scale level, comparing the species of interest against its most closely 

http://www.reptile-database.org/db-info/SpeciesStat.html
http://www.reptile-database.org/db-info/SpeciesStat.html
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related species.  I suggest congeneric and confamilial comparisons are appropriate to validate the 

ability of a sequence to identify to species level.   

One would expect that genes with enough variability to distinguish between closely related species 

will also separate more distantly related species.  As genetic databanks become increasingly 

populated with species, the markers will continue to distinguish between species because they were 

designed and validated using the most closely related species.  Of course, this sort of marker 

development is time consuming and only possible when considerable time and resources can be 

devoted to building sample size of closely related samples – often not the situation when forensic 

casework on a seldom studied species is requested with a short timeframe.  

  2.6.4 Genetic Distance Analysis – Validation Versus Application 

As sequences diverge from a common ancestor over time, multiple mutations accumulate at a single 

base site.  States intermediate to the ancestral state are masked by subsequent mutations.  For this 

reason, when a simple pairwise comparison (p-distance) is used to determine the genetic distance 

between two sequences, the resulting value is an underestimation of the true genetic distance 

between the two sequences.  Phylogenetic models of nucleotide substitution are applied to correct 

for this underestimate [55].   

A range of models have been developed, applying increasing numbers of parameters in order to 

attain a truer value of genetic distance, but in turn becoming increasingly complicated.  I applied 

four time-homogeneous, time-continuous Markov models to look at how the genetic distances 

changed for intra-species and inter-species comparisons at our study locus.  The rate of nucleotide 

substitution at each codon position was considered equal for these calculations.  As expected, 

genetic distance increased as more complicated models were applied.  The increase in the gap 

between intra-species sequence comparisons and inter-species sequence comparisons provides 

support that this gene region is appropriate for distinguishing between sequences originating from 

members of different species.  

As models increase in complexity, the degree of variance in the final genetic distance value is a 

culmination of the variance associated with each additional parameter.  An increasingly complicated 

model will result in more standard error in the final value.  Error rates should be minimised when 

applying forensic tests to aid criminal investigations. The standard species identification test involves 

DNA extraction from the unknown source, amplification with published species identification 

primers, DNA sequencing and comparison of sequence homology against an online databank of 

genetic sequences.  A database search, such as a BLAST search, essentially performs a p-distance 

comparison (simple % similarity base pair comparison) of the query sequence against the databank 

sequence records.  This is essentially the most conservative approach to species identification with a 

set of published primers, shown during this study to give the least distance between intra-species 

and inter-species comparisons, as well as the lowest associated error.   

Every species identification test using a new locus should be validated prior to application. Validation 

testing could include the application of increasingly complex phylogenetic models to confirm that 

the DNA region is appropriate for identification of the species in question, however in this study 

increasingly complex genetic models were seen to invariably extend the gap between inter-species 
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and intra-species homology. More case studies of this type would be useful to confirm that this is 

always the case, negating the need for this process in routine validation of new loci.  

  2.6.5 Forensic analysis of degraded remains requires short targets 

While this study presents information using whole gene charts and averages across genes, the need 

for small fragment analysis in degraded remains means that charts are useful to hone in on small 

regions of variability flanked by conserved sequence appropriate for placing universal primers. 

Reconstruction of trees using decreasing gene fragments demonstrated that the third quarter of Cyt 

b creates a more accurate tree than the last quarter of ND6.  This indicates that this this region is 

more appropriate for species identification testing. This is fortuitous because the cyt b locus has a 

more extensive history of use in species identification tests and a wildlife forensic lab picking up this 

assay might prefer to use a cytochrome b marker than another locus, even though the reference 

sequences for all Morelia species have been made available for other researchers on Genbank. The 

species specificity test gave positive amplification product in Boids and Elapids. If a practitioner were 

to apply these tests to snakes in these families, then they would be much more likely to find online 

reference sequences at the cyt b locus than the ND6 locus.  

The ability of the smaller assay to obtain an amplification product when a larger target amplicon 

could not be obtained was conclusively demonstrated in this study. The DNA sample of interest 

ABTC 12155 gave a DNA quantification of 1.72 ng/uL, which could be considered a reasonable 

amount for mitochondrial analysis if the DNA extract is in pristine condition. It is possible that the 

DNA in the sample either originated from bacterial contamination (not differentiated by Qubit 

fluorimetry), or is in poor condition and highly fragmented. Both of these scenarios are also very 

likely to arise in casework samples, where products such as processed snake derived leathers of 

protected species are seized by border control during their journey through illegal international 

trade [9,56–58]. The fragmented DNA remaining in these samples is likely too incomplete to be 

amplified by a standard universal species identification test (e.g. [52] COI primers amplify a 710 bp 

product). Assays targeting small yet discriminatory regions are required to obtain results from these 

poor quality samples. The smaller MSFCB primer pair was designed for this reason and successfully 

amplified a product from sample 12155 when three sets of primers targeting larger products at the 

same locus could not. This sample also failed to give any amplification product using the nuclear 

profiling markers developed in Chapter 3, confirming the poor quality of this sample.   

  2.6.6 What of Morelia bredli? 

Two species examined in this study, Morelia spilota and Morelia bredli, were seen not to separate in 

any of the datasets examined. This demonstrates the importance of including every species within a 

taxonomic group. I deduce from the successful differentiation of all other congeneric species, as well 

as other literature [59,60], that this result is not an inaccuracy of the genetic test, but a point of 

contention in the Bredl Python’s designation as a separate species. It is important that a forensic 

geneticist realises that a developed forensic genetic test can only identify species descriptions that 

are actually reflected in the DNA sequence. The distinction of M. bredli as a separate species to M. 

spilota does not appear to be supported by the mitochondrial locus studies herein, it was not 

supported by the nuclear data of Taylor [60] and it will be interesting to see whether the novel STR 

loci developed as part of this thesis also concur with this finding. 
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The unfortunate reality is that taxonomic descriptions can be based on morphological traits that are 

due to phenotypic plasticity rather than the underlying genetic code. The courts require forensic 

genetic tests to answer questions about legislation involving species definitions that are not 

necessarily reflected in the underlying genetic data. Validation is essential to determine whether the 

genetic test is fit for purpose in the species of interest. 

  2.6.7 Future directions and further species identification tests 

The dataset presented in 2.5.2 provides the perfect foundation to develop a SNP multiplex assay for 

species identification to preclude the need for DNA sequencing. This type of assay has been 

developed at a broad level for UK [61] and New Zealand [62] mammals of forensic and conservation 

significance (these also represent common native or domestic species that might arise in forensic 

casework in each respective country). A similar species-specific multiplex assay has been developed 

targeting product only in tiger species and containing markers specific to tiger subspecies, acting as a 

diagnostic test for detection on both of these taxonomic levels [15]. My dataset provides a direct 

comparison of sequence homology and variability across different snake species at various 

taxonomic levels of genus, subfamily, family and superfamily (only three samples represent the 

infraorder Scolecophidia, so more sequences would be required to create tests to differentiate the 

two infraorders, however forensically there is no current need for this). Conserved regions of genes 

could be identified specific to any of these taxonomic levels.  

As of the early 2000s, the species involved in the marker development part of this study, Xenopeltis 

unicolor, Acrochrodus granulatus, Enhydris plumbea, as well as species of the genera Elaphe and 

Bungarus were protected by Annex D of the EU Wildlife Trade Regulations (table 4 in [63]). 

Theoretically, using this dataset to develop Allele Specific Primer Extension assays, a forward primer 

universal to colubrids could be multiplexed with species-specific primers identified for Elaphe and 

Enhydris, which could be multiplexed with similar universal and species-specific primer pairs for 

elapids and the other taxa of relevance, to create a species identification SNP multiplex serving 

snakes listed in the EU Wildlife Trade Regulations. These Regulations have particularly strict import 

conditions [63] and the multiplex assay could potentially be used by border control to detect 

protected snake species in trade items. Single Base Extension primers could be designed to amplify 

tiny products containing SNPs diagnostic of target species to provide a positive/negative result. This 

type of test has potential to be automated into a portable screening device that could be used by 

border force. A positive result would prompt officials to confiscate the item and send to a forensic 

facility for more extensive species identification testing and reporting. The tiny amplicon size makes 

this test particularly suitable for the type of treated and processed products such as tanned skins 

and powdered tissues that are likely to be encountered in international trade.  

 

2.7 Concluding remarks 

Legislation pertaining to wildlife crimes is often based on species definitions, so species 

identification markers must be designed to differentiate between all closely related species. While 

the idea of a universal barcoding locus is nice, in practice not all loci are suitable for all taxa and the 

phylogenetic relationships of closely related species must be investigated at a locus before it is 

applied to casework involving that species. A bottom up approach for species identification assay 
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design is suggested instead of top down approach to avoid problems as reference databases become 

increasingly populated.  The comparison of two datasets of different taxonomic resolutions is useful 

to identify conserved areas and design universal primers that can amplify product across broad 

taxonomic units, while also identifying amplified regions that are variable enough to be able to 

distinguish the desired targets to species level. The phylogenetic signal allowing a DNA sequence to 

reconstruct accurate phylogenetic relationships of species might be captured within a very small 

region of a gene, rather than the entire locus. This region offers great utility for examining samples 

of compromised DNA quality that often constitute evidentiary items in wildlife forensic 

investigations. In this chapter, I have demonstrated the design of a small species identification assay 

to identify python species from evidentiary items in forensic investigations using an approach that 

will ensure the ongoing integrity of test by demonstration of its utility in all species of the Morelia 

genus. Forensic validation testing has been conducted to ready this assay for direct application to 

judicial proceedings. All reference sequences have been uploaded to the online database Genbank 

so that any wildlife forensic laboratory can directly apply this test to forensic investigations involving 

Morelia pythons.  
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degraded forensic samples 
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Appendix 2.2: Publication - Molecular identification of python species: Development and 

validation of a novel assay for forensic investigations 
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Appendix 2.3: Snake whole mitochondrial genome maps 
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Appendix 2.4: Mitochondrial genome duplications and translocations between snakes 
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Appendix 2.5: Sequence homology charts by gene 
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Appendix 2.6: Best nucleotide substitution model for each dataset 

Analysis Best NSM Subset sites 

ND6 whole TIM         1st codon positions of ND6 

(Figure 2.3a) HKY+G 2nd codon positions of ND6 

 TrN+G 3rd codon positions of ND6 

   

Contig whole TIM+I   1st codon positions of ND6  

3rd codon positions of Cyt b 
(Figure 2.3b) TrN+G 2nd codon positions of ND6  

tRNA-Glu  

1st codon positions of Cyt b 
 TrN+G   3rd codon positions of ND6 

 HKY+I    2nd codon positions of Cyt b 

   
Cyt b whole HKY+G 1st codon positions of Cyt b 

(Figure 2.3c) HKY+I 2nd codon positions of Cyt b 

 TIM+I 3rd codon positions of Cyt b 

   

Cyt b n54 HKY+G 1st codon positions of Cyt b 

(Appendix 2.1, Figure 3a) HKY+I 2nd codon positions of Cyt b 

 TIM+I 3rd codon positions of Cyt b 

   

Cyt b n54 558-835 TrN         3rd codon positions of Cyt b within 278bp 

fragment 

(Appendix 2.1, Figure 3b) K80+I   1st codon positions of Cyt b within 278bp 

fragment 

 HKY         2nd codon positions of Cyt b within 278bp 

fragment 

   

Cyt b n59 5 test samples TrN         3rd codon positions of Cyt b within 278bp 

fragment 

(Appendix 2.1 Figure 4) K80+I 1st codon positions of Cyt b within 278bp 

fragment 

 HKY         2nd codon positions of Cyt b within 278bp 

fragment 

   

Cyt b n63 4 casework TrN         3rd codon positions of Cyt b within 278bp 

fragment 

(Appendix 2.1, Figure 5) K80+G 1st codon positions of Cyt b within 278bp 

fragment 

 HKY         2nd codon positions of Cyt b within 278bp 
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Cyt b  M. clastolepis TIM         3rd codon positions of Cyt b within 715bp 

fragment 

(Figure 2.4) TrNef+G 1st codon positions of Cyt b within 715bp 

fragment 

 HKY+I 2nd codon positions of Cyt b within 715bp 

fragment 
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Appendix 3.1 Publication - Sherryn Ciavaglia, Julianne Henry, Adrian Linacre, Profiling pythons 

to combat common illegal wildlife activities, Forensic Sci. Int. Genet. Suppl. Ser. 4 

(2013) e31–e32. 

Appendix 3.2 Publication - Sherryn Ciavaglia, Stephen Donnellan, Shanan Tobe, Julianne Henry 

and Adrian Linacre, A novel forensic DNA profiling technique for protected 

species, Forensic Sci. Int. Genet. Suppl. Ser. 5 (2015) e258–e260 

Appendix 3.3 Publication - Sherryn Ciavaglia, Hannah Dridan and Adrian Linacre, Getting more 

for less: can forensic tools for Australian wildlife enforcement support 

international compliance efforts? Australian Journal of Forensic Sciences, (2017) 

DOI: 10.1080/00450618.2017.1384060 

Appendix 3.4 Publication - Sherryn Ciavaglia, Adrian Linacre, OzPythonPlex: An optimised and 

forensically validated STR multiplex assay set for the Australasian carpet python 

(Morelia spilota), Forensic Sci. Int. Genet. (2018) 34:231-248 

Appendix 3.5 Samples used in Chapters 3 and 4 

Appendix 3.6 First round optimisation results 

Appendix 3.7 Sensitivity study Light multiplex results 

Appendix 3.8 STR sequencing results 

 

3.1 Preface 

Certain wildlife crime scenarios arise that require techniques capable of individualising between 

members of a species. Investigative circumstances include the matching of a biological tissue such as 

a blood stain on a tool to a carcass and the determination of parentage where offspring from a 

breeder are suspected to have been taken from the wild rather than bred from the alleged parents. 

Although the same DNA technique well established in human forensic biology can be applied to non-

human casework, the high specificity of the test that enables the separation of individuals precludes 

its application to all but the most closely related species. Novel markers must be identified and 

optimised for each species, rendering development for each new species time consuming and 

resource intensive. The following chapter describes the development of novel STR markers for the 

Australasian carpet python (Morelia spilota). The markers are combined into multiplex reactions to 

produce multi-locus genotypes from minimal DNA template addition. Validation testing is conducted 

to define the scope and establish the limitations of the assays. A mini reference DNA database is 

compiled from wild caught individuals representing the species’ native range and comments made 

as to the applicability of this dataset for criminal investigations involving this species. 
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3.2 Aim and objectives of this chapter 

The aim of this chapter is to design, optimise and validate a forensic DNA profiling assay specific to 

the carpet python following the example of human STR multiplex tests developed for forensic 

casework, with particular emphasis on forensic considerations such as incorporation of quality 

assurances measures and suitability to the small amounts of degraded remains frequently 

encountered in forensic cases.  

My objectives are: 

- To identify a large number (>15) of highly polymorphic tetra- , penta- and hexa-nucleotide STR loci 

specific to the carpet python. 

- To combine the novel markers into a small number of multiplex assays and optimise the assays for 

reliable genotyping of all loci. 

- To perform validation studies on the multiplex assays so as to prepare these tests for direct 

application to casework. 

- To compile a DNA reference database from native individuals screened across the species range 

and subject this to statistical analyses in order to comment on direct applicability of the tests to 

casework. 

 

3.3 Introduction 

The extent of the global illegal wildlife trade is attracting increasing attention, evidenced in part by 

the recent publication of the inaugural United Nations Office on Drugs and Crime (UNODC) World 

Wildlife Crime report [1]. The growth of interest in wildlife forensic applications from within the 

forensic science community is also gaining momentum with the inclusion of a Wildlife Forensics 

Subcommittee in the Biology/DNA Committee of the Organisation of Scientific Area Committees 

(OSAC) for Forensic Science [2]. Iconic species such as elephant, rhino and tiger are the public face of 

wildlife crime, yet reptiles constitute the second largest taxonomic class among seizures worldwide 

[1], although seizures only represent detected, not total crime and reptiles are easily concealed 

[3,4]. Seizures indicate that reptiles dominate the live-trade international black market [5].  

A prime example is the Australasian carpet python (Morelia spilota) which, although native to 

Australia, is highly sought after for legal breeding and trading both within Australia and abroad [6].  

However, its unique colour and pattern-variations fetch high prices on the international black 

market [6], which creates high demand for breeding within and between closely related species to 

create new morphological varieties. Bredl’s python (Morelia bredli), demonstrated by DNA to be part 

of an M. spilota species complex [7], is reportedly abundant in illegal international wildlife trade [8]. 

Other Australasian and Asian python species commonly targeted for the international commercial 

trade include the reticulated python (Python reticulatus), the Sumatran short-tailed python (Python 

curtus), the Indian python (Python molurus) [8] as well as Borneo short-tailed python (P. 

breitensteini) and the blood python (P. brongersmai) [9–11]. Overharvesting has caused declines in 
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population health of the ball python (P. regius) and pygmy pythons (Antaresia spp.) were among the 

species confiscated during a large reptile smuggling seizure [12]. 

Due to their compact size and low maintenance, carpet pythons have gained popularity in Australia 

as household pets and are commonly traded through pet shops, dedicated reptile expos, and online 

and often in offline reptile networks spread by word of mouth (H. Dridan, pers. comm.). The 

breeding and keeping of carpet pythons is regulated through various state and national legislation. 

Despite the removal of a native python from the wild without a permit being unlawful in Australia 

under the Commonwealth Environmental Protection and Biodiversity Conservation Act 1999, native 

populations provide an accessible source of fresh genetic variability to increase the genetic health of 

a small, continuously inbred captive collection. Uncontrolled collection of individuals from the wild 

has detrimental consequences on native populations; the inland subspecies of carpet python has 

been listed as endangered in the Australian state of Victoria since 1994 [13]. The increase of wildlife 

enforcement investigations involving Australian pythons across multiple Australian States has led to 

a direct request from enforcement authorities for the development of DNA tools to aid enforcement 

efforts involving carpet pythons. 

Multiplex PCR assays have been optimised over many years to become routinely applied in human 

forensic DNA investigations. In fact, this form of analysis has been named the only forensic method 

to be “rigorously shown to have the capacity to consistently, and with a high degree of certainty, 

demonstrate a connection between evidence and a specific individual or source” [14]. The 

development of such a single tube assay is not a trivial undertaking and the human forensic STR kits 

have undergone continual refinement and considerable investment from commercial companies 

over two decades to become the highly robust and information rich assays currently available. 

Fortunately, for those non-commercial entities undertaking this resource intensive task, some 

guidelines on identifying novel STR markers [15,16] and combining them into multiplex STR assays 

are available [17,18]. 

Due to their high cost of development, these species-specific nuclear Short Tandem Repeat (STR) 

DNA markers used for forensic individualisation and paternity testing have frequently been 

developed only for non-human species with high commercial returns, such as game animals e.g. 

deer [19–21] and wild boar [22] and prominent fisheries species e.g. salmon [23] and koi carp [24].  

Animals often in conflict with humans have also been targeted, including those threatening human 

safety (e.g. bears [25], leopards [26], wolves [27]) as well as those considered a pest for their impact 

on human industry (e.g. badgers [28,29], foxes [30]). Profiling assays for companion animals have 

been used as independent evidence in crimes against humans [31–33] and increasingly tests are 

being developed for wildlife species targeted directly in criminal activities, such as birds of prey [34] 

and cockatoos [35]. The importance of extensive validation testing for direct forensic application is 

recognised [33,36–38]. Utility of STR marker systems has been further extended to provide 

intelligence about illegal poaching ‘hotspots’ through geographic assignment of poached individuals 

[39–41]. The application of eight previously characterised STR markers for carpet pythons [42] was 

found to provide inadequate genetic resolution to answer questions commonly occurring in wildlife 

investigations [43] and identified the need for development of a larger profiling marker set for this 

species.    
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The following chapter describes the development and partial validation of three novel 11-plex 

multiplex assays for forensic DNA profiling of the carpet python to assist in criminal investigations. 

The multiplex assays have been designed and developed following best practices evolved from the 

development and validation of commercial human forensic multiplex assays. The 24 independent 

loci comprise 22 tetra- repeat motifs and two penta-nucleotide motifs, known to cause less 

interpretation problems associated with stutter artefacts than the di- and tri-nucleotide repeat 

motifs traditionally used for non-forensic purposes [44]. Three markers have been included 

redundantly across the three multiplexes as quality markers to indicate sample continuity across the 

three independent assays. The three assays have been optimised for peak balance within and 

between loci across the profiles to maximise full profile amplification even from poor samples and to 

indicate when primer site mismatches result in reduced amplification product.  The multiplex assays 

have been optimised for one nanogram of template DNA input in line with the amounts of DNA 

required by commercial human forensic profiling assays, enabling a complete 24 locus genotype 

from a mere 3 ng of template DNA. 

Five dye technology (FAM, VIC, NED and PET fluorophore labelled primers and a LIZ labelled internal 

size standard) has been used to allow sufficient separation between locus allele ranges. Each 

multiplex assay has an accompanying allelic ladder, including a comprehensive range of alleles 

across the highly diverse loci, to facilitate continuity of accurate allele typing to single base pair 

resolution between laboratories.  Associated bin sets have been created for the Genemapper ID 

software package (Applied Biosystems). A reference DNA database of allele frequencies is presented 

for 249 native individuals from across the species range of the carpet python.  

All work has been conducted according to the ISFG recommendations regarding the use of non-

human (animal) DNA in forensic genetic investigations [44] and following the guidelines of the 

Scientific Working Group on DNA Analysis Methods [45]. Comprehensive validation of a forensic 

assay is well recognised as an important precursor to applications in casework (e.g. [46]). Validation 

testing involves a demonstration of the capabilities and limitations of technique under specific 

conditions to provide assurance in the reported results. The requirements of validation testing were 

described in section 1.1.6. Initial validation testing demonstrates the robustness of these multiplex 

assays to facilitate the application of the multiplex assay set to criminal investigations involving 

carpet pythons. A full validation is not presented within this chapter, however outstanding tests 

required in order to complete a comprehensive validation are discussed.       

 

3.4 Materials and Methodology 

3.4.1 Samples 

Appendix 3.5 provides the details of the 304 samples included in this study. Google Earth was used 

to map the geographic locations of all samples, for which geographic coordinates or a specified 

locality were provided. Figure 3.1 shows geographic origin of all samples for which this could be 

determined. Bredl’s python (Morelia bredli) were included in this study, as a previous phylogenetic 

analysis [7] suggests that this species is genetically less divergent than M. spilota imbricata. All 

reference samples were obtained from the Australian Biological Tissue Collection (ABTC) of the 

South Australian museum. Voucher specimens were included where available following best practice 
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[44]. DNA previously extracted from a separate project [43] was also obtained from the ABTC. 

Sample type is specified in Appendix 3.5 where known. Tissues were stored at -80°C or in ethanol at 

room temperature. Samples originated from liver, whole blood, skin, scale clippings and muscle. 

 

  

Figure 3.1: Geographic origins of samples used in Chapters 3 and 4. Where individuals are sampled from 

locations in close proximity, multiple individuals are not visibly distinguishable. This map illustrates the 

geographic coverage, but not the density of sampling. Pink samples were screened in this chapter but did not 

yield a useable profile. Green samples were used in the final reference database for chapter 4. Blue samples 

were unknowns used in chapter 4.  

3.4.2 DNA extraction 

The DNA extraction followed section 2.4.5 with a final elution volume of 100 µL. Each neat DNA 

extract (5 µL) was run on a 2% agarose gel stained with ethidium bromide to visualise quality and 
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quantity of the extracted DNA. DNA extracts were also quantified using a Qubit fluorometer (Life 

Technologies, NSW, Australia) and diluted to 1 ng/µL to ensure optimal and consistent sample DNA 

concentration for multiplexing. DNA samples used for multiplex optimisation steps were re-

quantified following dilution using the Qubit High Sensitivity Assay Kit to ensure precise DNA 

template addition. 

3.4.3 Characterisation of novel STR loci 

3.4.3.1 Massively Parallel DNA Sequencing of the Carpet Python Genome 

Characterisation of new STR markers for application to multiplexing was conducted following 

workflows suggested for identifying new STR markers using Mass Parallel Sequencing (MPS) [15,16].  

A DNA extract (ABTC 30087) was purified and sent to the Australian Genome Research Facility 

(AGRF, Queensland, Australia) for MPS using 1/16 plate on a 454 Next Generation Sequencer 

(Roche). Mass Parallel Sequence (MPS) data were analysed using QDD [47].  

3.4.3.2 Assortment of DNA Sequences 

Sequences were sorted by sequence tag. Duplicate sequences in the dataset were removed or 

contigs created where sequence identity was >95%. Parameters were set to return sequences with a 

minimum of 80 base pairs (bp) containing simple and compound STR motifs of 2-6 bp repeats and ≥ 

5 repeat units were selected for. The MPS run had yielded 167 putative STR loci, with the longest 

product length of 543 bp. Primer3 [48] was used to design primers to amplify putative STRs with a 

PCR product size range of 350-550 bp. Primer conditions were set to a minimum melting 

temperature (Tm) of 57 °C, a maximum Tm of 63 °C and an optimal Tm 60 °C to enable subsequent 

multiplexing (optimal amplification of all involved primer pairs within a tight temperature range). 

Three options each were returned for forward and reverse primer design. Primers were BLAST 

searched (www.ncbi.nlm.nih.gov/BLAST) to check that they would not target non-specific taxa. 

Loci with successfully identified primer pairs were manually filtered further using Excel (Microsoft). 

The data were filtered and ranked using a hierarchical system proceeding with motif type (penta- 

and tetra-nucleotide) followed by PCR product size and repeat number. Putative loci were charted 

by size and coloured by repeat number (see figure 3.3 in results) to assist final marker choice. Simple 

sequences returned were of reasonably short length (<300 bp), so compound and complex motifs as 

well as sequences constructed from contigs were included. This increased the choice of high 

molecular weight makers available to utilise the entire 600 bp size migration range easily obtainable 

using a commercial capillary electrophoresis instrument with appropriate size standard (e.g. Liz600, 

Life Technologies).  

3.4.3.3 Identifying putative STR loci using Multiplex Ready Technology 

Multiplex Ready Technology [49] involving a nested PCR procedure was used to incorporate 

fluorescent dyes into PCR products for visualisation by capillary electrophoresis. Similarly to M13 

incorporation procedures [50], this enabled testing of the polymorphic nature of 36 putative loci 

without expensive fluorescent labelling of every primer pair. Locus specific primer pairs were 

selected for the 36 loci exhibiting the most favourable characteristics. An MRT tag sequence was 

added to each primer sequence and primers were synthesised by Integrated DNA Technologies 

http://www.ncbi.nlm.nih.gov/BLAST
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(Iowa, USA).  The amplification method is described in Ciavaglia, Dridan & Linacre [51]. The PCR 

product fragment analysis was conducted using a 3130xl (Applied Biosystems) with 36 cm capillary 

array and POP-4 polymer. Initial spectral calibration was conducted using the G5 dye set matrix 

standard (Applied Biosystems). One µL PCR product was added to 9.7 µL Hi-Di Formamide and 0.3 µL 

Liz500 internal size standard (Applied Biosystems). 

Each locus was amplified in singleplex using six python DNA extracts from diverse localities across 

the species range to survey for initial locus polymorphism and heterozygosity. A subsequent 

singleplex amplification was performed using combined DNA templates from eight other 

geographically diverse samples to further indicate allelic diversity and peak morphology at each 

locus. Monomorphic loci and loci that showed no PCR amplification product or more than two PCR 

amplification products were discarded. Presence of stutter peaks aided the identification of true STR 

amplification products.  

3.4.4 Multiplex Assay Design  

Multiplex assay design was conducted following a protocol for constructing STR multiplex assays 

[18]. Initial screening for polymorphism yielded 28 promising loci, dictating a final set of two to three 

assays depending on locus size ranges. Loci were ranked according to allelic diversity (number of 

alleles seen in the initial 14 individuals), allele size range (facilitating multiplexing) and quality of 

peak morphology.  The number of alleles seen in all markers was divided by the allele size range to 

provide an index of the most desirable markers (highly polymorphic with a small allelic window). To 

facilitate comparability between this study and previous studies using the loci developed by Jordan 

et al. 2005, available STR data was assessed from Duncan Taylor’s doctoral thesis [43] and data 

provided by Nicole White (unpublished). The two respective investigations included eight and nine 

of the Jordan STR loci, four of which overlapped between these studies. These markers were 

similarly assessed for inclusion based on size and allelic diversity.  

Newly developed multiplex loci (prefixed MsF for ‘Morelia spilota Forensic’) and previously 

developed primers (prefixed MS for ‘Morelia spilota’ by [42] were arranged in rank priority on a 2D 

plane according to obtained PCR product sizes to visualise multiplex layout (figure 3.2). The use of 

five dye technology (G5 dye set, Life Technologies) would allow inclusion of four dye channels plus 

an internal size standard (Liz fluorophore). The requirement for three separate assays was inferred 

from initial locus size ranges, to ensure that the size ranges of loci sharing a dye label within a 

multiplex assay did not overlap as sample genotyping was expanded. Loci were colour coded 

according to dye label and shaded light, medium or dark according to which of the final three assays 

they corresponded.     

Three different multiplex assays were constructed, designated Light, Medium and Dark, 

incorporating 12, 11 and 12 loci respectively.  Three loci were included in all of the multiplex assays 

as quality assurance markers for redundancy between assays. This three locus redundancy allowed 

reproducibility of allele calls to be assessed between multiplex assays and would flag potential 

sample mix up between assays. Primers were examined by eye and run through 

http://www.thermoscientificbio.com/webtools/multipleprimer/ to test for self-complementarity 

and complementarity between primers within the multiplex. A single guanine base was added to the 

5’ end of every reverse primer to facilitate complete adenylation of PCR products and accurate single 

base precision genotyping [52]. Locus specific primer pairs were ordered for the final three assay 

http://www.thermoscientificbio.com/webtools/multipleprimer/
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primer set (fluorescently labelled primers from Applied Biosystems and unlabelled primers from 

Integrated DNA Technologies (IA, USA) and Geneworks (Adelaide, Australia)). 

 

Figure 3.2: Example 2D layout for planning the locus layout and dye designations of a multiplex assay, 

reproduced from [18]. 

3.4.5 Multiplex Assay Optimisation 

Initial multiplex amplifications were trialled using Amplitaq Gold II (Applied Biosystems) and Qiagen 

Multiplex Kit (Qiagen) at 27, 30 and 35 cycle numbers, with reaction volumes of 20 µL and 25 µL and 

annealing temperatures between 57 °C and 60 °C. Firstly, amplification of fluorescently labelled 

primer pairs was conducted using four quadruplex assays, each containing one locus for each 

fluorophore (16 primer pairs in total) at 2.5 µM concentration per primer for 35 cycles with 

annealing temperatures of 57 °C and 60 °C (optimal temperature should be around 58 °C). Primer 

concentration was adjusted to 250 nM and amplifications repeated. Primer pairs showing poor 

amplification were then diluted to a series of 250 nM, 100 nM, 50 nM and 25 nM and the best 

product identified. Following this, all 10 primer pairs chosen for the Light multiplex were amplified 

together and seven chosen for the Dark multiplex were also amplified in a single tube using Amplitaq 

Gold IITM polymerase (Life Technologies). The amplification results were of mixed success across loci.  

Amplifications of the Light 10-plex and Dark 7-plex reactions were repeated using the QIAGEN 

Multiplex Mastermix containing primer concentrations of either 250 nM or 40 nM depending on the 

strength of previous amplifications. Cycling conditions followed the manufacturer’s 

recommendations with an annealing temperature of 60 °C, 35 cycles of amplification and a final 

extension at 60 °C for 30 minutes. All remaining primer pairs that had not yet been amplified in 

multiplex were amplified at 250 nM in their respective allocated multiplexes to gauge strength of the 

products. 
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Complete primer mixes (11 or 12 loci) for the three respective multiplexes were made using each 

primer at 250 nM concentration, then each mix diluted in series to 125 nM, 62.5 nM and 31.25 nM 

and used to amplify 1 or 2 ng DNA template. These serial dilutions enabled relatively quick 

identification of the optimal primer concentration for each locus based on amplification efficacy 

(weak, optimal or overloaded product) at the different concentrations. These amplifications were 

also trialled at 27 PCR cycles.  

Cycling conditions were altered to 29 cycles for subsequent optimisation reactions to mirror the 

commercially available Globalfiler (Life Technologies) STR profiling kit used in human forensic 

investigations. Subsequent multiplex assay optimisation proceeded in a 25µL reaction volume using 

12.5µL Multiplex PCR Mastermix (Qiagen), 11.5 µL of primer mix (primers present in varying 

concentrations) and 1 ng template DNA. PCR conditions were initial activation at 95°C for 15 

minutes, followed by 29 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 90 s, and 

extension at 72°C for 60 s, concluded with a final extension step of 60°C for 30 minutes to promote 

complete product adenylation [53].  

Four different DNA templates diluted to 1 ng/µL were used and single primer pair concentrations 

were altered based on the amplification products obtained at previous concentrations and cycle 

numbers to strengthen or weaken products in order to achieve balance across the profile. Four 

optimisation rounds were performed tweaking primer concentrations towards balanced profiles. 

Different DNA templates were substituted in to expand initial screening results, but sample 62456 

was always retained as a constant to compare inter-locus balance between optimisation rounds.  

At the end of four optimisation rounds (when profiles were somewhat balanced), a screening 

amplification round was performed on a much larger number of individuals to gauge whether 

rearrangement of loci within and between assays was necessary due to emerging locus overlaps.  

3.4.6 Multiplex assay redesign & optimisation 

The multiplex assays were rearranged into three 11-plex assays exhibiting no overlapping allelic 

windows between loci. Some primers were redesigned to improve fit within new multiplex layout, to 

adjust Tm to improve multiplex amplification and to ‘PIG-tail’ one primer of the pair with either a 

single Guanine base or ‘GTTTCTT’ at the 5’ end to promote complete adenylation [52]. The loci 

chosen to be the three quality markers were updated for improved peak morphology. Two of these 

quality markers were placed in the low molecular weight region of the multiplex to ensure that 

these quality indicators are still amplified in weak and degraded samples.  

The reconfigured multiplex assays underwent three further rounds of optimisation. Optimised 

primer concentrations for the three finalised multiplexes are given in table 1 of [54] (embedded in 

appendix 3.1). Inter-locus and intra-locus peak balances of profiles resulting from the optimised 

assays are sufficient to indicate the presence of null alleles due to primer binding site mutations and 

also the presence of degraded or inhibited samples where a ski slope effect is exhibited by strong 

low molecular weight product tailing through to weak or non-existent high molecular weight 

product.  An allelic ladder was developed corresponding to each multiplex assay to ensure accurate 

genotyping between different electrophoretic runs (detailed in the following section).  
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During profiling, inconsistent absolute base pair sizing (precluding allele calling to single base pair 

accuracy) was soon noted, affecting peaks between 200 – 300 bp in size (see discussion section 

3.6.2.2). The Liz600 was substituted and the issue resolved. At least one allelic ladder was included 

per 31 samples; three allelic ladders were included on a 96 well plate to account for any potential 

migration shift across the course of the six injections. Data was analysed using GeneMapper ID v3.0 

and applying panel and bin sets developed for each multiplex assay as outlined below. Samples 

displaying spectral saturation, resulting in pull up peaks in neighbouring dye sets were rerun at a 

dilution of either 1/50 or 1/100 based on degree of pull up. This was rarely necessary due to prior 

quantification of neat DNA extract and only occurred when the undiluted extract was very strong.  

3.4.7 Construction of allelic ladders  

The initial screening dataset (n43) was examined to identify all unique alleles at each locus. 

Heterozygous individuals were chosen that represented the majority of alleles present without 

duplication of an allele between two individuals. Singleplex PCR reactions were performed in 25µL 

reactions using 2x My Taq Hotstart Mix, 0.4 µM each primer and 0.5-3 µL additions of DNA template 

for each of the heterozygotes chosen for the specific locus (depending on initial amplification 

strength), resulting in a mixed DNA genotype per locus. A second round of singleplex reactions were 

performed including only DNA template from weak individuals and first and second round PCR 

products pooled to achieve greater balance in each single locus DNA mixture. Singleplex mixtures for 

each multiplex assay were pooled and visualised by fragment analysis. More singleplex product was 

added to strengthen weak loci in the resulting ladder profile.  Subsequent alleles were added to 

ladders through the addition of mixed DNA singleplex template to the pooled ladder sample to 

improve the allelic representation of ladders as more alleles became known. Three allelic ladders 

were created, one for each respective multiplex containing all loci within that multiplex. 

Panel and bin sets were created in Genemapper ID v3.0 (Applied Biosystems) for all three allelic 

ladders, based on the alleles used in each ladder. Stutter peaks were also used to designate allelic 

bins. Any micro-variant alleles (not complete motif repeat units) included in the allelic ladder were 

labelled with red bars to assist allele calling. Not every variant could be included in the ladder, either 

because the variant had not been seen in the dataset or due to limited resources. Virtual allele bins 

were created in Genemapper to assist calling of alleles that fell in gaps between ladder alleles. These 

were placed where a complete motif variant would theoretically lie (e.g. four base pairs away from a 

simple tetramer allele). These were applied with caution and only in close vicinity (up to 8 base 

pairs) from viewed alleles. Due to the nature of size migration, base pair size designations do not 

absolutely reflect underlying base pair number and drift is known to accumulate with distance from 

an allele. For this reason the allelic ladder bins need to be based on the sizes seen rather than those 

expected. Bin designations were based on the average size between ladders from the same plate run 

at both FSSA and Flinders. The Local Southern [55]) method of peak sizing against the internal size 

standard was chosen for sizing products. 

An initial 43 individuals were screened with the original multiplex conformations prior to redesign. 

Following the above method, ladders were also constructed to accurately genotype these individuals 

incorporating the old multiplex layout. Panel and bin sets were not used for these ladders. 

Individuals were typed by hand with comparison to the peaks of known allele size included in the 

allelic ladder.  
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3.4.8 Ladder immortalisation 

Light allelic ladder was diluted 1/1000 and 1/1000000 using PCR-grade H2O. PCR amplification was 

performed in a 12 µL reaction including 6 µL Qiagen Multiplex mastermix, 5 µL Light primer mix and 

1 µL diluted ladder template. Amplifications were performed using the cycling conditions described 

in 3.4.5 with cycle number adjusted to 15, 22 and 29 total amplification cycles. PCR products were 

visualised by 3130xl fragment analysis. 

3.4.9 Validation 

3.4.9.1 Repeatability  

During the optimisation of the multiplex assays, sample ABTC 62456 was included on every run for 

comparative purposes. This included four optimisation runs on the 3130xl instrument at Flinders 

University, except for the Dark optimisation assay which was run twice. Light assay Optimisation 1 

run was excluded from the repeatability study due to anomalous results (see results section 3.5.6.1). 

One PCR plate incorporating all three multiplex assays was amplified in the Flinders laboratory and 

then run twice on the 3130xl instrument at Forensic Science SA (FSSA). The same plate was 

subsequently rerun on the Flinders 3130xl instrument. The data on repeatability were collated from 

six runs for the Light assay, seven runs for the Medium assay and eight runs for Dark assay. Locus 

MS4h was added to the Medium multiplex assay during reconfiguration and was not run in enough 

replicates to be included in the repeatability study. 

3.4.9.2 Reproducibility 

As detailed above, one PCR plate was run on independent capillary electrophoresis instruments at 

FSSA and Flinders respectively with two weeks separation between runs. This does not constitute a 

true reproducibility experiment (see section 3.6.3.4 for further discussion). 

3.4.9.3 Heterozygote balance 

Profile data were collated from samples genotyped using the three optimised multiplex assays and 

validation tests. Only loci exhibiting heterozygote peaks >1000 RFU were included, as average peak 

height has a recognised inverse correlation with variability in heterozygote balance (Hb) [56]. This 

also avoided samples for which poor DNA quality led to a ‘ski slope’ effect of imbalance in alleles of 

large size differences within a locus. The heterozygote balance of each allele pair was calculated by:  

Hb = φHMW/φLMW 

where φHMW is the height in RFU of the high molecular weight product and φLMW is the weight of 

the low molecular weight product. The mean, variance and standard deviation of Hb were calculated 

per locus.  

3.4.9.4 Species specificity 

Cross-species amplification success was determined for all Australian python species and a number 

of less closely related Australasian python species of forensic significance, as well as human DNA 

template. PCR amplifications were performed using singleplex MRT reactions as per section 3.4.3.3. 
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Details of the species included are listed in table 1 of the embedded publication [54], appendix 3.3 

and geographic ranges of the included species are shown in figure 1 of the same publication.  

3.4.9.5 Assay sensitivity 

The three multiplex assays were amplified using DNA template of one individual (ABTC 62456) 

diluted to decreasing concentrations to ascertain the lower limit for DNA profiling. Amplifications 

were performed as per section 3.4.5 with addition of the following concentrations of DNA template: 

5 ng, 2 ng, 1 ng, 500 pg, 250 pg, 125 pg, 62.5 pg, 31.25 pg, 15.63 pg, 7.8 pg, 4 pg and 2 pg. 

3.4.9.6 Selectivity 

Appendix 3.5 provides details of the sample types used in this study, the range of which includes 

blood, liver, muscle, scale clipping, sloughed skin, tail and tissue. The effectiveness of each of these 

tissue types to provide a full DNA profile was reviewed. 

3.4.9.7 Sanger sequencing  

Sanger sequencing was performed to confirm the underlying repeat motif at each locus. Due to the 

high number of alleles obtained during this study, only a subset of alleles could be sequenced, 

however representative alleles from all loci were sequenced. Homozygote individuals were amplified 

in singleplex reactions using unlabelled primers. Amplification reactions contained 0.5-1 µL extracted 

DNA template (~1-5 ng),  200 nM dNTPs, 1.5 mM MgCl2, 1.25 µM of each primer and 1 unit of 

Mango Taq DNA Polymerase (BIOLINE, Australia) in a total volume of 20 µL. Cycling conditions were 

35 cycles of: denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, and extension at 72 °C for 15 

s. Successful product amplification was confirmed and DNA concentration estimated by 2% agarose 

gel electrophoresis and visualization by ethidium bromide (10 mg/mL) using a Bio-Rad Gel Doc and 

Image Lab Software (Bio-Rad Australia). PCR products were cleaned up in preparation for sequencing 

using ExoSap (GE Healthcare, Australia), following the manufacturer's protocol. DNA sequencing 

using either forward or reverse primer was performed by the Australian Genome Research Facility 

(AGRF) (Adelaide, Australia). Sequence alignment and editing was performed using Geneious v5.4.3 

(Biomatters). The MS locus sequences were aligned with the existing Genbank records for each locus 

representing individual ABTC 55000: MS2, AF403194; MS3, AF403195; MS4, AF403196; MS9, 

AF403201; MS13, AF403205; MS16, AF403208; MS17, AF403209; MS25, AF403217; MS27, AF403219 

(from [42]) and novel MsF primer sequences were aligned with sequence created from the initial 

MPS sequencing of individual ABTC 30087. Allele nomenclature was based on the underlying repeat 

motif number, as per [44,57].  

3.4.10 Sample genotyping 

The three multiplex primer assays were used to genotype native carpet pythons collected 

extensively from across the entire geographic range of the species. Two allelic ladders were included 

per plate, one at the start and one at the end, as ladder alleles were seen to migrate in an equivalent 

manner at these positions negating the need for extra ladder samples within the run plate. Samples 

were genotyped using allele calls corresponding to the underlying base motif number (in accordance 

with recommendation 7 of [44]).  
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3.4.11 Construction of an STR reference database and quality control  

Genotypes obtained from all samples profiled using the three multiplex assays were collated in an 

Excel spreadsheet. All genotypes from any sample analysed on multiple occasions in separate runs 

were compared to ensure congruent results and any discrepancies were opened (with respective 

allele ladders) and compared directly in a Genemapper project. Where two individuals exhibited 

identical genotypes, one of these was removed from the dataset to avoid potential analytical 

difficulties caused by incidence of close relatives in the database or accidental repeated sampling of 

the same individual. 

Any snakes with species name recorded as other than Morelia spilota or M. bredli, unspecified 

locality data, specified captive or hybrid, or exhibiting mixed profiles or profile ambiguities were 

removed from the dataset (although these samples can provide further utility as unknowns for the 

geographic assignment testing conducted in the following chapter). One individual exhibited a tri-

allelic genotype at MsF24; this locus was omitted from analysis for this individual.  Any homozygote 

loci that exhibited inter-locus peak balance patterns suggestive of presence of a null allele caused by 

primer binding site mutation were excluded from analyses. If any doubt was retained in an allele call 

within an individual, then this allele was specified as unknown. Any individual for which there was 

remaining doubt in the genotype was removed from the dataset. Any products suspected to be 

variant alleles due to anomalous size migration were designated the allele name with a * to 

differentiate them from other alleles of the same identity. Three of the 27 typed loci were removed 

from the final genotype dataset during quality assurance evaluation (see section 3.5.9 for further 

discussion about these observations). 

Allele designations were converted directly to absolute base pair designations using an Excel Macro 

function for ease of downstream analysis in the software packages applied in this chapter. Each 

locus was converted individually. A colour based check was incorporated into the function to detect 

any unsuccessful conversions due to notation errors and all conversions were rechecked manually. 

As the largest allele identified was 525 bp, the four alleles designated * were allocated absolute base 

pair designations 600-603 to differentiate these as unique alleles. 

3.4.12 STR database characteristics  

GenAlEx v6.5 [58] was used to calculate population genetic parameters and estimate discrimination 

power. Estimates of the least and most common genotypes present in the population were 

calculated following [59]. Hardy-Weinberg’s 2pq was applied to each locus using of the two most 

common allele frequencies and the results multiplied across all 24 loci to estimate the most common 

theoretical genotype frequency in the population [60]. The rarest allele frequency was calculated 

using the 5/2N minimum allele frequency rule (representing a minimum of five observations in the 

population) following [60,61].  

Exact tests for deviations from Hardy Weinberg Equilibrium and examination for linkage 

disequilibrium between loci were conducted using Genepop on the Web (Genepop 4.2 ref). To 

detect equilibrium within loci, the probability option was run using the settings 1000 

dememorization steps, 5000 batches and 10000 iterations per batch. Linkage testing was performed 

using the log likelihood ratio test (G-test) with Markov Chain Monte Carlo simulation settings of 

1000 dememorization steps and 5000 batches, each at 10000 iterations.   



 
 

158 
 

3.5 Results and Discussion 

3.5.1 Characterisation of Novel STR Loci 

A total of 133,193 raw sequence reads were returned from MPS, yielding 7486 sequences containing 

unique STR loci. Primers were designed for 3225 loci. Sixty-five unique simple tetra- and penta-

nucleotide repeat motifs were shortlisted. The maximum size of sequences containing simple motifs 

was 267 base pairs. Mutation rates have been demonstrated to increase with product size [62], so 

loci with longer amplicons were prioritised in the expectation that they would have higher mutation 

rates and therefore increased polymorphism and discrimination power. Loci with compound and 

complex motifs as well as sequences constructed of contigs were included to increase choices of 

amplicons of the high molecular weight range for multiplexing. Capillary electrophoresis 

instrumentation and available size standards easily allow fragment analysis of sequences up to 600 

base pairs in length.  A total of 167 putative STR loci were available for consideration with the 

longest amplification fragment size being 543 bp. Of these, 101 were shortlisted and ranked by 

repeat length and size to assess multiplexing options (figure 3.3). Thirty-six primer pairs were 

ordered with MRT tag sequences incorporated. Initial screening of fourteen individuals yielded eight 

loci that were discarded due to >2 amplification products, absence of amplification products or very 

poor peak morphology (figure 3.4). Of the remaining loci, allelic diversity ranged between 5-16 

alleles. Allelic size ranges of loci ranged between 16-81 bp. Figure 3.5 shows the resulting ‘ladder of 

alleles’ from singleplex amplification of mixed DNA template from eight individuals, indicating a 

desirable allele diversity and range at this locus.  See embedded publication [63] (appendix 3.2) for 

results of the MRT screening. 

Taylor [43] screened 481 python samples with eight MS primers. Reported allele number ranged 

between 12-48 alleles per locus and allelic windows ranged between 48-156 bp. White (2011, 

unpublished) screened eight Morelia spilota samples with nine MS primers and obtained between 

four and nine alleles per locus with 22-84 bp allelic ranges. Nine MS primer pairs were chosen for 

inclusion in this study, prioritised by allelic diversity and size range, four also due to their overlap 

between the Taylor and White studies. Three loci were chosen due to interesting characteristics 

reported by Taylor [43]; MS3, MS13 and MS27 were all reported to exhibit indels, which could be of 

interest in indicating further population differentiation events masked by the homoplasy of rapidly 

mutating tandem repeats.  

To avoid increased stutter artefacts associated with the smaller di- and tri-nucleotide repeat motifs, 

tetra-, penta- and hexa-motifs were targeted during initial locus selection. Tetra-nucleotide repeats 

are most commonly used in human forensic STR analysis [44,60], however the larger motif types 

were chosen also to examine whether these offered any potential advantage over four base pair 

repeats. The initial 36 loci included four loci representing simple penta-nucleotide repeat motifs.  

One of these loci (MsF6) failed to generate data from multiple attempts at Sanger sequencing, so 

was removed from the dataset. Another locus (MsF14) exhibited complications in consistent 

amplification, which was identified to be due to a repeat motif in the primer sequence that was 

originally overlooked (see embedded publication [64], appendix 3.4). The other two penta-

nucleotide motif loci amplified consistent product and were included in the final dataset.  
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Figure 3.3: Planning chart of short-listed pure (<300 bp), compound and complex (>300 bp) STR loci. Colour heat map (bottom right) represents locus repeat motif number. 

Unshaded box contains product size (bp) using preferential primers, whereas other shaded boxes in row represent product size using alternative primers.
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Figure 3.4: Examples of product scoring during MRT testing. Undesirable results are shown in i) no PCR 

product, and ii) more than two PCR products. iii) Two loci exhibit desirable products involving stutter peaks 

and the expected allele size separation reflecting the underlying motif type, thereby representing true STR 

amplification products. 

 

 

Figure 3.5: Amplification of a mixed DNA template of eight individuals using a single primer pair to determine 

the degree of allelic diversity at a locus. 

A compound locus containing two penta-nucleotide motifs separated by a single base (MsF34) 

amplified what appeared to be genuine STR product, but was outranked by the loci chosen for the 

final multiplex marker set. 

No preferable simple hexa-nucleotide repeat motifs were identified during in silico locus 

examination. One compound locus (MsF35) contained two tetra- motifs followed by a hexa-

nucleotide motif. This locus failed to amplify any products during the MRT screening stage and was 

discarded. The initial 36 locus marker set was chosen to contain 29 simple repeat motifs and as well 
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as seven compound/complex motifs to see whether these brought any added advantage over simple 

repeat motifs (note that seven of the final MS markers chosen were compound or complex while 

only two were simple repeat types). However, interrupted repeat types have been observed to show 

decreased mutation rates [62], so the majority of motifs selected were simple. Certainly, the 

compound and complex markers displayed a much higher incidence of micro-variant alleles than the 

simple repeat motifs (see coloured bars on ladder diagrams), leading to much higher allele counts 

per locus. In the developmental stages of the project this was considered an advantage for 

maximising heterozygosity and therefore the discriminatory power of the assay. However, as will be 

discussed in chapter 4, high allelic diversity brought its own challenges, complicating the estimation 

of accurate allele frequencies from which to calculate discriminatory statistics.      

3.5.2 Multiplex assay design & optimisation 

There were a number of initial considerations for arranging the multiplex assays. A primary concern 

was the inclusion of all top ranked MsF and MS loci while avoiding allelic size range overlap within 

the same dye channel of the same multiplex assay. Having been screened in such a large number of 

samples, the MS loci exhibited a high number of alleles and a related large allelic range. This 

indicated that fitting more than one or two loci within a dye channel might be problematic once 

sample screening had been expanded – a consideration to be dealt with down the track. Translation 

of the MRT amplification products to a size range for STR multiplexing required a 30 bp decrease in 

product size with the removal of the MRT tag sequences from the primers. Any MS primers included 

in the study would either need to be tagged with the same fluorophore as used by previous studies, 

or an offset applied to the absolute base pair size of the fragment corresponding to the different 

fluorophore mobility, for cross-comparison between studies to be effective [65].   

Qiagen Multiplex Kit results were far superior to Amplitaq Gold II results, the latter only partially 

amplifying the included loci. Cycling parameters were optimised to 29 amplification rounds and 

addition of 1 µL of ~1 ng DNA template in line with commercial STR kits (e.g. [73,74]). The use of 27 

and 35 cycles created partial and grossly overloaded DNA profiles, respectively. A reaction volume of 

20uL was used, but once 22 primer pairs were added, the reaction volume was adjusted to 25 µL to 

keep the reaction components in the required balance of concentrations whist allowing addition of 

many primers.   

Figure 3.6 illustrates iterations of charts used to plan the layout of the three multiplex assays over 

the course of the design stage. This initial design based on MRT screening in up to 17 individuals 

allowed the three multiplex assays to contain either two or three loci per dye channel without allelic 

window overlap between loci in the same channel of the same assay. The three purple bordered 

allele ranges, MsF31, MS17 and MS2, represent those three loci included in all assays as redundant 

quality markers. These loci were chosen because their allele ranges did not overlap with allele 

ranges of any other loci labelled with the same fluorophore across all three assays. Ideally, at least 

one quality marker should be placed down the low molecular weight range so that there is still a flag 

for non-concordance between assays in degraded samples. It is a difficult trade-off because 

degraded samples might only amplify small fragments and including two extra unique loci rather 

than a redundant quality marker across the three multiplexes could add much needed discrimination 
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a) 
Locus 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 300 305 310 315 320 325 330 335 340 345 350 355 360 365 370 375 380 385 390 395 400 405 410 415 420 425 430 435 440 445 450 455 460 465 470 475 480 485 490 495 500 505 510 515 520 525 530 535 540 545 550 555

MS3 169 48 323

MS4 372 12 420
MS9 (QA) 151 16 204
MS13 138 38 271

MsF2 149 12 193

MsF3 159 158 10 206

MsF4 126 132 18 208

MsF5 180 10 216

MsF9 (QA) 171 191 6(8) 211

MsF15 392 395 8 430
MsF26 350 357 9 393
MsF8 (QA) 179 192 8(9) 220

MsF16 349 358 9 393
MsF17 354 368 10 415

MsF18 190/194 11 236

MsF24 352 355 8 388
MsF25 345 351 5 382
MsF33 401 422 16 502

MsF6 91 122 9 166

MsF22 358 376 7 408
MsF27 388 403 9 447
MsF28 358 374 11 429
MsF34 344 352 9 386

MsF10 145 158 14 226

MsF29 112 116 10? 174

MsF31 107 120 10 157

MS27 185 21 320

MS16 338 29 436

MsF13 348 361 11 389
MsF14 344 364 9 401
MsF19 164 172? 181 7 or 8 198

b)
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Figure 3.6: Iterations of multiplex planning. a) initial mapping, b) reordering of loci by product length and allocating fluorophore (colour) and multiplex (shade), c) 

locus sizes updated based on further screening, and d) redesigned multiplex assays. 
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Figure 3.6 (cont.): Iterations of multiplex planning. a) initial mapping, b) reordering of loci by product length and allocating fluorophore (colour) and multiplex 

(shade), c) locus sizes updated based on further screening, and d) redesigned multiplex assays. 
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Figure 3.6 (cont.): Iterations of multiplex planning. a) initial mapping, b) reordering of loci by product length and allocating fluorophore (colour) and multiplex 

(shade), c) locus sizes updated based on further screening, and d) redesigned multiplex assays. 
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Figure 3.6 (cont.): Iterations of multiplex planning. a) initial mapping, b) reordering of loci by product length and allocating fluorophore (colour) and multiplex 

(shade), c) locus sizes updated based on further screening, and d) redesigned multiplex assays. 
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power to the final statistic. However, quality assurance is paramount in forensic assays and a highly 

discriminating statistic is perilous if the final profile has been unknowingly combined from two 

different individuals due to sample mix up between multiplex assays.    

Primer design had to be well planned prior to synthesis, as the large fluorescently labelled marker 

set would be expensive to resynthesise. Primer design had been conducted using a standardised 

annealing temperature to facilitate multiplexing all primer pairs at the same optimal annealing 

temperature.  The relatively high (60 °C) PCR annealing temperature maintained annealing 

stringency. Although some potential primer interactions were identified when the primers were 

analysed using the Multiple Primer web tool, these did not appear to affect the multiplex at the 

chosen melting temperature. Almost all loci performed well at this temperature; locus MS4 was 

redesigned due to poor amplification relating to low primer annealing temperature. 

Primers were immediately redesigned for two loci (MsF16 and MsF26) prior to synthesis to yield 

shorter amplicons because they were noted to fall in a region that was highly congested with loci of 

overlapping product size (compare b) and c) of figure 3.6). This move attempted to avoid overlap in 

the later stages of database screening. A smaller product size is also advantageous for the higher 

likelihood of successful amplification with degraded or low concentration DNA template. Likewise 

the primers from locus MS27 from Taylor’s [43] study were redesigned to give a smaller product and 

more evenly spread the FAM labelled products across the multiplex size range (compare a) and b) of 

figure 3.6). This was an important marker to include because Taylor had noted an indel in the 

flanking region captured by the primers that could distinguish population traits masked by 

homoplasy in the STR allelic variability itself. Both primers were redesigned to shorten the amplicon 

product as much as possible while conserving the indel within the flanking region (figure 3.7). Both 

original MS27 primers also showed potential complementarity with other locus primers, so redesign 

(new primers and locus suffixed with ‘s’) served the dual purpose of shortening the amplicon size 

and overcoming potential primer-primer interactions during multiplexing. 

As a polymerase replicates a DNA template, it will add a terminal nucleotide (adenosine in most 

cases) to the 3’ end of the complementary strand, known as adenylation. Whether or not this has 

occurred is of no consequence for agarose gel electrophoresis visualisation. Inconsistent or 

incomplete adenylation does cause issues with genotyping by high resolution of capillary 

electrophoresis, which allows discrimination between single base pair products and for which micro-

variant alleles are likely to be separated by single bases. The result is a shouldering of the target 

peak or a split peak.  

Techniques can be employed to encourage complete adenylation. Addition of a final incubation step 

of 60 °C for 30 minutes can encourage complete adenylation of the complementary strand [53]. 

Another technique to promote complete adenylation is to commence the reverse primer sequence 

(seeing as the labelled complementary forward primer is the product visualised 
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Figure 3.7: Positions of original primers designed by Phil Jordan and applied by Duncan Taylor at locus MS27, as well as slightly smaller primers designed during this project to 

shorten the product length while retaining the flanking region indel (shown in pink). 
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during electrophoresis) with a guanosine base [52]. This will ensure the visualised product ends in an 

adenosine nucleotide. During primer design, all initial reverse primers had a G nucleotide added to 

the 5’ end to encourage complete adenylation. The MS primer set designed by Jordan and 

colleagues [42] was noted to give split peaks on occasion. A seven nucleotide tail was added to this 

primer pair, slightly modified from the ‘GTTTCTT’ pigtail reported by Brownstein and colleagues [52] 

to promote adenylation, to overcome the poor morphology initially seen. The new primer was 

named MS3Rt to denote inclusion of the tag sequence. This primer pair gave consistently good peak 

morphology with absent shouldering, as can be seen in the Medium ladder and multiplex profile 

results presented in the embedded publication [54], appendix 3.1. 

Initial amplifications using the QIAGEN Multiplex Mastermix yielded amplification products at all loci, 

although some were quite weak and others were very overloaded. Primer concentrations were 

varied, which resulted in better balance between loci across the profile in subsequent optimisation 

rounds. Initial optimisation results obtained from the Light locus are shown in Appendix 3.6. 

3.5.3 Multiplex assay redesign 

As anticipated, screening of an initial 43 individuals resulted in an expansion of allele ranges that 

required a redesign of the multiplex assay to avoid allele range overlaps between loci. When 

rearranging the multiplex layout, if any locus required a fluorophore switch, then an allele base pair 

size correction corresponding to the shift in migration caused by the alternate dye label would need 

to be applied. This however was not an issue as all fluorescent labels were able to be retained for 

the final conformation.  

The following changes were applied (figure 3.6, see b), c) and d) ): locus MsF6 was discarded because 

all attempts to sequence the underlying repeat motif failed and was replaced by MsF5, which was 

designated a quality marker and added to all three multiplexes; MS2 and MS17 were removed as 

quality markers due to a large number of micro-variants causing extended size ranges and overlap in 

multiple assays, so these were retained in only the Medium and Dark multiplexes respectively; 

MsF22 replaced MS17 as a quality marker due to improved peak morphology and a smaller allele 

range, allowing it to fit easily within all three multiplex assays; MS4 was removed from the Light 

assay and replaced by MS4h in the Dark assay; MsF28 reverse primer was redesigned to capture an 

indel in the flanking region; MsF4 and MsF27 were moved from Dark to Medium and MsF14 was 

moved from Medium to Dark; MsF33 was moved from the Dark assay to the Light assay. 

Four loci required primer redesign. Locus MS4 was redesigned due to consistently poor 

amplification. The Tm and GC content of Taylor’s reverse primer were noted as considerably lower 

than all other primers. A new forward primer site was picked, adding an additional five base pairs to 

the primer length which raised the GC content and Tm to be uniform with the other primers. This 

primer was designated MS4Fh (h for hot). The resulting amplicons are 30 bp larger than MS4 

amplicons, so the name of the new product MS4h was retained to differentiate the respective  
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Figure 3.8: Locus MsF28 sequence alignments showing the position of the two indels within the flanking region of the MsF28 amplicon. These indels were evident in individual 

ABTC30087 from the Northern Territory, but none of the other sequenced individuals.  
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products from this and previous studies and a 30 bp sequence size increase was applied to all 

products successfully amplified previously using MS4. Primers MsF5R and MsF26R were redesigned 

to shorten the amplicon sizes and shift products from congested areas of the chart to lower 

molecular weight regions. This also enabled the new quality marker to better fit within all three 

multiplex assays.  

Upon sequencing, locus MsF28 was found to have two indels in the flanking region, one an 11 bp 

deletion and the other a single base deletion. The reverse primer was shifted with the logic that 

removing the single base difference and shifting the sequence variation away from a factor of four 

would make individuals with the indel apparent as micro-variants by size migration without the need 

for sequencing (Figure 3.8). The combined 12 bp difference would otherwise make an individual with 

the two deletions indistinguishable from any individuals possessing a complete repeat motif three 

repeat units smaller. It was later realised that this locus is not in fact a tetra- motif, but one of the 

three penta-nucleotide repeat motifs, so individuals possessing the 12 bp deletion should present as 

micro-variants anyway. The reverse primer was redesigned 87 bp upstream to exclude the single 

base insertion and designated MsF28Rsi (s for shorter, i for indel), reducing the new amplicon size. 

This primer design was not completely in vain as the smaller PCR product is favourable for the 

multiplex layout. The smallest allele still sits 45 bp larger than the largest allele in the neighbouring 

PET labelled MsF18 locus and this downstream shift also allows the new MsF22 quality marker to fit 

upstream of the MsF28si allelic window.  

The redesignation of the quality markers meant that these markers are spread across three different 

dye channels and also shifts two QA markers to the low molecular weight region of the profile and 

one to the high molecular weight (which importantly retains the quality feature at two loci in 

degraded or poorly amplifying samples).  

Table 1 of [54] embedded in appendix 3.1 lists the final STR loci included in the three 11-plex 

profiling assays with corresponding primer sequences and optimised primer concentrations for each 

multiplex assay. Figure 1 of this publication provides an example of each multiplex assay.  

3.5.4 Construction of three allelic ladders 

Figure 2 of publication [54] shows the allelic ladder corresponding to each multiplex assay.  

3.5.5 Ladder Immortalisation 

The best allelic ladder reproduction resulted from a 1/1000 dilution amplified for fifteen cycles.  

3.5.6 Validation testing 

3.5.6.1 Repeatability  

The sizing results for Light Optimisation run 1 exhibited a consistent approximate two base pair 

negative shift in the absolute base pair size of all alleles across the profiles.  Although alleles within 

the profile sized correctly in comparison to each other (when comparing sample ABTC62456 alleles 

across optimisation runs), this run was excluded from the repeatability study as results were 

anomalous with the rest of the data. The anomalous migration of this run was initially thought to 

have been caused by either a run specific problem within the instrument, or the result of heavy 
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earth moving works being conducted nearby. However, external vibrations causing the 

instrumentation to knock out of alignment should not cause the observed outcome. The sizing is 

based on comparison to the internal size standard and this is run concurrently with the fragments 

being analysed within each capillary. A difference would not be expected to be seen between the 

migration of the size standard and the migration of the target fragments even with external 

movement - the advantage of including an internal size standard. The anomalous migration is 

believed to be caused by an internal run problem, although the exact nature of the cause is 

unknown. 

Of the 24 loci chosen for the final database, 19 complete loci (34 alleles) exhibited less than 1.00 

absolute base pair migration variability between all runs over all assays, obtained using different 

instruments in two independent laboratories. An average migration range of 0.61 bp was obtained 

over the 34 alleles. The homozygote allele at quality marker MsF31 exhibited 0.82 bp migration 

variability over 21 runs. Four loci (MS25, MS17, MsF16 and MsF33) exhibited at least one allele with 

variability greater than 1.00 bp. The alleles belonging to three of these four loci (MS25, MS17, 

MsF16) sized within the range of 272 bp to 319 bp and had been run using the Liz500 size standard, 

resulting in the inconsistent sizing of these alleles.  

The fourth locus (MsF33) exhibited a large allele sizing at 435 bp which showed 2.24 base pairs 

variability. The two runs conducted on the different instrument at FSSA appear associated with this 

anomaly, both runs sizing below 434.6 absolute bp, whereas all five runs on the Flinders instrument 

sized >435.99 absolute bp. The reason for this anomaly cannot be identified, but this is the only 

instance in the repeatability dataset where an allele has migrated on the FSSA 3130xl instrument 

more than 1 bp different from the Flinders 3130xl. All other instances where the migration range 

exceeded 1 bp showed differentiation in migration size between runs on the same instrument rather 

than differentiation between the two instruments.   

The results indicate the importance of including an allelic ladder with every run. 

3.5.6.2 Reproducibility 

Decreased fluorescence intensity was seen in the samples run at Flinders University following their 

visualisation at FSSA. Fluorophores are light sensitive and fluorescence intensity is known to 

decrease over time [66]. However, the decrease in signal intensity between the two electrophoresis 

events run only two weeks apart did not appear consistent with plate reruns at Flinders. The FSSA 

instrument, which is maintained regularly within an ongoing service contract with Applied 

Biosystems, is suspected to exhibit superior sensitivity to the instrument at the Flinders University 

lab.   

3.5.6.3 Heterozygote balance 

Figure 4 of embedded publication [54], appendix 3.1 provides the mean heterozygote balance seen 

per locus. The error bars represent 95% confidence intervals. Dashed lines represent 60% balance in 

either direction (φHMW peak larger than φLMW peak or vice versa), included to indicate the 

traditional recommended threshold of balance at a single source locus [67], prior to the 

development of continuous models. Only three loci exceed the balance threshold (2σ), but all exhibit 

Hb greater than 50%. All but one locus exhibit a mean balance favouring increased amplification of 
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the LMW product, demonstrating the recognised amplification efficiency bias towards smaller DNA 

templates and therefore alleles containing less repeat units [68].   

3.5.6.4 Species specificity 

The high resolving power that affords STR loci the ability to differentiate individuals within a species 

precludes the application of a developed set to all but the most closely related species of the 

developmental target taxon. Expansion of the species range for which forensic grade STR assays are 

available is hampered by the resource intensive development process (as evidenced in this chapter). 

A pilot study (see appendix 3.2 for embedded publication [63]) was conducted to assess the 

potential of the STR loci developed in the Australasian carpet python for application to other closely 

related pythons of forensic significance.     

All Australian pythons showed successful amplification products at ten or more loci of the developed 

sites cross-amplifying in each species. Amplification success was limited in the more distantly related 

species of the Python genus. Human DNA failed to amplify any product; this is important to ensure 

that contaminating human DNA transfer at the time of collection or previous handling will not 

compromise the result. The pilot study demonstrates the potential of many of the STR markers 

developed for the Australian carpet python to cross-amplify in other Australasian python species of 

forensic significance. A subset of loci have been suggested for multiplex amplification, however locus 

size ranges can vary greatly between species [69], so initial screening using the MRT approach [49] is 

recommended for a small number of individuals of the target species to identify the most 

appropriate loci to pair in a fluorophore channel before the final fluorescently labelled markers are 

ordered for multiplex genotyping. 

3.5.6.5  Assay sensitivity 

Full profiles were obtained across all 24 loci from input DNA concentrations between 5 – 0.5 ng/µL 

template. Spectral saturation or pull-up was observed in all multiplexes at 5 ng/µL and 2 ng input 

volumes. Optimal results were obtained using 1 ng/µL with no pull-up observed and moderate to 

strong amplification of all alleles.  At 250 picograms (pg) per µL, all loci showed amplification 

products in the Light and Dark assays, but locus MS4h was lost from the Medium assay. Addition of 

125 pg/µL template results in homozygote peaks below 150 relative fluorescent units (RFU). 

Although a homozygote peak threshold has not yet been developed for this dataset, the low 

homozygote peak strength indicates potential for heterozygote allele dropout to occur. Partial 

amplification was seen down to 31.25 pg template and below this concentration no genuine locus 

amplification was detected in the Light and Medium assays. Five alleles were called at 15 pg/µL DNA 

input in the Dark assay, but below this concentration any potential allele peaks could not be 

confidently called as such. Determination of thresholds for allelic dropout of loci included in these 

assays is beyond the scope of this study, but should be conducted empirically by any laboratory 

planning to implement these profiling assays in casework. Appendix 3.7 shows the sensitivity results 

for the Light multiplex assay.  

A 1 ng/µL template concentration is recommended for this multiplex, but full profiles have been 

obtained down to half a microliter for the Medium assay and 250 pg/µL for the other assays. The 

threshold for any amplification product has been demonstrated to around 30 pg/µL, except for the 

Dark assay which amplified product down to 15 pg/µL. This result cannot be compared to validation 
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results of one of the commercial kits (e.g. Globalfiler, Applied Biosystems) because the commercial 

test has been run on a 3500xl genetic analyser, known to be more sensitive than the earlier model 

3130xl used in this study.  

3.5.6.6  Selectivity 

Full DNA profiles were obtained from all sample types extracted as part of this project: blood, liver, 

muscle, scale clipping, sloughed skin, tail and tissue. This indicates that all of these samples types are 

appropriate sources of DNA for carpet python DNA profiling.  

3.5.6.7  Sanger sequencing 

Sequencing the underlying STR motif of at least one allele at each locus is an important step of the 

validation process. It is crucial not only for verification that the expected underlying repeat motif is 

responsible for the alleles interpreted by size migration. Allele nomenclature is established by 

identifying the peak migration size that relates to a particular underlying repeat motif number and 

naming all other alleles in accordance.  

Initial screening identified 368 homozygote individuals for potential sequencing. It is good practice 

to sequence a sample with both forward and reverse primers to check that both sequences agree. 

However, with limited resources the decision was made to sequence twice as many individuals in 

one direction to maximise the representation of sequenced alleles. Comparison between 

complementary sequences is particularly important when the sequences are of poor quality and 

there is ambiguity in the base designation at a site. Due to the high quality of genomic DNA available 

for most individuals, sequences returned were either of excellent quality or failed completely.    

A total of 141 sequences were attained. Sequence was unable to be obtained from ten attempts 

(five attempts each with forward and reverse primers) at locus MsF6. This locus was subsequently 

removed from the study. Of the 27 loci included in this study, only MS16 did not give meaningful 

sequence that revealed the nature of the underlying repeat motif. This locus is not recommended 

for application to casework based on other genotyping issues observed [54]. All sequences 

containing a complete STR repeat region (121) have been deposited on Genbank under Accession 

Numbers MG548390-MG548510. See Appendix 3.8 for all sequence details.  

   Repeat motif types 

Of the individuals sequenced, the following loci returned underlying sequences corresponding to 

simple repeat motifs: MS4, MS9, MsF2, MsF3, MsF4, MsF5, MsF8 MsF9, MsF14, MsF15, MsF16, 

MsF17, MsF18, MsF22, MsF24, MsF26, MsF27 and MsF28 (see figure 3.9 for examples). Note that 

many of these loci exhibited micro-variants. Those that show none are MsF3, MsF8 and MsF9, while 

loci MsF16 and MsF22 display a single micro-variant in almost 500 alleles screened (refer to table 2 

in [54]. MsF24 displayed two micro-variants in the low molecular weight alleles (these are both 

confined to a single population as discussed further in chapter 4).  

 

 

 



 
 

174 
 

a) 

b) 

 
Figure 3.9: Example alignments of simple repeat motifs sequenced during this study. a) Locus MsF9, and b) Locus MsF3. Both loci nicely illustrate the stepwise whole motif increase of the 

underlying repeat unit. Five and seven different allelic polymorphisms can be seen based on the underlying complete tetra-nucleotide repeat units, ‘TATC’ and ‘ATGA’, respectively. 
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MsF18 showed a single micro-variant within the common range of alleles (9-21), but the two largest 

alleles sitting outside this allelic range were both micro-variants. It’s possible that these are caused 

by a mutation causing a simple repeat unit to change motif and spiral out of control as seen at MS25 

(figure 3.10), but without sequencing this is pure speculation.  

MsF2 likewise has no micro-variants smaller than allele 20, but many micro-variant alleles larger 

than this size. All sequenced alleles are simple complete repeats except the largest allele, 18, which 

has a SNP present in the STR repeat region (figure 3.11). MsF4 is an example of a locus that 

displayed complete simple repeat motifs in all individuals sequenced, yet the allele frequency 

database shows a number of low frequency .2 micro-variant alleles.  These could be due to an indel, 

but sequencing of individuals with these alleles is necessary to establish whether the variants share 

the same underlying cause.  

Two compound loci are evident, MsF31 and MsF33, while it is debatable whether MS25 is compound 

or complex due to the mutation of a dinucleotide in one individual that is monomorphic in all other 

sequenced individuals (figure 3.10). The six remaining loci (MS2, MS3, MS13, MS16, MS17, MS27) 

are clearly complex, containing a mixture of polymorphic motif types (Appendix 3.8). 

Indels 

Loci MS3, MS13 and MS27 were included in this study because they were reported by Taylor [43] to 

contain indels characteristic to certain populations. A large (AAGG)19 insertion in MS3 directly 

downstream of the STR repeat motif is reported as characteristic of Centralian carpet pythons and 

polymorphic in other populations [43]. This trait was not seen in the two individuals sequenced 

herein, neither of which originated from the Central Australian population.  

An ‘AA’ insertion is present within the STR repeat unit of Locus MS13 and this was seen in two of the 

five individuals sequenced in this project (Figure 3.12). Taylor [43] also reported a 19 bp indel in 

locus MS27 downstream of the complex repeat motif. This indel was present in four of the five 

individuals successfully sequenced for the region and absent in the only individuals representing 

subspecies Morelia spilota imbricata (figure 3.7). Taylor [43] likewise reported the deletion state to 

be unique to individuals within this subspecies range and absent from those outside it. This indel has 

potential to act as a diagnostic assay for carpet pythons originating from this region and to 

investigate alleged hybridisation between this subspecies and others (a topic of interest for South 

Australian enforcement).  

Some characteristics of interest were seen in the flanking regions of the newly characterised loci. 

Locus MsF3F had an ‘A’ insertion in the flanking region upstream of the STR motif. This is most likely 

an artefact of MPS, as the insertion is not seen in any of the eleven sequences obtained by Sanger 

sequencing and alleles of 30087 electrophoretically separate from the other sequenced individuals 

at this locus by degrees of whole repeat units (see figure 3.9b). The sequence peaks representing the 

double ‘A’ in 55479 have poor morphology; it is likely that this is a sequencing artefact at the 

position of a single ‘A’, rather than sequential ‘A’ bases.  
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  Figure 3.10: Alignment of locus MS25 sequences. While four individuals exhibit an MS25 sequence that behaves as a simple repeat unit, a fifth individual exhibits a 

sequence in which the simple repeat unit appears to have mutated into a di-nucleotide repeat unit. 

Figure 3.11: Locus MsF2 sequence alignment showing the SNP site in the STR repeat region. Allele 18 possessed by individual ABTC81028 from Queensland has a point 

mutation in the repeat motif, where a thymine base has mutated to a cytosine base. The nucleotide position is indicated by a red arrow above the consensus sequence. 

The other individuals sequenced are from Northern Territory and South Australia. 
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Figure 3.12: Sequence alignment at locus MS13 showing the indel present within the STR repeat region. The repeat region contains mixed repeat motifs, the majority 

of repeats being tetra-nucleotide in nature, interrupted by a single di-nucleotide motif, but individual 117070 also exhibits three terminal tetra-nucleotide repeat 

units. 
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As noted earlier, sequencing identified the initial MsF28 PCR product to contain two indels. An 11 bp 

indel occurs 114 bp downstream from the STR repeat region and 135 bp upstream from the original 

reverse primer. A second single adenine base deletion is also present 37 bp upstream from the 

reverse primer (see figure 3.8). One sequenced individual possessed both deletions, while all other 

individuals possessed neither. The reverse primer was redesigned to anneal 87 bp upstream, 

excluding the single base pair deletion. Any individual with the 11 bp deletion should appear as a .4 

micro-variant. 

Migration of the alleles at compound locus MsF31 was consistent with the underlying sequence 

repeat number, however inconsistent migration was observed in individual 66267 at MsF33. The 

repeat unit pattern suggests that this individual should exhibit a 25 allele peak, however the actual 

migration indicated a 21 allele was present. A large amount of flanking region between the STR 

region and the reverse primer has not sequenced and it’s possible that an indel is present in this 

area within this individual to cause the migration discrepancy.  

 

Homoplasy and Implications of genotyping by size migration vs sequencing 

Due to their rapid mutation rate that makes them favourable for individualisation, STRs are 

recognised as subject to size homoplasy. Homoplasy is an evolutionary event (e.g. mutation, 

insertion, deletion) that is masked by a subsequent mutation changing the sequence back to its 

ancestral state.  Therefore, two diverged sequences are identical by state, but not identical by 

descent, where one has undergone mutations and back mutations not present in the other [70]. The 

nature of STR mutations occurring under a Stepwise Mutation Model or an Infinite Allele Frequency 

Model is still debated; a Stepwise Mutation Model by nature would exhibit a higher incidence of 

homoplasy, but regardless of the model applied some level of homoplasy will inevitably plague 

rapidly mutating markers.  

The size migration technique used to visualise alleles in forensic testing elevates the degree of 

masked divergence present within the results even further. Polymorphisms exist in underlying 

repeat motifs that are invisible to genotyping by size migration. Locus MsF16 illustrates this well 

(figure 3.13); all eleven sequenced alleles exhibit complete repeat motif patterns (and indeed of the 

243 individuals genotyped in chapter 4, a single micro-variant allele is seen at 10.1), demonstrating 

that this marker mutates in a uniform manner and exhibits fairly low allelic diversity (13 alleles, 5th 

lowest of 24 loci) and polymorphism (Ho= 0.584, 5th lowest of 24 loci).  
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Figure 3.13: Most individuals contain a ‘CATT’ repeat motif for the entire repetitive tract. However, three 

individuals (ABTC51576, ABTC68298 and ABTC68310 contain an underlying mutation of three ‘AATT’ repeat 

units. These three individuals represent the only Morelia spilota imbricata to be sequenced at this locus.    

 

Yet, sequencing reveals SNPs within the STR motifs in three individuals, hidden polymorphism that 

could potentially inform about population processes and assist assignment testing. This 

polymorphism appears from this initial sequencing to potentially be diagnostic of the Morelia spilota 

imbricata subspecies. Other polymorphisms undetected by size migration were evident within the 

STR repeat region (see figure 3.11; Figure 3.14) or the flanking region (Figure 3.15). These SNP sites 

do not appear to change the migration of the peak, but are potentially informative sequence 

characters lost through genotyping by size migration to collate genetic databases. 
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Figure 3.14: Compound STR locus MsF31 shows dual variability, as both of the underlying repeat motifs vary in 

number between individuals. One individual also possesses a point mutation, indicated by the red arrow.  

 

Figure 3.15: A polymorphism can be seen in the flanking region adjacent to the end of the repetitive tract. 

Three individuals possess ‘AA’, instead of ‘AG’; these individuals are all Morelia spilota imbricata and this small 

number of sequences suggests that this could be a polymorphism specific to this subspecies. 

Similar symptoms are seen within compound and complex STRs, where dual variable regions are 

likely to increase the prominence of hidden variability. A compound STR locus includes two 

hypervariable regions and this study has shown that both regions can exhibit size variability (e.g. 

MsF31). This dual polymorphism is demonstrated in the alignments of MsF31 and MsF33 sequences 

(figure 3.14, figure 3.16). When this is the case, there is actually much more variation existing at the 

sequence level than is captured by size migration alone. For instance, an MsF33 allele that has 

(GACA)8(TAGA)16 would be expected to migrate to the same absolute base pair size, and therefore 

exhibit the same allelic designation, as an allele with (GACA)6(TAGA)18, if the remainder of the 

sequence composition is identical between the two alleles. The implications of this hidden variability 

for forensic testing are addressed shortly.  
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Figure 3.16: Similarly to MsF31, MsF33 also shows dual variability in the compound STR sites. 

Underlying variability hinted by size migration 

Sequence alignment is not required when genotyping via size migration. However, four instances 

were seen, all at loci with complex repeat motifs, where the size migration of peaks deviated from 

known alleles in the same size bin by fractions of a base pair. Over the entire dataset, these four 

peaks were seen to migrate inconsistently with all other alleles in relation to their placement within 

the allelic bins. The irregular migration is inferred to relate to difference in the underlying complex 

sequences affecting the rate of migration of these products. The products were considered unique 

to other alleles sizing within the same allele bin for the purpose of the reference database and given 

unique allelic designations for statistical analyses (see the “alternative alleles” in the final rows of 

table 2 in the embedded publication [54], appendix 3.1). None of these products were sequenced 

during this project to determine the cause of the anomalous migration, but this would be an 

interesting point to follow up. Three of the four fluorophores used are represented by these four 

loci, so the issue is not dye specific. Despite the inclusion of the snap freeze step and Hi-Di 

formamide to keep the genotyping products linear, it’s possible that secondary structure formation 

based on the underlying repeat sequences has slightly inhibited the migration of these four 

products.   

Other interesting polymorphisms 

   MsF14 – notes to supplement publication in section 3.5.13 

During database compilation, locus MsF14 was observed to exhibit incomplete allelic amplification, 

correlated with population of origin. Closer examination revealed an STR motif to be present in the 

reverse primer (see embedded publication [64], appendix 3.4). Further characterisation of this locus 

is recommended prior to application to casework.  

Although beyond the scope of this thesis, this locus would be very interesting to examine further in 

relation to population genetic processes. Complete fixation for allele 4 was exhibited by the 

Southwestern carpet python subspecies. This is a penta-nucleotide repeat motif and a .4 micro-

variant was evident in many individuals throughout the allele range. Further investigation is 

warranted to assess whether this polymorphism is population correlated, in which case its inclusion 

could add strength to statistical calculations.    
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  MsF31 sequencing anomaly 

Eight individuals were sequenced in both forward and reverse direction for MsF31 and the addition 

of ABTC30087 from the MPS output totals sequence data for nine individuals at this locus. Sequence 

results from two individuals exhibited a very strange phenomenon. Complementary versions of the 

STR locus appear to have become concatenated during the sequencing reaction with a region of 13 

unique bases linking them (figure 3.17). The two individuals for which this has occurred have a 

number of divergent polymorphisms within this region and one shares homologous sequences with 

other sequenced individuals, so it is unclear why it has occurred in these two individuals and none of 

the others. The small region flanking the duplicated version of the STR is identical between these 

two individuals and the compound repeat motif mirrors the complementary compound repeat motif 

in each. 

Figure 3.17: An anomaly seen in the sequencing of MsF31, the origins of which is unknown; a) two individuals 

show repetitive regions in sequence upstream of the target STR locus, b) closer inspection reveals that these 

two sequences are actually the complementary sequence of the repetitive region and a short length of 

flanking region from the same individual that have somehow become concatenated during sequencing.  Note: 

MsF31R_51576 was trimmed of sequence GTGAGAT adjacent to the reverse primer sequence, so the terminal 

TAA shown does actually correspond with terminal region of STR repeat region. 

The entire 133 bp fragment obtained from the MPS run is shown in this figure, so it’s not possible to 

say whether there is an area partially complementary to forward primer slightly upstream of the 

priming site. This phenomenon could potentially be caused by a translocation of the 3’ end of the 

forward priming site. However, if this were the case, then the other sequenced individuals could be 

expected to show the same duplication pattern in their sequence data, which they do not.      
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3.5.7 Sample genotyping  

A total of 304 carpet pythons were profiled for 27 loci. Nine individuals exhibited no amplification 

product and 36 individuals exhibited alleles at 19 loci or less.  

During electropherogram scrutiny, four individuals each exhibited one allele that displayed 

questionable migration patterns. A single allele at a single locus in each individual migrated 

noticeably closer to the boundary between two allele bins. Comparison of each allele peak and the 

associated allelic ladder to individuals displaying an identical allele peak with associated allelic ladder 

in a single Genemapper project showed obvious discrepancy between in allele migration patterns of 

alleles that should be designated the same call.  All four alleles were unique to each other in allele 

call and locus, however all four loci represented complex repeat motifs. These abnormal migration 

patterns are believed to be caused by differences in the underlying sequence structure and these 

products are therefore treated as independent alleles in subsequent data analyses. 

3.5.8 Reference database construction and quality control  

Of the 27 loci genotyped during reference database construction, three loci MS2, MS16 and MsF14 

were excluded from the reference database due quality assurance issues. Complex locus MS2 

showed inconsistent migration patterns and very poor peak morphology, believed to be due to 

stretches of dinucleotide repeats in the underlying sequence of some alleles (see figure 3 in 

embedded publication [54], appendix 3.1). Many peaks exhibited split morphology. These 

characteristics precluded reliable allele calling to single base pair resolution. Complex locus MS16 

displayed unacceptable amounts of missing data and due to unreliable typing success. Simple penta-

nucleotide repeat motif locus MsF14 exhibited unusual population correlated amplification 

efficiency patterns, which was discovered to be due to an STR repeat motif in the reverse primer 

sequence (see [64], section 3.5.13 for further details). 

A reference genotype database was constructed using 24 loci from 249 individual samples (see 

chapter 4 for further details). Fifteen individuals were excluded due to quality reasons and these are 

specified in Appendix 3.5. The choice of data included in the final reference dataset is a compromise 

between maximising the database size and minimising the amount of missing data present in partial 

profiles. A threshold of 22+ complete loci was chosen as the most appropriate final reference 

dataset. The database includes 52 and 12 individuals with incomplete data at one and two loci 

respectively. The resulting allele frequency database is presented in Table 2 of the embedded 

publication [54], appendix 3.1.  

3.5.9 STR database characteristics  

A total of 752 alleles were observed across 24 loci screened in 249 individuals. Allelic diversity was 

very high across all loci genotyped, ranging between 10 alleles and 88 alleles per locus (table 3.1). 

Observed heterozygosity ranged between 0.397 and 0.865. Mean observed heterozygosity was 

0.671 (s.d. +/- 0.026) and allelic diversity was 0.865 (s.d. +/- 0.014), indicating the high potential of 

the marker set to be powerful markers for discrimination between individuals. The most common 

and rarest genotype estimates were 1 in 1029 and 1 in 1048. The probability of obtaining an identical 

genotype from two individuals chosen at random from the population, assuming that the individuals 
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are siblings (Probability of Identity of Siblings, PISIBS) was 1 x 10-12. These results indicate that the 

multiplex marker set exhibits a very high power of discrimination. 

 

Table 3.1: Population genetic characteristics of the 24 loci included in the final reference database, ordered by 

Polymorphic Information Content. Ho = observed heterozygosity. The heat map indicates the loci with the 

highest numbers of alleles.  

Table 3.2: Degree of deviation from Hardy-Weinberg Equilibrium is shown at each 
of the 24 STR loci calculated using the final reference database of 249 individuals. 
The 24 loci all showed highly significant deviation. P-value <0.05 equals significant 
deviation; S.E. = standard error; Df = degrees of freedom. 

 

The entire 249 reference dataset exhibited highly significant deviation 

from Hardy-Weinberg equilibrium when considered as a single population. 

Hardy-Weinberg Equilibrium is a simplified principle based on the 

underlying assumptions of infinite population size, random mating, non-

overlapping generations within the population, no migration, no mutation 

and no selection [71], all of which are violated by natural populations. For 

this reason, it is acceptable to see a low level of deviation from Hardy-

Weinberg equilibrium in natural populations. This dataset however 

significantly deviates at every locus (table 3.2), indicating that there is 

potentially population sub-structure present. The implications of this for 

forensic testing will be discussed later. Accordingly, the dataset also did 

not display linkage equilibrium; loci that do not conform to HWE will not 

exhibit linkage equilibrium. 

Sub-structuring must be accounted for with the application of a theta correction (θ) when 

calculating forensic statistics. The PISIBS is calculated here because the degree of population 

substructure present within this dataset is yet to be established. The kinship factor of 0.5 applied to 

a sibling relationship is a much more conservative figure than most co-ancestry coefficient 

corrections for substructure seen in wild populations (see table 4.1 in section 4.3.3). This calculation 

is expected to give a more conservative figure than a calculation involving θ based on empirically 

measured population substructure.  
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3.6 Further Discussion  

Four objectives were specified at the outset of this chapter and further considerations within each of 

these areas are elaborated upon in this section.  

3.6.1 To identify a large number (>15) of highly polymorphic tetra- , penta- and hexa-

nucleotide STR loci specific to the carpet python. 

The need for many highly polymorphic loci was evident from previous work conducted on the 

population genetics of carpet pythons [43]. The conduct to achieve this first aim was fairly straight 

forward and warrants no further discussion. 

3.6.2 To combine the novel markers into a small number of multiplex assays and optimise 

the assays for reliable genotyping of all loci. 

3.6.2.1 Assay design 

Routine forensic STR profiling in human DNA investigations involves the application of commercial 

STR kits comprised of primer mixes and buffers that have been highly optimised through ongoing 

development over at least the last decade and a half. Wildlife forensic scientists rarely have the 

luxury to tapping into commercial endeavours in STR assay design, rather primer mixes have to be 

developed and optimised in house. The wildlife forensic scientist requires a much better 

appreciation of primer design and multiplex primer interactions than is ever warranted in the human 

forensic genetics field. 

Simplex primer design was discussed in sections 2.1 and 2.6.1. This discussion builds on that section, 

with the added complexity that combining an increasing number of primers into a single reaction 

tube complicates the process of creating a complete, robust and easily interpretable result. The 

advantages are clear though, particularly when working with traces of potentially degraded forensic 

evidence. Multiplex analysis maximises the information that can be obtained with minimal DNA 

template input (in an application where little template is often available) and minimises the number 

of steps, correspondingly minimising the opportunity for sample mix up and exogenous DNA 

contamination. These outcomes are well worth the initial effort of careful design and comprehensive 

optimisation. 

There are two important preparatory phases of multiplex assay design that must be carefully 

devised to allow interpretable results: multiplex primer design and the visual layout of the resulting 

DNA profile. 

   Multiplex PCR primer design 

The consideration of primer Tm is fundamental to multiplex primer design. Chapter 2 introduced the 

concept that simplex primer pairs must possess the same requirements for PCR conditions in order 

create the target amplification product. Likewise, all primers in a multiplex reaction must have 

similar melting temperatures to produce results using the same reaction conditions. Identifying and 

designing primers manually using Tm hand calculations is a laborious and daunting task, but 

fortunately a suite of primer design software programs have been developed to assist this stage 

(perhaps the most well-known is Primer3,[48]). This function is built into the QDD software that was 
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utilised for this project, so that groups of candidate primers were returned, ranked by their utility in 

relation to multiplexing and the task of choosing the best primers at each locus to be combined into 

a single tube reaction was made somewhat easier.   

The other essential consideration during multiplex primer design is the potential for interactions 

between primers; multiplexing primers in a single reaction greatly increases the risk of primer 

interactions outcompeting target amplification. This would either lead to formation of hairpins if 

primers annealed with themselves, or primer dimer between two primers containing 

complementary sequences (even if as small as a few base pairs), causing failed amplification for both 

loci involved. All possible combinations of primer complementarity must be considered during the 

multiplex planning stage [72]. The computer software 

http://www.thermoscientificbio.com/webtools/multipleprimer/ was very helpful for determining in 

silico interactions prior to primer synthesis.  

Primer-primer interactions are favoured when numerous primers are present at high concentrations 

in a reaction. Chamberlain & Chamberlain [17] observe the increase of non-specific amplification 

artefacts as primer concentrations are increased. Reduction of primer concentrations was an 

important stage of multiplex optimisation rounds reported herein. The PCR annealing temperature 

was kept quite high (60 °C) in order to maintain annealing stringency; decreased annealing 

temperature allows non-specific binding to occur between sequences that contain mismatches in 

sequence, a desirable trait for universal primers, but not for a highly specific STR assay. 

Other considerations discussed in 2.6.1 still stand but do not warrant further comment in the 

context of multiplex development.   

   Assay layout to achieve robust interpretation of results 

John Butler [18] provides excellent preparatory guidelines for STR multiplex assay design, which are 

a must read for anyone undertaking the challenge. The visualisation of the resulting fragments is 

easiest considered on a two dimensional plane. This concept is touched on by Chamberlain & 

Chamberlain [17], but the Butler chapter provides a visual guide to planning the multiplex layout 

(figure 3.2) - which upon reflection is intrinsically obvious when looking at any multiplex profile. Use 

of multiple fluorophores allows multiplexes of loci exhibiting overlapping size ranges, however if loci 

display a narrow allelic window (more often seen in this project from simple sequence motifs), then 

multiple loci can be tagged using the same fluorophore and visualised in the same dye lane on the 

resulting electropherogram.  

The process of planning the multiplex layout during this project was iterative (like many other 

aspects of the multiplex design and application). All primer options were mapped and visualised on a 

2D plane representing size. Loci were prioritised by desirable attributes such as motif type and 

potential repeat length (colours). Once the primers were shortlisted, ordered with MRT tags and 

screened in a small number of individuals, visual charts of locus sizes were composed in order to 

assign loci with non-overlapping allele ranges the same fluorophore (figure 3.3).  It became apparent 

quickly from the large allelic windows in carpet pythons that development of two to three multiplex 

assays would be required to interrogate the desired two dozen or so STR loci. Shades were assigned 

to loci to distinguish between the independent multiplex assays and alternative primers were chosen 

http://www.thermoscientificbio.com/webtools/multipleprimer/
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in some loci to shift their allelic window and avoid overlap or increase the boundaries between locus 

windows in a dye channel.  

   Assay redesign 

The likely need for assay redesign was realised early in the screening process, when a multitude of 

newly appearing alleles were expanding the range of each locus. The propensity of snakes to have 

highly polymorphic STR loci exhibiting large allele size ranges was gleaned through the work of 

Taylor [43] and the compound and complex loci developed in this project continued this trend. This 

also provided an opportunity to reassess and switch two of the chosen quality markers that were 

showing less than ideal characteristics. The frustrating aspect of the multiplex redesign was the 

allelic ladder that had already been designed for the original layout; three more allelic ladders 

needed to be developed based on the new layout.  

The process of redesign can be seen by comparing charts b), c) and d) in figure 3.6. Section 3.5.3 

presented the redesign steps between the first multiplex layout to be optimised and the new 

multiplex layout. Very little primer redesign was required at this point, due to the time invested 

during the initial primer design to identify and solve problems that might potentially arise. A 

redesign step also took place earlier in the project, prior to the initial optimisation. Loci MsF33F, 

MS3F and MsF5F were relabelled with FAM fluorophores to improve locus organisation with the 

three multiplex assays.   

Another alternative approach for consideration in future studies, which might have proven more 

efficient than the redesign of the multiplex assays and associated allelic ladders, is the pooling of the 

43 initially screened individuals into a single tube to be used as template for simplex reactions at 

each of the 27 loci, following the approach demonstrated in figure 3.5. While these samples could be 

pooled into a single run, I would argue that running them separately, or at least pooling only one 

locus per fluorescent label to cut the number of runs to a quarter, would avoid confusion of 

assigning alleles to loci where allelic windows of loci are seen to overlap.  

However, one foreseeable issue to arise from including so many contributors in a single reaction is 

the imbalance in peak heights if allele frequencies vary dramatically at a locus, as was witnessed at 

many loci in this study. Common alleles would become incredibly overloaded, while rare alleles 

would drop out if the run were rerun at a dilution to overcome the gross overloading of fluorescent 

signal. Provided the rare alleles were not at the extremes of the allelic window (which in many cases 

alleles in this study were) then this approach might still give an indication of allelic window size and 

potential overlap between loci. If a study has access to ample amounts of DNA template from a large 

number of individuals, then this experiment might be a worthwhile alternative, precluding or 

minimising the need for extensive multiplex redesign due to lengthening allelic windows.  

3.6.2.2 Incorrectly sizing peaks 

Due to the high number of micro-variants present at many loci within the designed multiplex assays, 

the ability to genotype to single base pair resolution is crucial for robust allele calling. Initial runs 

exhibited inconsistent sizing of peaks occurring between 200-300 base pairs in size. This was 

believed to be caused by the sparse inclusion of sizing peaks representing this size range in the 

Liz500 size standard (peaks included only at 200, 250, 300 and 340 base pair sizes). The Liz500 
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internal size standard product insert was subsequently found to describe temperature related 

inconsistencies in the sizing of the 250 base pair peak. The Local Southern size calling method 

determines lines of best fit based on the two larger and one smaller size standard peaks in relation 

to each unknown allele followed by the two smaller and one larger size standard peaks and then 

takes the average of these to size the unknown peak. This means that the 250 base pair peak would 

be included in the sizing algorithm for any peak falling between 160-340 base pairs, potentially 

introducing inaccuracies into the sizing of these peaks across runs.  Once this issue was identified, 

adoption of the Liz600 size standard enabled accurate sizing across runs. 

3.6.2.3 Advantages and disadvantages of complex and compound primers 

Higher allelic diversity was seen in the loci containing complex motifs than most of those of simple 

repeat motif type (see table 3.1). Of the six loci with complex motifs, four exhibited the highest allele 

counts and Polymorphic Information Content in the dataset and all six were in the top eight highest 

PIC scores. The lowest PIC value seen in a compound motif locus was higher than values at the 

majority of loci containing simple motifs. These loci are clearly useful for increasing the 

discrimination power of an STR assay.  

However, complex STRs are not without their challenges. Two of the complex motif loci were 

removed from the final reference dataset due to quality issues relating to genotyping inconsistencies 

caused by unreliable morphology and migration. Underlying stretches of dinucleotide repeats were 

seen frequently at some of the loci, causing shouldered, inconsistent morphology of peaks and 

stutter patterns characteristic of dinucleotide motifs. Locus MS2 suffered poor peak morphology, 

evidently resulting from the di-nucleotide tracts at the sequence level (see figure 3 of embedded 

publication [54], appendix 3.1). This confounded the deliberate target of tetra-nucleotide repeat loci 

over di-nucleotide repeat loci to maintain the stringent quality standards required of forensic assays. 

The underlying sequences vary to the extent that attempting sequence alignments is at times futile. 

The alignments of MS17 (Figure 3.18) and MS27 (Figure 3.19) show that complex sites do not adhere 

to a single motif pattern, or even motif repeat size and sequence, between individuals at a locus.  

 

 

Figure 3.18: Homoplasy present in the repeat motif sequence of locus MS17. The underlying sequence displays 

at least three variations of tetra-nucleotide repeat, as well as tracts of di-nucleotide repeats in one of the 

individual sequenced. 
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Figure 3.19: Complex underlying repeat regions at locus MS27. a) sequences upon initial alignment, and b) 

further partitioned to display a combination of di-, tetra-, penta- and hexa-nucleotide repeat motifs. Some of 

the hexa-nucleotide motifs are more likely to be tetra-nucleotide motifs with AA insertion at end, as these are 

not seen to repeat. 

Allele nomenclature difficulties at complex loci 

The process of naming alleles corresponding to the underlying repeat number was alluded to earlier. 

All new loci (MsF) adhered to the recommended nomenclature. However at the complex loci for 

which the underlying sequence information content diverged so much, the process is not as straight 

forward as at the MsF loci. Of the loci classed complex, only MS25 displayed behaviour of a simple 

STR motif in three of the four sequenced individuals and the fourth individual mutated into a long 

dinucleotide tract (figure 3.10). Underlying repeat patterns varied markedly and locus MS9 was the 

only pre-existing (MS) locus where the allele name represented the actual underlying repeat 

number. Allele designation at the other complex loci was based on an arbitrary fragment size rather 

than the actual number of underlying repeat motifs for the sake of database collation because it is 

clear that most alleles at the complex STR loci have very different underlying repeat patterns. Thirty-

seven alleles were sequenced across six complex motif loci and not one allele was shared a similar 

underlying pattern within a locus. The consequence is inflated allele frequencies for the ‘common 

loci’ (common sizes of fragments), which is a conservative approach in favour of the defence.  

Information loss from genotyping by size separation 

Asides the high degree of homoplasy already present in the rapidly mutating STR loci, the results 

presented at simple STR loci (MsF2, MsF16, MsF26), compound loci (MsF31, MsF33) and all complex 

loci asides Ms4, Ms9 and Ms25 demonstrate that there is much polymorphism in the data that is lost 

through visualisation by size migration. The implication is that allele frequencies are likely 

overestimated in the database, artificially deflating the match probability, which does work in the 

defendant’s favour. On the flipside, a defendant might actually be excluded as a contributor to a 
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DNA profile if sequencing of their underlying allele repeat motif reveals the DNA sequence to differ 

from the sequence of the evidentiary profile allele at that locus. The benefit of allele sequencing in 

criminal casework is clear and has recently become possible through the application of MPS. 

Implementation of this technology by forensic laboratories remains hampered by numerous issues, 

obvious hurdles being the prohibitive cost of current MPS technology, mass data storage 

requirements which add expense and the difficulty of compatibility with existing searchable 

genotype databases that comprise numerical allele names. The system of allele nomenclature, as 

discussed above, would need to be revised to allow for multiple sequence polymorphisms 

underlying the same fragment size, as well as additional information about SNPs and Indels, all the 

subject of recent discussion within the international forensic science community [73].   

3.6.2.4 Quality aspects of forensic marker set must be maintained 

From the outset of the project, the STR profiling kit was designed in a forensic context for ultimate 

application in criminal investigations involving carpet pythons. For this reason, building stringent 

quality controls into the test took priority. The large number of loci included in the test for the 

purpose of maximising discriminating power dictated that genotyping would have to be conducted 

using multiple assays. The amalgamation of multiple profiles into one final genotype for an individual 

was recognised as a possible point of quality failure, if through error the combined genotypes should 

happen not to originate from the same individual. Three redundant quality markers were built into 

each multiplex assay to flag non-concordance between the three assays for an individual. This should 

allow for any case of template addition from an incorrect individual to be identified and 

investigated. 

The effectiveness of this quality control measure was witnessed firsthand during sample genotyping. 

Two screening plates of 94 samples plus two ladders each were screened using the optimised 

multiplex assays. The Light PCR plates were prepared first, followed by the Dark PCR plates and the 

Medium PCR plates prepared last. When merging the genotypes of samples included on these 

screening plates, four samples included on the Medium screening plate 1 showed discrepant 

genotypes at the QA markers from these sample samples genotyped using the Light and Dark 

multiplex assays. Samples in the same four wells of Medium screening plate 2 also contradicted 

genotypes obtained from each Light and Dark screening plate 2. However, the quality markers in the 

samples on Medium screening plate 2 matched the genotypes obtained by each Light and Dark 

screening plate 1. The quality marker genotypes of all other screened samples were checked and 

excluded as matching all six alleles in each of these four samples, demonstrating that the genotypes 

must have come from the individuals that were included in the same wells on screening plate 1 of 

the Light and Dark assays. Upon reflection, it was realised that when the Medium multiplex assays 

were set up, four individuals were substituted onto screening plate 1 and the four individuals 

replaced on screening plate 1 were shifted onto screening plate 2. Note of this was not made at the 

time (forgotten). It did however act as a useful demonstration of the incorporated quality markers to 

help identify and investigate an incident of sample mix up. 

The quality markers also assisted investigation into an incident of sample contamination. A PCR plate 

was divided in thirds and set up to screen 30 samples and two ladders with each of the multiplex 

assays (columns 1-4 Light, 5-8 Medium and 9-12 Dark). Sample ABTC81320 in wells E4, E8 and E12 

gave a mixed DNA profile resulting from two contributors from the Light and Medium assays, but a 
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single source profile from the Dark assay. The quality marker genotypes of all other screened 

samples were scrutinised and matching alleles found only in sample ABTC81320. This sample was 

designated in wells E3, E7 and E11 of the same plate. Well E11 gave a full profile, but wells E3 and E7 

showed no amplification product, indicating that the DNA template has been added by accident to 

wells E4 and E8.  

Without the information provided by the redundant quality markers, investigating the cause of these 

errors would have been much more difficult and in the case of the sample mix up, the incident might 

otherwise have been overlooked. They have been demonstrated to be a valuable component of the 

multiplex assays to assist in detection and investigation of potential errors during the genotyping 

process. 

Another quality consideration worthy of brief discussion is the removal of a duplicate genotype from 

the database, mentioned in section 3.4.11. While two possible explanations are provided, the 

second scenario of sample mix-up during collection or curation prior to involvement in this project is 

far more likely given the origin of the samples used in this study. This is not intended in any way to 

imply incompetence in museum processes, but simply to point out that the forensic chain-of-

evidence procedures are highly stringent to safeguard against the simple reality that is human error. 

The samples used in this project were not collected using a system of complete traceability, but 

rather opportunistically at times with no verification of collection records by a second person at the 

time of sampling. It is quite possible that mislabelling or sample mix up has occurred at some point 

and the two DNA profiles originate from the same snake (and I suggest more likely than identical 

twins). This demonstrates the importance of sourcing vouchered samples for forensic reference DNA 

databases whenever possible.   

3.6.3 To perform validation studies on the multiplex assays so as to prepare these tests for 

direct application to casework. 

Due to an employment opportunity arising in Scotland, the laboratory component of this project had 

to be concluded just after the time of screening for the reference database. Preliminary validation 

testing was conducted, but an ideal and thorough validation was not possible in the short 

timeframe.  This section outlines the steps that would have been taken to conduct a much more 

comprehensive validation of this marker set.  

Ideally, all stages of validation would have been conducted using the three optimised multiplexes as 

three primer mixes, whereas some stages had to include results from earlier simplex reactions. Data 

analysis of the validation tests also falls short of the ideal completion at times because all runs were 

saved as Genemapper ID .ser files. In Scotland, only Genemapper software is accessible, which does 

not recognise .ser files. It also does not recognise the allelic ladder designed for Genemapper ID (will 

not calibrate bins to centre of peaks and automatically assign alleles), so reanalysis of the raw data 

has been a further challenge.  

3.6.3.1 Assay robustness  

SWGDAM [45] section 3.9.2 specifies that PCR amplification conditions should be optimised, 

including primer concentrations, mastermix concentrations including DNA polymerase and 

magnesium chloride, and cycling parameters. In other sections of the PhD where simplex 
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amplifications were produced, the amount of DNA polymerase added, size of reaction volume and 

concentration of magnesium chloride had been altered for experimentation. In fact, all simplex 

reactions in chapter two were amplified in either 20 µL or 10 µL where template was not required 

for sequencing reactions, to maximise cost effectiveness. The polymerase enzyme manufacturer’s 

routinely recommend that reactions are performed in 50 µL reactions, which is evidently excessive 

and unnecessary for a successful reaction. Where Mango Taq polymerase (Bioline) was used, 

addition of only 1.25 units was found to be sufficient for simplex amplification, despite the 

manufacturer recommending five units.  

Different enzymes were trialled for the STR multiplexing. Amplitaq Gold showed only partial 

amplification of the included loci. For the purpose of multiplexing, the Qiagen Multiplex Kit was 

found to produce excellent multiplex amplification. This kit contains pre-mixed concentrations of 

enzyme and magnesium chloride that have been optimised by the manufacturer. Addition of further 

volumes of these components was not experimented with because the complex amplification was 

working well and alteration would likely lead to suboptimal results and waste expensive reagents. 

With infinite resources, subsequent volumes of polymerase and magnesium chloride would have 

been added to the mastermix. The range around the optimal concentrations, within which the 

reaction maintains robustness would be reported (see [74]ref for an example of this). Cycling 

parameters including annealing temperature and cycle number were optimised and primer 

concentrations followed to fine tune the multiplex balance once the overall cycling parameters had 

been decided.  

3.6.3.2 Repeatability  

This was conducted using sample 62456 from the first round and second round (new configuration 

multiplex) of optimisation screening tests. With more time, this study would have involved screening 

four individuals using the same PCR primer mix replicate times, over multiple days and including set 

up and genotyping by a different lab member. The PCR reactions would have been conducted on the 

different PCR platforms available in the Flinders laboratory. The anomalous run that was removed 

due to a suspected internal run problem demonstrates the importance of including an internal 

positive control with every amplification, the inclusion of which is best practice in all forensic 

casework. Should the same anomaly arise, this known genotype would exhibit incorrect allele 

designations, flagging the issue. Any lab applying this test to casework routinely include a positive 

control of known genotype. 

 

3.6.3.3 Accuracy and Precision  

The assessment of accuracy evaluates the ability of the test to provide a result close to the true 

result, whereas precision involves mutual agreement between replicates, even though the result 

might not be the true result [45]. The repeatability results assessed genotyping precision, but 

genotyping accuracy would also have been characterised if time had permitted. The inclusion of 

allelic ladders with each run and sequencing of alleles facilitate this exercise, but time and the issue 

involving .ser data file inaccessibility mentioned earlier preclude this from being completed within 

this study.  
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3.6.3.4 Reproducibility  

The plate run at FSSA and rerun at Flinders University does not constitute an ideal reproducibility 

study because, despite being run on separate instruments in separate laboratories, it was still set up 

by the same operator. A more extensive reproducibility study would have involved asking a 

collaborating lab (the Australian Museum Genomics Facility, for instance) to genotype a small 

number of my python samples. I would have prepared aliquots of: multiplex mastermix, python DNA 

from half a dozen good quality individuals diluted to 1 ng/µL, the three allelic ladders and primer 

mixes including all eleven primer pairs in the appropriate concentrations for each of the three 

multiplex assays. If they use Genemapper analysis software, then the panel and bin files developed 

for this assay would also have been provided. These would have been mailed to the collaborating lab 

with the request that they genotype the samples using their own instrumentation and return the 24 

locus genotypes obtained.   

3.6.3.5 Sensitivity  

This was one aspect of the validation testing that was able to be completed in the Flinders 

laboratory. All required concentrations were tested using all three multiplexes, allowing the limit of 

detection to be assessed for each assay. The only desired extension to this validation step would be 

to run the results using a 3500xl genetic analyser. This later model instrument is more sensitive and 

would therefore be expected to reveal a lower threshold of detection. Each laboratory implementing 

this multiplex assay would of course be required to conduct a verification study to assess the limit of 

detection applicable to their instrumentation. 

3.6.3.6 Specificity 

The specificity study was conducted using MRT reactions in singleplex. A more thorough specificity 

study would have involved amplification of each species using the three finalised multiplex assays. 

Amplification would ideally have been further expanded upon those included to the individuals 

representing the ten available species of the Morelia genus This was not possible, however given the 

nature of genetic markers demonstrated herein to decrease in efficacy in species of increasing 

genetic divergence, it can similarly be expected that markers will yield improved results for species 

more closely related to the target species of development. The broad headed snake (Hoplocephalus 

bungaroides) might also have been worthwhile including, as it is another snake species of interest to 

Australian law enforcers. There would be no utility to include further reptile species asides snakes if 

poor amplification results were seen in snake species, as the attribute of non-coding STR markers to 

be highly variable within a species also lends the counter attribute that taxa do not have to diverge 

very far in genetic relatedness before the nuclear complement of the STR primer sequences no 

longer exist.     

3.6.3.7 Selectivity  

This study obtained DNA profiles from a number of different sample origins, demonstrating that 

these should all be viable sample types for testing. Ideally, selectivity would also examine the ability 

of different sample types taken from the same individual to produce concordant DNA profiles and 

demonstrate that the DNA profile is not affected by sample source. 
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3.6.3.8 Characterisation of loci 

Guideline 3.1 of SWGDAM [45] states that all loci included in an STR test should be characterised and 

documented. Characterisation includes mapping to determine the chromosomal location of each 

locus (which also aids determination of whether loci on the same chromosome might be linked), 

sequencing of alleles at each locus to demonstrate the nature of the underlying repeat motif and 

inheritance studies using known family groups to determine mode of inheritance and mutation rate. 

Genetic mapping was not within the scope of this project. Mapped genomes of closely related taxa 

are often available online, allowing chromosomal identify of loci to be assessed. However, no 

mapped reference genome was available for a snake species at the time of this study (Todd Castoe, 

pers. comm.). Assessment of linkage disequilibrium using the reference database genotypes is 

reported in the following chapter. 

3.6.3.9 Stutter peak ratio  

The stutter peak artefacts (n-1 peaks) routinely caused by strand slippage during DNA replication of 

repetitive units and therefore characteristic of STR loci were present at all loci included in this study. 

Indeed, stutter artefacts were an asset during locus identification, allowing a true STR product to be 

differentiated from non-target amplification. Characterisation of stutter peaks was not conducted as 

part of this validation, but involves evaluation of the expected proportion of stutter peak to 

associated allele at each locus by dividing the height of the stutter peak by the height of its parent 

peak. This percentage can subsequently be applied as a stutter filter, above which stutter peak labels 

will not automatically be removed by a genotype analysis software package such as Genemapper ID 

(Applied Biosystems).  

Forward stutter (n+1) was very rarely seen during this study.    

3.6.3.10 Other artefacts  

Peak shouldering can occur due to incomplete Adenine addition. This has been discussed earlier in 

this chapter and measures were taken to minimise this, including addition of a ‘G’ base on reverse 

primers and incorporation of an elongated final extension step. As a result, split peaks and 

shouldering were not an issue in the profiles obtained from the optimised multiplexes. Two artefacts 

were seen during routine screening, one at the FAM labelled locus MS25 and the other at the VIC 

labelled locus MS2.  

3.6.3.11 Blind trial tests  

The final stages of the developmental validation process would ideally involve the reproducibility 

test outlined above to show replication of results between independent laboratories, as well as a 

blind trial using DNA extracts simulating case samples. The blind trial involves DNA extracts used in 

the study being selected at random by an independent person, their identities recorded and the 

tubes subsequently relabelled as unknowns. The unknowns are provided to the practitioner, who 

then obtains profiles from the unknowns and matches each profile back to an individual screened 

during the study. This demonstrates the robustness of the testing to identify the same individuals 

from independent tests. The inclusion both of samples included in the reference database to confirm 

concordance of full profiles and poor quality samples excluded from the reference database to 

demonstrate concordance in less than pristine samples would be of benefit.    
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While not specifically part of the validation process, the use of appropriate controls must be 

mentioned when applying this assay to casework. During development, positive and negative PCR 

controls were not applied to maximise samples amplified within the limited resources of the study. 

However, during the blind trial and any application to actual questions of identity positive and 

negative controls must be included during testing to identify false negatives due to a failed PCR and 

false positives due to DNA contamination, respectively.  

3.6.3.12 Mixture studies and stability studies  

These two studies are commonly included in developmental validation of commercial human STR 

profiling systems. However, their utility in non-human STR profiling is arguable, due to their rarity in 

the sample types encountered. Mixed DNA samples from two members of the same species are 

rarely likely to be encountered in investigations that involve python DNA profiling. Should this sort of 

case scenario arise, a validation study involving mixture analyses should be conducted prior to 

reporting of the case samples.  

Stability studies involve examining the effect of inhibitors of PCR amplification of the profile. 

Common inhibitors are haem from blood, humic acid from soil and the dyes found in denim clothing. 

Common commercial forensic grade extraction kits such as the DNA Investigator kit used in this 

study are effective at removing haem from the extract, so inhibition caused by this molecule should 

not be an issue when dealing with extracts obtained using these kits. Samples originating from soil 

are likewise rarely encountered in case scenarios, along with DNA to be extracted from a denim 

substrate. Should these sample types arise, validation testing should be conducted to determine the 

potential effect of inhibition on the DNA profile before reporting of case results. 

3.6.3.13 Determination of allele calling thresholds 

There are two important thresholds not yet discussed that need to be determined in order to 

confidently and robustly interpret a DNA profile. The first is the analytical threshold, otherwise 

called the Limit of Detection or LOD. This is applied to differentiate peaks from background noise 

within the electropherogram. The noise in a capillary electrophoresis detection system is quantified 

through assessing the background noise present in control samples (extraction reagent blanks, 

negative and positive amplification controls) that should be included routinely in forensic casework.  

The LOD is calculated as three standard deviations of the mean of the background noise [75].  

The other threshold is the stochastic threshold, or the Limit of Quantitation (LOQ). This is the level 

below which peak drop out can reasonably be expected to occur. Below this level, stochastic effects 

of amplification introduce difficulties in accurately quantifying an amount of product present. This is 

a particularly important confounding factor for mixture studies, which have traditionally manually 

deconvoluted contributing profiles by assessing the peak height ratios of the different contributors. 

The incidence of mixed samples involving carpet pythons in criminal casework is likely to be low. The 

LOQ is commonly calculated as ten standard deviations of the mean of background noise [75]. While 

heterozygote alleles at a locus of a known single source profile can be interpreted between the 

analytical threshold and the stochastic threshold, single peaks should not be assumed to be a 

homozygote as the probability of heterozygote peak dropout within this range is high. 



 
 

196 
 

These thresholds are specific to analytical conditions and therefore need to be assessed by every 

laboratory applying the multiplex assay as part of the internal validation.  

3.6.3.14 Population data and forensic statistics  

Population data and forensic statistics are the final aspects of the dataset that should be evaluated 

during a developmental validation, which leads into considerations of the final aim of the chapter. 

3.6.4 To compile a DNA reference database from native individuals screened across the 

species range and subject this to statistical analyses in order to comment on direct 

applicability of the tests to casework. 

The whole database statistics associated with this marker set that are presented in this chapter 

demonstrate a high power of discrimination, holding promise for an informative forensic 

individualisation and provenance test for carpet pythons. However, in its current form the reference 

database is not suitable for application to forensic casework. The dataset shows highly significant 

deviation from Hardy-Weinberg equilibrium at every locus. This can be indicative of Wahlund Effect - 

the pooling of sub-populations into one continuous population.  

This result is unsurprising. A dataset covering such a large geographic range is extremely unlikely to 

be one interbreeding population unless the species in question exhibits very high dispersal rates. 

Many geographic barriers exist in the Australia landscape that are likely barriers to dispersal, one of 

the most recognisable being the Great Dividing Range mountain range that stretches down the 

southern east coast of the country, dividing the sea from the interior. The majority of the internal 

Australian landscape is arid desert and the inhospitable nature of this environment for carpet 

pythons is evident from their known geographic range [76], which excludes much of this area. Carpet 

pythons separated by thousands of kilometres of desert could not be expected to represent one 

interbreeding population. 

 

3.7. Concluding remarks 

The current reference dataset provides an overview of the genetic variability within carpet pythons 

across Australia, but is flawed for forensic application. Further population genetic analysis is 

required to determine the number of realistic sub-populations and degree of genetic structure 

present in the overall dataset. This will enable appropriate theta corrections to be established, a 

necessary component when reaching statistical conclusions about the strength of match 

probabilities associated with forensic DNA profiling evidence when population sub-structure is 

present.  The degree of population genetic structuring present in this dataset and its capability to 

provide statistical support for the types of questions arising in forensic investigations of crimes 

involving carpet pythons is the subject of Chapter 4.  
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Appendix 3.5: Samples used in chapters 3 and 4 
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Appendix 3.6: First round optimisation results 
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Appendix 3.7: Sensitivity study Light multiplex results 
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Appendix 3.8: STR sequence results 

 



 
 

252 
 

    

 



 
 

253 
 

 

 

 

  



 
 

254 
 

 

 

 

 

  



 
 

255 
 

 

CHAPTER 4 

 

STR Database  

Validation  

and 

Application 
  



 
 

256 
 

Appendices included in Chapter 4: 

Appendix 4.1 Analysis technique background information 

 A4.1.1   Model-based clustering analysis using STRUCTURE 

A4.1.2   Multi-variate analysis (PCoA) using GenAlEx 

Appendix 4.2 Detailed model based analysis of the overarching population 

A4.2.1   Most likely population number 

A4.2.2   K greater than 5 

Appendix 4.3 Further genetic analyses of the sub-populations 

A4.3.1   Msi Island subpopulations 

A4.3.2   South Eastern Coastal subpopulation 

A4.3.3   Northern and Eastern Coastal subpopulation 

A4.3.4   Msi Mainland subpopulation 

A4.3.5   Southern, Internal and Bredli population 

Appendix 4.4 Populations deviating from HWE 

Appendix 4.5  Match probability calculation spreadsheets 

A4.5.1 Over-arching population 

A4.5.2 Sub-population NEC  

A4.5.3 Sub-population SEC  

A4.5.4 Sub-population SIB  

A4.5.5 Sub-population Msi ML  

A4.5.6 Sub-population Msi GI 

A4.5.7 Sub-population Msi SFI 

A4.5.7 Example calculation – SIB individual 71370 

 

  



 
 

257 
 

4.1 Preface 

Chapter 3 involved the genotyping of carpet python samples collected across the native range of the 

species in order to construct genotype and allele frequency databases representative of Australasian 

native carpet pythons. The previous chapter concluded that the reference database of 249 

individuals was not yet suitable for application to criminal casework as deviations from Hardy-

Weinberg equilibrium suggested the entire population exhibited Wahlund Effect - genetic structure 

caused by independently breeding subpopulations incorrectly grouped as one population. 

The following chapter will use population genetic analysis software packages to explore the genetic 

structuring within the reference dataset and establish how many sub-populations are present. The 

presence of genetic structure and population subdivision within the dataset holds promise for 

applications to assignment of individuals back to population or geographic origin. Only when 

individuals and populations are sufficiently differentiated from one another can the dataset assist 

investigations regarding provenance. Should sufficient genetic structuring be identified, the ability of 

the dataset for answering questions about provenance of poached carpet pythons will also be 

explored in this chapter. 

 

4.2 Aims and objectives of this chapter 

The aims of this chapter are to determine the degree of population substructuring present within 

the database of native Morelia spilota constructed in Chapter 3 and to assess its appropriateness for 

application to forensic casework and intelligence gathering. 

This will involve the following three objectives: 

- To perform population genetic analyses on the reference DNA database presented in chapter 3 to 

establish the number of subpopulations present, 

- To perform statistical analyses on the subpopulations present and comment on their utility for 

casework involving carpet pythons, including the strength of evidence involving match probability 

calculations, 

- To examine the ability of the reference DNA dataset to establish the most likely geographic 

provenance of a poached native individual. 

 

4.3 Introduction 

Chapter 3 concluded that the reference database of 249 individuals exhibited characteristics that 

indicated it did not represent an interbreeding population, thereby violating the assumptions 

applied when calculating forensic statistics for criminal casework. A population refers to members of 

a species considered to reside in sufficiently restricted geographic proximity to form a randomly 

mating group [1]; a single population of carpet python spread over the entire continent of Australia 

plus surrounding islands could not be expected to represent such a group. Population genetic 

analyses are required to further delineate the overall population into smaller subpopulations that 
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exhibit behaviours more appropriate to the assumptions underlying the statistical calculations used 

in forensic applications.  

4.3.1 Hardy-Weinberg Equilibrium  

The Hardy-Weinberg principle is a concept central to population genetic analyses. It deals with the 

equilibrium of genotype frequencies in a natural population from one generation to the next based 

on the underlying allele frequencies. When populations are in Hardy-Weinberg Equilibrium (HWE), 

the genotype frequencies of two alleles at a locus are present according to the equation: 

p2 + 2pq +q2 = 1 

where p and q are the frequencies of the respective alleles in the previous generation. This principle 

dictates that from one generation to the next allele frequencies will be maintained at this ratio 

(hence at equilibrium), regardless of the frequency of each [2].  

The principle of HWE is an idealised approach, as it involves a number of underlying assumptions, 

many of which are rarely adhered to in reality: diploid inheritance, sexual reproduction, infinite 

population size, no generational overlap, random mating, no mutation, no migration and no natural 

selection [1]. These assumptions are clearly violated by most if not all natural populations, however 

HWE can still provide a useful approximation of patterns that can be expected in more complex 

population scenarios.  

The principle of HWE provides a useful model to simplify the complex scenarios encountered in 

natural populations enough to allow meaningful inference to be drawn though statistical analyses. 

For this reason, many population genetic software packages include the assumption that the 

populations within the dataset adhere to Hardy-Weinberg Equilibrium.  

Large populations that are randomly mating should exhibit observed genotype frequencies that do 

not deviate significantly from those expected under HWE. Therefore, comparing observed genotype 

frequencies with expected genotype frequencies under HWE can be a useful indicator of whether an 

interbreeding population has been accurately delineated as such.   

4.3.2 Wahlund Effect 

Wahlund Effect [3] is caused by the pooling of multiple sub-populations into one population that is 

not in reality a single, randomly mating population. This leads to an excess of homozygote genotypes 

relative to the proportion expected with random mating [1]. Average allele frequencies will not 

reflect the allele frequencies within each subpopulation [4]. The use of allele frequencies that are 

not representative of the population in question will produce incorrect statistical conclusions. The 

grouping of individuals into subpopulations aims to partition like with like and separate increasingly 

genetically dissimilar groups from one another. The presence of Wahlund Effect can be indicated by 

deviation from HWE, due to decreased levels of heterozygosity. Certain computer software packages 

are available to explore the genetic partitioning within the dataset, allowing more appropriate 

subpopulations to be defined for separate downstream analyses. 
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4.3.3 Population substructure and theta correction 

In reality, genetic substructure persists even within subpopulations. It is the nature of natural 

genetic variation that certain habitats or environmental influences cause genetic differentiation at 

fine geographic scales. Particularly when species have been imposed upon by human influences such 

as hunting or habitat destruction, few individuals might be spread over patchy habitat remnants and 

might be quite genetically dissimilar to one another. A theta correction (θ), otherwise known as the 

co-ancestry coefficient, can be applied to statistical analyses to account for the genetic sub-

structuring known to occur within the population due to inbreeding or shared ancestry [5].  

The degree of genetic sub-structuring present within a population must be determined before it can 

be corrected for. F-statistics are used for this purpose. Wright [6] proposed a fixation index, F, to 

assess the degree of inbreeding (caused by population substructure) within a population. This 

concept was subsequently expanded into F-statistics [7] to assess and compare the degree of 

inbreeding (genetic sub-structuring) present by examining the correlation of alleles at different 

levels of a population hierarchy: the individual (I), subpopulation (S) and total population (T). It 

follows that FIS (f) examines the correlation of alleles picked at random in an individual compared to 

those within its subpopulation; FIT (F), the correlation of alleles of an individual relative to those of 

the total population and FST (θ) examines the correlation between alleles from within a 

subpopulation to those of the total population [8]. The alternative terms in brackets can be used 

when populations are randomly mating.   

This last metric, FST, is most informative for examinations of population substructure (and as an 

extension, for evaluations of allele frequencies within the subpopulation where a crime has occurred 

[9]). Values range between 0 and 1. A value of 0 indicates homogeneity between the 

subpopulations, whereas a value of 1 represents complete fixation of the subpopulations for 

discrete alleles. Thus, FST is directly indicative of Wahlund Effect – heterozygote deficiency caused by 

population subdivision [10]. It identifies the degree of population genetic sub-structuring, which can 

in turn be handled by either splitting the dataset into smaller allele frequency databases more 

representative of their respective subpopulations, or applying the theta value to statistical 

calculations to correct for the increased degree of homozygosity caused by genetic sub-structuring. 

A global FST value is an average of the pairwise FST values [11]. Wildlife species often display 

increased population structure to human populations, resulting in higher FST values [12]. Table 4.1 

provides a few examples. 

An equivalent measurement of genetic differentiation, RST [13] should be mentioned at this point, 

which has been developed specifically for tandem repeat markers. It extends the function of FST by 

incorporating variances based on allele size rather than frequency, making the measure more 

applicable to the assumption of the Stepwise Mutation Model that STR loci are believed to follow 

[10]. While the use of this statistic has been widely debated as more appropriate for application to 

microsatellites (STRs) in the conservation genetic field, it is not a statistic adopted by forensic 

practitioners for the purpose of establishing statistical theta corrections (likewise for GST [14]. In 

maintaining comparability with other human and non-human forensic studies, this project will 

consider only the population genetic parameter FST (refer to [8] for further information on the 

application of the statistical alternatives to FST).  
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Lastly, while the theta correction can be applied to adjust for known population substructure in a 

global population, it is preferable to use a local subpopulation database when population numbers 

suffice. The estimated allele frequencies will provide a more accurate representation of the actual 

frequencies at the local level and this avoids the increased uncertainty introduced by the estimation 

of theta, for which the true FST value of the population is unknown [15]. 

Table 4.1: Examples of FST values in different species. 

Species  # Loci used FST Reference 

Humans 
Homo sapiens 

Numerous 0.01-0.03 [16] 

Common shrew 
Sorex araneus 

7 0.103 [17] 

European harbour seal 
Phoca vitulina vitulina 

7 0.172 [18] 

Brush-tailed rock-wallaby  
Petrogale penicillata 

12 0.169 to 0.230 [19] 

Bighorn  sheep 
Ovis canadensis 

8 0.224 [20] 

Brown trout 
Salmo trutta 

6 0.263 [21] 

Star ascidian  
Botryllus schlosseri 

5 0.401 to 0.468 [22] 

 

4.3.4 Linkage Disequilbrium 

Linkage disequilibrium is the non-random association of alleles between genes, often but not always 

caused by chromosomal proximity of the genes. The presence of genetic linkage between loci can 

violate the assumptions of population genetic analysis software packages and cause spurious 

analysis results. If linkage is detected, then only one of linked loci should be included in any 

calculation. However, it is wise to repeat analyses of the dataset involving each locus separately to 

identify influence that either locus might have on any particular sub-population or the overall 

dataset. If loci used to calculate a match probability are independent (in linkage equilibrium), then 

the product rule can be used to multiply probabilities across loci and provide a total match 

probability of a multi-locus profile [1].   

It should be noted that patterns suggestive of linkage disequilibrium can also be created by 

processes asides chromosomal proximity, such local population processes of inbreeding and 

hybridisation [23]. Admixture of subpopulations possessing differing allele frequencies - when an 

interbreeding population is at the interface of another population - can also cause apparent 

correlations in the data that could mistakenly be interpreted as locus interactions [1]. For this 

reason, linkage between loci should be examined across multiple populations exhibiting HWE. Exact 

tests for HWE are conducted to test for independence of alleles within a locus, whereas linkage 

disequilibrium tests are conducted to detect independence of alleles between loci [24]. 

4.3.5 Reporting the weight of DNA profile evidence 

Ongoing debate has fuelled the evolution of the statistical procedures that are used to report the 

weight of DNA evidence to the justice system. This spectrum began with the simplest application of 
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Hardy-Weinberg proportions of allele frequencies (p2 and 2pq) of a single source profile with the 

product rule to give genotype frequencies. This ongoing evolution of techniques has reached the 

current day complexity of applying Bayesian statistics to DNA profiles of mixed template source to 

sample posterior values based on prior distributions, taking into account the many variables involved 

in obtaining a DNA profile, including degradation, locus amplification efficiency, replicate 

amplification variability and template amounts left by each contributor [24]. Expert systems such as 

STRmixTM are available for human forensic science, however due to the extensive and resource 

intensive validation that is required to apply the software to non-human species (as well as the price 

tag now attached), the method of calculating match probabilities for DNA evidence involving wildlife 

species still fall somewhere in the middle of this spectrum of development. 

Match probability calculations in the context of wildlife forensic science follow the 

recommendations of the NRC II report , based on the equations first proposed by Balding and 

Nichols [9] for homozygote genotypes:

 

And heterozygote genotypes: 

 

Where Ai is allele i, Aj is allele j, pi is the frequency of allele i in the reference database, pj is the 

frequency of allele j in the database and θ is the degree of substructure calculated within the overall 

population. These equations improve on the product rule approach by incorporating the co-ancestry 

coefficient to correct for population substructure; in other words, this theta correction accounts for 

the degree of uncertainty around the allele frequencies within the sampled population, which likely 

deviates from the allelic frequencies in the true total population due to population substructure. The 

equations further take into account the observation of identical alleles in the suspect as well as the 

offender (assuming innocence), leading to the conclusion of increased incidence of these alleles in 

the population [9]. If loci are deemed independent, then these equations are multiplied across loci in 

a multilocus genotype to give the overall probability attached to the DNA profile.  

The likelihood ratio is the inverse of the match probability and places the result in the context of two 

competing hypotheses, which is preferable in the context of the adversarial legal system. In the 

context of a comparison of matching DNA profiles from two different sources, the likelihood ratio 

would be reported based on the probability that the DNA matched because they come from the 

subject of interest (the numerator) and this will be 1, compared to the probability that they come 

from two different individuals and match by chance (this is the denominator), which is based on the 

frequency of the combined genotypes in the local population.  

In this chapter, various population genetic software packages are used to assess the dataset for 

population substructure. Resulting population subdivisions will be subjected to statistical analyses to 

assess their suitability as population reference databases. Their ability to provide statistical support 
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to hypotheses regarding matching and parentage testing is evaluated. Sufficient population 

substructure provides the genetic differentiation required to be able to assign individuals back to the 

most likely population of origin. The ability of the identified subpopulation datasets to assist this 

purpose is also explored.  



 
 

263 
 

4.4 Materials & Methodology 

4.4.1 Samples 

Chapter 3 provides details about collection of the data used in this chapter. Refer to Appendix 3.1 in 

chapter 3 for details of the samples used. Sampling locations of the 249 individuals used in final 

reference dataset is provided (figure 4.1). 

 

 Figure 4.1: Geographic locations of the 249 individuals used in the final reference dataset, shown in higher 

resolution than figure 3.1.  

4.4.2 Construction of a reference database 

Chapter 3 described the sample genotyping, reference database construction and quality control 

checking involved in compiling the dataset analysed in this chapter.   

 4.4.3 STR database – Population genetic analyses 

The number of individuals and complete loci included in the reference dataset for analysis required 

amendment based on the results obtained (n242, n254 and finally n249). Only the analysis results of 
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the final n249 dataset will receive more than a brief mention in this chapter, as the earlier datasets 

are considered training datasets that contributed to refinement of the final dataset. The decision 

making to arrive at the dataset considered most appropriate for application is elaborated on in 

discussion section 4.6.1. 

The first step of analysis involved the use of clustering analysis software packages to explore the 

variability in the dataset and determine how many subpopulations the overall dataset most likely 

contains. 

4.4.3.1 Model-based clustering analysis 

The model-based clustering program STRUCTURE 2.3.4 [25] was used to partition the data into 

putative genetic populations. Details about the software methodology are provided in Appendix 

A4.1.1. As the systematics of the carpet python remains unresolved, relationships of all individuals in 

the reference dataset were considered unknown for analysis, rather than making any a priori 

assumptions about potential population clusters.  

Initial STRUCTURE analyses run on the 23+_n242 dataset used the assumption of admixture due to 

the continuous spread of the data over large geographic ranges, without inclusion of sampling 

locations (‘informative prior’ - useful when populations are known to exhibit low variability). Five 

replicates each were run for K values one through seven, assuming both IAFM and CAFM. Burn-in 

and iterations were set to 50K each followed by 100K each to examine the effect on the output.   

Genetic clustering of putative populations was repeated on the final 22+_n249 reference dataset, 

with parameters adjusted based on the results of the initial testing, which showed that extended 

conditions were required. Ten independent repetitions of K = 2-10 with 300 000 Markov Chain 

Monte Carlo (MCMC) iterations following a burn-in of 100 000 were performed. Extended iterations 

(200 000 burn-in and 1 000 000 iterations) were applied to some higher values of K where run 

convergence was not achieved. A model assuming correlated allele frequencies, non-informative 

priors and admixture was chosen.  These settings were also applied to all subsequent STRUCTURE 

analyses for subpopulation differentiation. 

The resulting STRUCTURE output files were exported into a Zip file and run through the online 

program STRUCTURE Harvester [26] to visualise the data and to assess the most likely K value of the 

dataset following [27]. The average log likelihoods were displayed. The analysis tool averages 

replicates from each run to give a single mean estimated Ln probability for each K, so the results did 

not provide information about any spurious run results that might be captured in the data and skew 

the averages.  
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Figure 4.2: Manually plotted log likelihood values (left) versus Structure Harvester plot (right). Example outlier 

runs (circled) shown using manual plotting can be removed from subsequent analyses.  

The Ln likelihood values of all runs for every K were also plotted manually in Excel [28]  to evaluate 

the convergence of runs for each K value on a single result and identify and remove outlying runs  

(figure 4.2). Further inference about the most appropriate K value was made from the Delta K plot 

provided by STRUCTURE Harvester. Bar plots created from the STRUCTURE output file were used to 

visualise and assess the degree of genetic information within individuals attributed to the proposed 

populations. All representations of the data were compared to identify concordance about the most 

likely number of subpopulations present in the dataset (K value).  

A more accurate representation of the component populations was gained by averaging the bar 

plots over the replicates of a K value. Population colours are not standardised across STRUCTURE bar 

plot outputs (making identification of replicate populations between bar charts difficult) and 

CLUMPP [29] was applied for this purpose. Averaging was eventually achieved by manually plotting 

the Q-matrix for each run belonging to a K value in Excel and then taking the average across runs. 

Each column of the Q-matrix represented a population. Column 1 was sorted for descending value. 

Individuals for which the majority of their genetic makeup was attributed to the same population 

were allocated a colour. All non-coloured individuals were sorted by descending value for column 2 

and this process was repeated until the individuals had been sorted and coloured corresponding to 

the population to which most of their genetic information was attributed. This was done for every 

run of the same K value. By looking at the identity of individuals within each population, populations 

could be identified across runs. Columns were rearranged so that populations appeared in the same 

order across runs and the Excel average function was used to create a final population set showing 

average Q-values for each individual across all runs. Any run identified by the log likelihood plots as 

spurious (see figure 4.2 outliers) was removed from this analysis because the lack of convergence 

would yield erroneous Q-values that would skew the averages. 

The above process was conducted for every K value obtained in a STRUCTURE run. The resulting 

average Q-matrix for each K value was compared to examine how attribution of individuals to 

populations changed with increasing population number (K). The populations defined by the 

Average Q values were compared to sample locations charted in Google Earth to assess whether the 

populations made biological sense.  
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Population partitions isolated from the first round of STRUCTURE analysis using the total dataset 

were then broken down and reanalysed to look for further subpopulation structure. 

4.4.3.2 Principal Co-ordinate Analysis 

Population and subpopulation partitions observed from STRUCTURE were further explored using 

Principal Co-ordinate Analysis (PCoA) in GenAlEx [30,31]. PCoA is another way of visualising variation 

and therefore population clusters within the dataset, although it does not rely on a stipulated 

biological model unlike STRUCTURE. Greater detail about the software methodology is provided in 

Appendix A4.1.2.The entire dataset as well as emerging clusters were explored using a Covariance-

Standardised evaluation of the pairwise genetic distance matrix of the three axes to examine the 

degree of dissimilarity between individuals, and therefore population clustering, within the dataset. 

Emerging clusters were systematically removed or focused upon in further PCoA analyses to explore 

different levels of variability existing in the dataset.  

4.4.3.3 Mantel test for Isolation by Distance  

A Mantel test was used to detect pattens of Isolation by Distance using GenAlEx [30,31]. Geographic 

coordinates were exported from the Google Earth project (section 3.4.1) in Decimal Lat/Long format 

and added to the Codominant-Genotypic genetic information. Squared genetic distance 

(populations), Linear Genetic Distance (individuals) and Geographic Distance matrices were created 

in GenAlEx and Paired Mantel testing performed using 9999 permutations. 

4.4.4 Assessing Hardy-Weinberg Equilibrium and Linkage Disequilibrium 

Exact tests for deviations from Hardy-Weinberg Equilibrium were run on putative populations 

suggested by STRUCTURE and PCoA analyses using Genepop on the Web v4.2 [32,33]. The 

probability option was run using the settings 1000 dememorization steps, 5000 batches and 10000 

iterations per batch.  

All populations adhering to Hardy-Weinberg Equilibrium were examined for linkage disequilibrium to 

test for independence between loci using Genepop on the Web v4.2 [32,33]. Parameter values were 

increased until the Standard Error values were <0.01. The log likelihood ratio test (G-test) was 

performed using MCMC sampling with final settings of 1000 dememorization steps and 5000 

batches, each at 10000 iterations.  

Unfortunately, no mapped snake reference genome is available at the time of writing, so 

chromosomal locations of the STR loci used in this study are unknown and linkage patterns between 

loci must be determined by computational analyses alone. 

4.4.5 F-statistics, summary statistics and forensic statistics  

Subpopulation allele frequencies and summary statistics such as expected and observed 

heterozygosity, Polymorphic Information Content (PIC) and F-statistics were investigated using 

functions in GDA [34], GenAlEx v6.5 [31] and The Excel Microsatellite Toolkit [35]. A dog DNA 

profiling Excel spreadsheet (authored by R. Ogden and provided by L. Webster) was modified to 

calculate match probabilities and likelihood ratios for this study, using the overarching n249 and 
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each of the six sub-populations (refer to Appendix 4.5 for calculation spreadsheets). Spreadsheet 

rows P (het) and P (hom) contain the match probability equations given in section 4.3.4.  

Estimates of the least and most common genotype frequencies present in the population were 

calculated following [15]. Hardy-Weinberg’s 2pq was applied to each locus using of the two most 

common allele frequencies and the results multiplied across all 24 loci to give the most common 

genotype frequency. The rarest allele frequency was calculated using the 5/2N minimum allele 

frequency rule (representing a minimum of five observations in the population, [16]; this rule is 

applied to mitigate the sampling error inherent in the reference database, which represents a 

sample of the population of interest because sampling the total population is not possible. The 

minimum allele frequency rule was applied to the database allele frequencies, and any profile alleles 

not observed in the database, in all match probability calculation sheets. 

4.4.6 Population Assignment  

Geographic origin assignment testing was performed using six defined populations: the five 

populations reflected from the STRUCTURE K5 analysis excepting the two Morelia spilota imbricata 

island populations considered independent of one another (see section 4.5.2.2 for details). 

Individuals 81320 (Gunnedah, NSW) and 67128 (Eungella, Queensland) were removed from the 

assignment testing dataset (explained in section 4.5.7.1). The resulting n247 dataset was used to test 

assignment back to population of origin with Geneclass2 [36]. For each dataset, the following 

settings were applied: assign/exclude population as origin of individuals, applying Bayesian methods 

following [37], analysed both with no Monte-Carlo resampling and resampling of 10000 individuals 

using the [38] simulation algorithm.  

The complete n247 dataset was tested for self-assignment. The self-assignment analysis was 

repeated using the frequency method [39] instead of the Bayesian method [37] to compare the 

outcome of these different approaches. Twenty-five individuals (10% of database) were removed 

from the database, selected by a semi-random process that ensured all populations were 

represented, and assignment tested against the remaining 222 reference samples. The same dataset 

was replicate tested five times. 

Each population was systematically removed from the reference database and the removed 

individuals assigned back to the reference dataset excluding their population. Twenty-eight samples 

that were not included in the final reference dataset were treated as unknowns (geographic origin 

was recorded, but not revealed until after assignment was complete) and assigned back to the 

dataset of 249 reference samples; these samples did not meet the required minimum threshold of 

loci for the reference database. The twenty-eight individuals ranged between complete 21 locus 

genotypes and five complete loci. The accuracy of assigned population of origin was verified by 

examining whether the revealed geographic origin fell within the geographic distribution of 

members from the assigned sub-population. This could not be determined for three samples, as 

these individuals originated from close to the overlapping distributions of the NEC and SEC sub-

populations.  
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4.4.7 Calculating match probabilities for ‘unknown’ samples  

Using the results of the population assignment testing to dictate the appropriate sub-population, 

match probabilities and likelihood ratios were calculated for the 28 ‘unknown’ samples plus one 

quality compromised sample using the match probability calculation spreadsheets in Appendix 4.5. 

Where an individual was not excluded from >1 population, calculations were performed for each 

population. Where individuals were excluded from all populations, the overarching n249 allele 

frequency database was used. 

If only one allele was recorded at a locus, the locus was excluded from the calculation. While one 

could consider the calculation incorporating a single allele at a locus to increase the information 

used, that approach was not applied here. Where required, theta corrections were included based 

on the results in table 4.11, section 4.5.6, however considerations surrounding the application of 

these are discussed in section 4.6.9. Calculations were conducted incorporating both the global 

theta value and the conservative upper 95th percentile theta value. Calculations involving the two 

island populations used a restricted set of loci, due to reasons presented in section 4.6.5. Excluded 

loci are shaded in grey in the allele frequency look up tables of the two respective calculation 

spreadsheets (sections A4.5.6 and A4.5.7) and calculations include eight loci for Garden Island 

individuals and ten loci for St. Francis Island individuals. The minimum allele frequency rule (5/2N) 

was applied to all databases and also to alleles of the ‘unknown’ individuals not observed in the 

database.   
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4.5 Results and Discussion 

4.5.1 Reference Database Construction and Quality Control   

As described in chapter 3, a total of 304 carpet pythons were genotyped at 27 loci, but only 24 loci 

were chosen for use in the final reference database (section 3.5.8). Nine individuals gave no 

amplification product, 27 individuals exhibited alleles at 19 or less loci and 190 individuals exhibited 

complete profile across the 24 loci included in the final database. 

Selection of the final dataset to include in the reference database involved a trade-off between 

minimising the amount of missing data in the profile and maximising the number of individual 

profiles contributing to a small dataset covering a very large geographic area.  

Table 4.2: Potential reference DNA database sizes using this dataset 

Complete loci 24 23+ 22+ 21+ 20+ 

Database size (n) 190 242 254 256 258 

 

Table 4.2 provides the number of reference DNA profiles available for inclusion applying varying 

thresholds of missing data. Initially the 23+ dataset was analysed, however consideration of the 

extra 12 samples that had two missing loci from a complete profile identified that these individuals 

had diverse geographic origins and that their inclusion would improve the reference database for 

multiple potential final populations. Very few individuals would be gained from increasing the 

number of missing loci past this point and the amount of missing data included in analyses is best 

minimised, so a 22+ loci cut-off was chosen as the most appropriate final reference dataset.  

The Multilocus ->Matches function in GenAlEx identified 5 pairs of individuals with duplicate 

genotypes: 71395/71397 (Walpella Island, Vic., SIB population), 71376/71407 (Mt Hope, Vic., SIB 

population), 81448/81450 (M. bredli, Northern Territory, SIB population), 81300/81301 (Atherton, 

Queensland, NC population), 81305/81306 (Acacia Plateau, NSW and Toonumbar NP, NSW 

respectively, NC population). All pairs were sampled from similar localities (although the latter two 

localities are 40 km apart) and many had close or successive ABTC numbers. It is unclear whether 

these duplicates have resulted from familial groups or potential human error (e.g. mislabelling, 

sample mix up) at time of sampling or since. Regardless of the cause, one sample of each pair of 

duplicate genotypes was removed from the reference dataset to overcome potential errors in 

analysis caused by their presence. The finalised reference dataset contained 249 individuals for 

subsequent analyses. 

Genotyped samples not included in the final reference database can be used to test the assignment 

and statistical power of the dataset (see sections 4.5.7.4 and 4.5.8) 

4.5.2 STR database – population genetic analysis  

The complete n249 database was presented in Chapter 3, accompanied by the discussion that in this 

form it is inappropriate as a reference database to apply to forensic investigations involving this 

species. 

Forensic validation of a human STR dataset might generally end at this point, as FST values tend to be 

quite small between human populations (ethnic groups) owing to their relatively recent divergence 



 
 

270 
 

from one another. Further, human reference DNA databases are usually constructed using a well 

sampled ethnic group, collected to be representative of the geographic area of interest. All of these 

factors are reflected in the frequent adherence of the STR loci to HWE, warranting no further 

investigation.  

While the same type of STR markers are being applied in an intraspecies context, further analysis is 

potentially necessary when looking at non-human species due to elevated population structure 

typically evident in wildlife species [12]. The crucial factor to assess is whether or not the 

populations exhibit Hardy-Weinberg Equilibrium, as the calculations used in reporting forensic 

genetic statistics involve a number of underlying assumptions based on populations exhibiting 

adherence to Hardy-Weinberg Equilibrium. The n249 dataset significantly deviates from Hardy-

Weinberg Equilibrium at every locus (section 3.5.9). 

It comes as no surprise that HWE is violated, as this dataset relates to individuals spread over a 

continent, including areas separated by geographic barriers to geneflow. Allele frequencies averaged 

over every putative population are highly unlikely to be representative of all populations across such 

an expansive and ecologically diverse area. Population genetic analyses are required to determine if 

the dataset contains multiple heterogeneous populations and to partition the dataset into these 

sensible interbreeding populations. 

4.5.2.1 Sub-populations 

Model based clustering analysis 

Initial STRUCTURE results of the entire n249 dataset identified either three or five sub-populations 

to which almost all individuals showed a strong degree of assignment. The data produced using five 

proposed sub-populations demonstrates robust enough groupings to be considered a realistic 

scenario (see Appendix 4.2 for the detailed analysis supporting this conclusion). Only three 

individuals exhibited an average assignment value of less than 0.666 to a single population. Average 

Q Values for K6 and above could not be calculated, as multimodality was seen between replicate 

runs (different combinations of individuals assigned to sub-populations between runs so the 

equivalent populations could not be identified and averaged across runs).   

The geographic range of the five resulting sub-populations can be seen in figure 4.3 and these sub-

populations are defined as: 1. Morelia spilota imbricata populations of St. Francis Island and Garden 

Island (Msi Islands), 2.  M. s. imbricata mainland population (Msi ML – although four individuals are 

actually off-shore inhabitants of small islands they genetically identify most closely with the 

mainland population), 3. Southern, Internal & Bredli population (SIB), 4. South Eastern Coastal (SEC) 

and 5. Northern Eastern Coastal (NEC).   

The results of the STRUCTURE runs at higher K values were examined in greater detail to establish 

robustness of population groupings, however this work is possibly reading too much into the data, 

so it has been placed into Appendix 4.2.2.  
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Figure 4.3: Locations of individuals representing the five overarching populations. The respective Msi 

Island populations are indicated by arrows.  

Principal Co-ordinate Analysis 

The PCoA clustering based on these five populations are shown in figure 4.4. These PCoA plots show 

the five population clusters visualised by all three paired axes. While the NEC and SEC clusters are 

located in close proximity from all three angles, the other three populations cluster discretely in at 

least one of the plots. Interestingly the Msi island population consistently forms two very discrete 

clusters, reaffirming the division of this group into two subsets mentioned above. 
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Figure 4.4: Principal Co-ordinate analysis plots of the five sub-populations viewed in all three planes of 

pairwise axial comparisons. 

As the analysis does not apply a genetic model, the PCoA plots should not be given as much weight 

in assessing the genetic population structure as analyses use a genetic model such as Structure. 

Despite this, population clustering is evident in the three PCoA plots. Without population structure, 

points from all populations would be seen to overlap one another, scattering evenly around the axial 

intercept (see figure A4.10 for example). The Msi Mainland population clearly clusters separately to 

all other populations in the two charts displaying axis one. The SIB population also clusters 

separately from the two coastal populations in the two charts showing the second axis. Interestingly, 

the two Msi island populations that exhibited differentiation from one another in the previous 

section are also clearly quite divergent based on information from axes two and three.  

All five overarching populations significantly deviate from Hardy-Weinberg Equilibrium (see section 

4.5.3). This is not surprising as the vast geographic ranges of these populations, some including 

geographic features that would no doubt act as barriers to gene flow, would be expected to 

preclude random mating.  

4.5.2.2 Further sub-population subdivision 

Further genetic analysis of each of the putative sub-populations is presented in Appendix 4.3. 

Population divergence between the Msi island populations is supported by both the STRUCTURE and 

PCoA clustering. Examination of the allele frequencies exhibited by the two island populations 

suggests that they differ markedly (table 4.3) and should not be combined for the purpose of allele 

frequency estimates. These results justify the split of the Msi islands into two separate sub-
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subpopulations – Garden Island (Msi GI) and Saint Francis Island (Msi SFI), creating the six 

overarching populations as referred to in subsequent analyses. 

Table 4.3: Allele frequencies exhibited by the two Morelia spilota imbricata island populations 

calculated using the total populations of 18 and 20 individuals respectively. Loci fixed for a particular 

allele are highlighted in red. 

 

The updated overarching population contains six sub-populations (Figure 4.5). 
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Figure 4.5: The final groupings of the n249 reference dataset into six overarching sub-populations. The two 

island populations are represented by salmon coloured dots and indicated by arrows. 

Neither Msi island population demonstrates further genetic sub-structuring. This could be expected, 

given that both are very small islands with little to no cause for restricted interbreeding. Neither of 

the island populations require the application of a correction factor for substructure. However, the 

population sizes of the two island populations are arguably too small to be suitable for match 

probability calculations. This problem could potentially be overcome by the use of a reduced number 

of loci in statistical calculations, further discussed in section 4.6.5. 

Somewhat more unexpectedly, the South Eastern Coastal population exhibit very slight population 

differentiation, surprising as it extends more than 2000 kilometres along the Australian coast and 

inland to the Great Dividing Range. Isolation by distance was not evident (R2= 0.0103), but slight sub-

structuring was evident when comparing the two overlapping populations each seen to be in Hardy-

Weinberg Equilibrium, but not in HWE when combined (see section 4.5.6).  

The findings indicate genetic sub-structuring in the other three populations. Both the Msi Mainland 

population and the SIB population show a similar pattern (figure 4.6). Just under half of the 

individuals have been sampled from a small geographic area (South West Western Australia and SE 

Vic/Warby Ranges, respectively). The members of these subpopulations show high genetic 

relatedness and adhere to HWE (enveloped by green ellipse in figure 4.6). Each dataset contains 
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another large membership cluster, however both of these clusters consist of single individuals 

spread over a large geographic area (salmon dots in 4.6a and blue dots in 4.6b).  

 

Figure 4.6: Groupings of individuals based on average Q-matrices in a) the Morelia spilota imbricata mainland 

population, and b) Southern, Internal and Bredli population. Colouring of populations in a) correspond to K4 

groupings (see figure A4.18). Two large, heavily sampled population exhibiting HWE are circled in green. 

The remaining individuals form clusters of between 2- 6 members, but show a degree of genetic 

dissimilarity to the other subpopulations. The issue with these two populations is that, clearly 

genetic differentiation exists therein, but sample numbers are too low to be able to split these 

populations further and conduct meaningful genetic analyses. The Msi ML and SIB populations must 

each be treated as a single population with application of a theta value based on the global FST of the 

population to correct for the known genetic sub-structuring therein (section 4.6.9 further discusses 

the difficulties of this situation). 

The final population NEC appears to split further into four subpopulations: Northern Territory 

individuals, Merauke Western Papua individuals, a Northern Queensland group including the New 

Guinean individual and a Southern Queensland group – however the latter two are possibly one 

continuous population judging by the degree of admixture of individuals around the boundary of 

these groups. While this information might be useful for geographic assignment testing, the 

population numbers are too small for statistical analysis. This population will likewise need to be 

kept as a single population and a theta correction applied to account for the substructure occurring 

within (see section 4.6.9 for further discussion). 

4.5.3 Hardy-Weinberg Equilibrium and Linkage Disequilibrium 

The overall reference database provided in Chapter 3 deviated significantly from Hardy-Weinberg 

Equilibrium at every locus. When split into the initial K5 populations discussed in section 4.5.2.1, no 

population exhibited HWE (table 4.4).  
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Table 4.4: Results of exact tests for Hardy-Weinberg Equilibrium in the five overarching populations. 

 

When the dataset was further subdivided into decreasing population sizes (section 4.5.2.2), seven 

populations were identified within the total dataset (representing a minimum of eighteen 

individuals) that displayed allelic segregation in line with Hardy-Weinberg Equilibrium (table 4.5). 

Population delineations that deviated from HWE are provided in Appendix A4.4. The deviation 

exhibited by these populations is likely due to the large geographic areas over which the respective 

constituents are spread, some involving dispersal barriers such as arid desert without estuarine 

corridors; individuals so geographically dispersed can’t reasonably be expected to form a randomly 

mating population. However, interestingly the Queensland population that showed HWE is spread 

over a very large geographic area, particularly the outlier snake seen in the north of Western 

Australia (figure 4.7). 

 

 



 
 

277 
 

 

Table 4.5: Seven small sub-populations did not deviate significantly from Hardy-Weinberg Equilibrium. 

 

 

Figure 4.7: Geographic spread of the Queensland sub-population in HWE. 
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Two overlapping subsets of the SEC sub-population were identified that adhered to HWE (figure 

A4.10b) but not when combined into a single sub-population. 

When the two Morelia spilota imbricata island populations were split, both showed overall 

adherence to HWE, with just a couple of loci each deviating significantly (table 4.6).  

Table 4.6: The two Morelia spilota imbricata island populations do not deviate significantly from HWE. 

 

No pair of loci gave a significant p-value for linkage disequilibrium across all seven populations, 

suggesting that all 24 loci examined during this study are inherited independently of one another. 

This conclusion is in line with other research [12] that has observed single locus pairs displaying 

linkage disequlibrium within a population, but no consistent trend of disequilibrium across 

populations conforming to HWE.   

4.5.4 Allele Frequency Database  

Despite population genetic analysis revealing further genetic substructure within some of the sub-

populations, none of these sub-populations demonstrated suitability to further dissection for the 

purpose of forensic statistical calculations. The allele frequency database split into the final six 

populations is provided in (Table 4.7). 
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Table 4.7: Allele frequencies of the six sub-populations. Allele number per locus, observed heterozygosity and Polymorphic Information Content (PIC) are 

provided at the bottom of the table. 
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Table 4.7 (continued): Allele frequencies of the six sub-populations. Allele number per locus, observed heterozygosity and Polymorphic Information Content (PIC) 

are provided at the bottom of the table. 
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Table 4.7 (continued): Allele frequencies of the six sub-populations. Allele number per locus, observed heterozygosity and Polymorphic Information Content (PIC) 

are provided at the bottom of the table. 
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Table 4.7 (continued): Allele frequencies of the six sub-populations. Allele number per locus, observed heterozygosity 

and Polymorphic Information Content (PIC) are provided at the bottom of the table. 
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Table 4.7 (continued): Allele frequencies of the six sub-populations. Allele number per locus, observed heterozygosity 

and Polymorphic Information Content (PIC) are provided at the bottom of the table. 
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Table 4.7 (continued): Allele frequencies of the six sub-populations. Allele number per locus, observed heterozygosity 

and Polymorphic Information Content (PIC) are provided at the bottom of the table. 
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4.5.5 Population specific STR attributes  

4.5.5.1 Private alleles and monomorphic loci 

Private alleles are alleles specific to a single population [23]. The incidence of private alleles 

increases the power to discriminate between populations when these alleles arise in the genotype of 

an individual of questioned origin. They cannot be diagnostic of a population because there is always 

a chance that they exist at a very low level in populations from which they have not yet been 

sampled. When applying match probabilities to a genotype that contains alleles not yet sampled in 

the population from which the allele frequency database arises, a minimum frequency should be 

applied to these alleles. This could be the 5/2N rule or another measure to account for their low 

level presence, such as adding two or four alleles to the total database in line with Balding and 

Nichols [9] correction factor.  

Private alleles were seen in all populations in the following numbers (proportion of total alleles in 

population in brackets): 2 alleles (2.7%) in the M. s. imbricata Garden Island population, 3 alleles 

(4.1%) in the M. s. imbricata St. Francis Island population, 34 alleles (13.8%) in the mainland M. s. 

imbricata population, 129 alleles (27.1%) in the northern eastern coastal population, 124 alleles 

(26.3%) in the southern eastern coastal population and 45 alleles (17.3%) in the southern internal 

and bredli population.  

Fixed loci are loci that exhibit no polymorphism and are of little value to discriminating between 

populations, unless the fixed allele is private. They can be indicators of founder effects or population 

bottlenecks [23] and in STRs can also be caused by ascertainment bias. Ascertainment bias is where 

STR loci have higher repeat numbers in the taxon from which they were developed than related taxa 

[40,41]. In extreme circumstances can be polymorphic in the species for which they were developed, 

but monomorphic in divergent species, such as could be expected in cross-amplification studies. 

Allele fixation was only seen within the Morelia spilota imbricata populations. Table 4.8 provides the 

fixed alleles observed. 

Table 4.8: Fixed alleles are shown per locus in the three M. s. imbricata populations.  

 
MsF31 MS27 MsF24 MsF3 MsF28 MsF22 MsF8 MsF26 MS13 MsF17 

Msi ML 4 - - - - - - - - - 

Msi GI 4 16.1 7 14 10 13 12 7 5.2 - 

Msi SFI 4 16.1 7 - 12 - - - - 8 

 

As this is a subspecies of the target species, the monomorphic nature of these markers is more likely 

due to a founder effect or bottleneck in population numbers, rather than ascertainment bias. Locus 

MsF31 is fixed for allele 4 in all M. s. imbricata, so it is beneficial that a second low molecular quality 

weight marker was included in the dataset for samples of this subspecies that might be degraded.  

Two loci were fixed for one allele across both island populations. Locus MsF28 was fixed for two 

different alleles in the two island populations. The Garden Island population shows a high number of 

fixed loci. This is likely due to both founder effect and genetic drift on this small island of1200 

hectares or 12km2 [42] that is home to a military base and airstrip. The smaller St. Francis Island 

(809ha or 8km2, [42] looks to have less allelic fixation at face value, however the fixation indices, 
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based on heterozygosity (F= 1 – Ho/He), are very similar for the two islands: Garden island -0.036 +/- 

0.026 and St. Francis Island -0.024 +/- 0.029, overlapping in their error ranges. 

In many loci across all three M. s. imbricata populations, allele frequencies are imbalanced indicating 

that many loci could be close to fixation by genetic drift alone in these small populations. The use of 

the STR reference database for these populations will be revisited in Section 4.6. 

4.5.5.2 Sequence level population specific characteristics 

Section 3.5.6.7 described some sequence level characteristics of interest. It is worthwhile examining 

whether any of these might have utility in differentiating the six populations. All allele size ranges 

tend to overlap at a locus with the exception that St. Francis Island alleles are much larger than 

Garden Island and SIB population alleles at MS17 (table 4.7). 

The majority of alleles at MsF28 are complete penta-nucleotide motif repeat units. Only one micro-

variant (allele containing an incomplete underlying repeat unit) is seen at MsF28 outside of the NEC 

population. This is one M. s. imbricata individual from Dryandra, a heterozygote exhibiting a 3.2 

allele. All other micro-variants occur in the NEC population. Alleles 6-13 have an associated .4 micro-

variant. Sequenced individual 30087 that possessed the deletion discussed in section 3.5.6.7 sized as 

homozygote allele 9.4 and all other sequenced samples did not possess the deletion and sized as 

alleles representing complete repeat units.  The .4 micro-variants almost certainly represent 

individuals that harbour the 11 bp deletion. This locus is likely to have had a considerable influence 

on the differentiation of the NEC population from the other subpopulations in the dataset. 

Examination of the .4 micro-variant represented deletion could prove a useful tool for examining 

individuals from northern Queensland and the Northern Territory in a forensic context. 

Locus MS27 exhibits much higher allelic diversity in the two coastal populations than the SIB 

population, which is interesting as the population sizes are not very different. The large runs of 

single base pair micro-variants represent the very complicated nature of the underlying sequence 

(see figure 3.19 and section 3.5.6.7). This locus contains a 19 bp indel that Taylor [43] reported as 

specific to the  M. s. imbricata subpopulations based on observing total adherence in 40 

Southwestern carpet pythons and 65 carpet pythons of other subpopulations. Unfortunately, the 

allele frequency data identifies the two island populations to be fixed for an allele also present in 

every other population except SIB. The deletion does not cause an obvious distinction in allele size 

between Southwestern and other populations, as the other non  M. s. imbricata populations all have 

alleles of the same size or smaller than the alleles in the  M. s. imbricata mainland population. Two 

of the six alleles seen in this population are private. The indel does not have a substantial impact on 

differentiating this subspecies from others by allele size alone, although the private alleles would 

influence the statistical weighting, particularly as one has a frequency of 0.42. In conjunction with 

examining allele frequencies, an assay that specifically targets the indel can provide additional 

information towards investigations involving this subspecies. 

Within MS13, a high proportion of .2 micro-variants were seen in all except the island populations. 

Taylor [43] discussed a 2 bp indel, which was seen throughout Centralian carpet pythons, but absent 

from  M. s. imbricata and polymorphic in all other populations. Some .2 micro-variants occurred in 

the mainland M. s. imbricata population and it would be interesting to know if this is caused by the 

same underlying repeat region indel or perhaps another unrelated indel because over 40% of the 
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mainland population possesses an allele representing this micro-variant. Further sequencing would 

be required to assess the underlying nature of this sequence polymorphism. 

Taylor [43] reported locus MS3 to contain a second variable repeat motif (AAGG)n, not seen in any of 

the individuals sequenced in this study. From the sequencing results reported within that study, all 

individuals appeared to exhibit sequences composed of complete repeat units. Given the number of 

.1, .2 and .3 micro-variants seen in the allele frequency data herein, many incomplete tetra repeat 

units, or other complex motif types of other sizes must be present in individuals possessing higher 

molecular weight alleles.  Allelic patterning at MS3 suggests that smaller alleles at this locus follow a 

simple motif repeat pattern, whereas larger products mutate into a high number of differentiated 

micro-variant alleles of complex motif types – likely based on mutation of the underlying repeat. This 

was not evident from the sequence results, but only individuals representing the smaller alleles 16-

19 were sequenced. Alleles greater in length than 19 repeats exhibited many more micro-variants as 

seen by the larger migration products.   

The sequencing results from MS25 illustrate the type of scenario that could be causing this pattern, 

where alleles possessing longer repeat regions contain the same simple repeat motif as shorter 

regions, but these have subsequently mutated into a more complex nature. Locus MS25 does show a 

similar pattern in the allelic database, where shorter alleles separate according to complete repeat 

motif sizes while larger alleles are more frequently present as micro-variants. MS17 also exhibits the 

pattern where shorter repeat tracts show simpler repeat patterns, but the larger repeat regions 

developed an increasingly complicated basis (figure 3.18).  

Out of interest, the three MS25 individuals with complete repeat sequences sized as alleles 21.2 

(62456), 22.2 (71378) and 25 (68310), while the sample with the dinuculotide tract sized as 35.2 

(117064). Comparing these migration rates to the underlying sequence repeats shows that even 

when motifs appear simple in nature, migration rates to do not translate to underlying fragment size 

in a straightforward manner at complex STR loci. Sample 68310 (Msi ML population) possesses an 

AA insertion at the 5’ end of the repeat unit. Migration of this sequence translates to allele 25. This 

indel is presumably the cause of some of the underlying .2 size difference from alleles seen in other 

populations, for instance SIB alleles of a similar size, but it is indistinguishable from the dinucleotide 

mutations that appear more common in high molecular weight products. If this indel is population 

specific, it is ambiguous from size migration alone. This population is offset from other populations 

at the low molecular weight alleles by 1 bp, but the underlying nature of this polymorphism is 

unclear without further sequencing. 

Although complex in nature and displaying many micro-variants, locus MS17 repeats largely occur in 

4bp extensions, mirroring a simple repeat motif expansion. More micro-variants based on 

incomplete motif expansions are seen in the high molecular weight alleles, as with many other loci. 

Smaller than allele 20, the M. s. imbricata population alleles are offset from the other populations by 

a single base, creating informative private alleles in these populations and suggesting an underlying 

indel might exist. None is seen in the sequencing results (figure 3.18), but only a limited amount of 

flanking region was obtained in the one individuals sequenced from this population. The island 

populations show very divergent patterns at this locus, particularly the St. Francis Island population. 

This island shows overlapping allele sizes with the NEC population, but it may be that this is 
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homoplasious in nature and sequencing would reveal much sequence diversity not captured by 

genotyping by size migration.   

Alleles greater than 23 at MsF4 followed a simple repeat pattern in the NEC population, while all 

alleles in the SEC population followed a full repeat unit .2 micro-variant iteration until the ultimate 

allele 30. No sequence level basis for this is evident from the sequence data, however only 

individuals exhibiting whole units of 21 repeats or fewer were examined. Fewer than allele 23, most 

.2 micro-variants were seen in the SEC population, although there was some micro-variant overlap 

down to allele 17 with the NEC population and the Msi mainland population. The SIB population did 

not contain any micro-variant alleles at this locus. These patterns are quite influential on population 

differentiation. 

4.5.5.3 Observations regarding repeat motif type 

Upon scrutinising the patterns of micro-variant alleles in the allele frequency database, some of the 

complex loci appeared to be based on simple repeat patterns, which then spiral out of simple repeat 

control with micro-variants of all sizes appearing (e.g. MS17, MS25), while simple repeat loci exhibit 

more uniform patterns of micro-variant appearance. A question therefore is whether the repeat 

motif type appears to influence the formation of micro-variants. Table 4.9 summarises the repeat 

motif types seen across loci in this study. All loci discussed so far (in fact all MS loci plus MsF4) 

exhibit a CTTT/GGGA (or reverse complement) repeat type. Many of these have exhibited complex 

repeat types. The loci that do not, MS25, MsF4 and MS9, all demonstrate a tendency to form +/- .2 

micro-variants. Except for one M. s. imbricata sample from South Australia, all .2 micro-variants at 

MS9 belonged to the NEC subpopulation, which might be useful for discriminating this population. 

MS4h provided contradictory data, exhibiting a simple repeat pattern, except for a couple of .1 

micro-variants. There is a potentially polymorphic site involving three contiguous runs of 

polynucleotides 20 bp upstream from the reverse priming site; polynucleotide tracts can cause 

difficulties during the replication process. Only three individuals have been sequenced at this locus, 

but a single base pair deletion is seen in one of them within this feature.  

Table 4.9: Repeat motif types grouped by similarity. 

 

Seven loci included in this study exhibit variations of TAGA and reverse complements. Locus MsF27 

contained a considerable number of .1 micro-variants, but these do not appear to be population 
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specific. The six individuals sequenced for this locus represent alleles containing whole repeat units. 

MsF26 likewise shows a disposition for .1 micro-variants and these are similarly spread across 

populations, although not as commonly occurring as at MsF27. A couple of .3 micro-variants are also 

seen. Locus MsF5 has an identical motif type and shows the same increased incidence of .1 alleles. 

Their low incidence makes it unclear whether they are homologous or analogous alleles in terms of 

population indicators. 

Interestingly, MsF2 shares this repeat motif type (TAGA), but the alleles observed retain a simple 

repeat pattern and .1 micro-variants was not seen until allele 21, which is much longer repeat region 

than where .1 micro-variants appear in the other loci. Nevertheless, this motif type appears to have 

a tendency to form +/- .1 micro-variants. MsF18 and MsF9 exhibit one .1 micro-variant and no 

micro-variants, respectively.  Locus MsF17 attracts some interest in the allele types expressed in 

specific populations. Only complete repeat motif alleles are seen in M. s. imbricata populations, 

except for one 8.2 instant. The NEC and SIB populations exhibit complete repeat alleles or +/- .1 

micro-variants. The SEC population however has a high incidence of .2 micro-variants. This 

unexpected pattern could be caused by an indel unique to this population. No representatives of this 

population were sequenced at this locus during this study and it would be interesting to perform 

further sequencing to confirm this. There is an additional adenine nucleotide seen to conclude the 

repeat region in one sequenced Morelia bredli individual that was not seen in any of the other 

sequenced samples (figure 4.8).   

 

Figure 4.8: A single A base concludes the repeat region in one Morelia bredli individual that is not seen in the 

other individuals sequenced in this study. 

The TAGA based repeat motif in most cases appears susceptible to +/- 1 base mutations, however 

further sequencing of the +/- .1 micro-variants is required to establish the underlying nature of this 

phenomenon. Most mutations in these loci are evenly spread across populations or show no 

correlation to any specific population, so the polymorphisms are unlikely to have an evolutionary 

basis. They could alternatively possibly have arisen due to multiple independent mutation events in 

these rapidly mutating STR markers.  

Penta-nucelotide repeat locus MsF15 shows a much higher incidence of micro-variants in the two 

large coastal populations and interestingly micro-variants in these populations do not show much 

overlap; the lower molecular weight micro-variants occur in the NEC population and the higher 

molecular weight micro-variants in the SEC population.  

Many of the results discussed in this section will have been captured in the population genetic 

analysis through differences in allele frequencies between populations and have shaped the 

differentiation into the final six populations. However, at least the MS27 indel and perhaps the MS3 
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indel also are unlikely to have influenced the population genetic analysis and their independent 

examination might prove a fruitful exercise when dealing with certain populations.  

4.5.6 Summary Statistics, F-statistics and Forensic Statistics 

Summary pairwise FST values for the six overarching populations are shown in table 4.10). 

Comparison of the two Eastern Coastal populations shows genetic structuring to be quite weak 

between them. Conversely, the island populations of Morelia spilota imbricata appear highly 

divergent from one another and the rest of the populations. 

The global (average) F-statistics across and within these six populations are provided (table 4.11). If 

one were to use the overall allele frequency database of 249 individuals to calculate match statistics, 

a theta value of 0.154 would be applied, or the upper bound of 0.194 for an increasingly 

Table 4.10: Pairwise FST values are shown for the six overarching populations. 

Msi GI  0.000      
Msi SFI 0.311 0.000     
Msi ML 0.164 0.157 0.000    
NEC 0.206 0.189 0.059 0.000   
SEC 0.212 0.192 0.061 0.015 0.000  
SIB 0.246 0.207 0.079 0.052 0.062 0.000 

 Msi GI  Msi SFI Msi ML NEC SEC SIB 

 

conservative approach. However, it is preferable to use local database as opposed to an all-inclusive 

database with application of an elevated correction factor (θ), as the result will be more accurate for 

the local population. Only FIS can be calculated for the single island populations, but the software 

packages used require multiple populations to calculate F-statistics. These island populations are 

shown to lack population structure so no θ correction is required for the match probability 

calculation. 

The rarest allele frequency for the overarching population and each of the sub-population 

databases, as well as the rarest and most common profile genotype frequencies, are provided (table: 

allele genotype frequency estimates). Using at least 22 loci of this profiling kit, the most common 

genotype seen using any of the databases has the verbal equivalent of 1 in ten billion, a number far 

larger than the total population of carpet pythons. 

Match probability calculations of genotypes from snakes not included in the reference database are 

presented shortly.  
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Table 4.11: Global F-statistics for the sub-populations exhibiting genetic sub-structuring. The global value for 

each F-statistic is provided, with the 95% lower and upper bounds shown underneath. 

Pop. Definition FIS (f) FIT (F) FST (θ) 

n249 Overarching population 
0.111 0.248 0.154 

0.090 0.132 0.200 0.296 0.115 0.194 

 Subpop. 

SEC 2 overlapping pops in HWE 
0.055 0.063 0.008 

0.029 0.084 0.036 0.090 0.000 0.019 

Msi ML As defined in K3 (fig. A4.19) 
0.085 0.263 0.194 

0.045 0.131 0.2 0.331 0.145 0.248 

NEC 
As defined in K4 (fig. A4.12), 

but two Qld pops merged 

0.073 0.118 0.048 

0.047 0.099 0.094 0.141 0.034 0.064 

SIB 
As defined in K5 (fig. A4.25), 

but excluding 71410 

0.087 0.224 0.149 

0.055 0.124 0.182 0.267 0.118 0.182 
 

Table 4.12: Allele and genotype frequency estimates for each population 

Population Rarest allele frequency 
Rarest genotype 
frequency 

Most common genotype 
frequency 

Total n249 0.010 1 in 1.22 x 1048 1 in 7.36 x 1029 

NEC 0.037 1 in 8.56 x 1028 1 in 1.65 x 1033 

SEC 0.049 1 in 1.37 x 1030 1 in 1.07 x 1031 

SIB 0.045 1 in 1.55 x 1031 1 in 4.14 x 1021 

Msi ML 0.069 1 in 1.6 x 1026 1 in 6.57 x 1021 

Msi GI 0.125 1 in 3.69 x 1019 1 in 7.46 x 1010 

Msi SFI 0.139 1 in 2.38 x 1018 1 in 2.77 x 1010 

 

4.5.7 Geographic Assignment Testing 

The Geneclass2 software allows for assignments to be made without and with the use of resampling 

(a probabilistic estimate of exclusion attached to each population). It is important to perform 

assignment testing using both approaches. When dealing with an unknown sample, assignment 

without resampling provides an idea about the population that best fits the individual’s genotype - 

the population with which the individual is most genetically similar. However, it’s particularly 

important to apply resampling as well because this step attaches a probability (or significance value) 

to their exclusion from each population. This can indicate that the actual population of origin is 

absent from the dataset if the individual is excluded from all candidate populations.  

  4.5.7.1 Test for self-assignment 

Individuals 81320 (Gunnedah, NSW) and 67128 (Eungella, Queensland) both demonstrated 

admixture to two population during initial STRUCTURE analyses of the six populations, so these two 

individual were removed and the reference dataset reduced to 247 individuals for geographic 

assignment testing. 
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The assignment of an individual to multiple populations when their own genotype is included in one 

of the reference populations is a good initial step to perform as it indicates that the designated 

populations are too genetically similar to be differentiable using assignment methods. However, the 

Geneclass2 algorithm is designed to take a ‘leave one out’ approach of [44] cited by [36], so it is not 

possible to use this software to assign the individual back when its own genotype is present, unless 

every individual’s genotype was duplicated and added by hand under a different identifier.  The 

extra effort to do this was not justifiable, given the tests that follow.  

Self-assignment was conducted testing the 247 reference samples against the rest of the dataset, 

applying the leave one out approach for each individual. All 247 individuals self-assigned to their 

known population of origin with a score of 100%, demonstrating the robustness of the six 

populations. When self-assignment was performed with probabilities attached, all Garden Island 

individuals assigned to Garden Island, but were also not significantly excluded from the Msi ML 

population, demonstrating the high degree of genetic relatedness between this island and the 

mainland. One sample is not excluded from the NEC population either. Only five of the 18 St. Francis 

Island individuals did not give a significant P value reflecting exclusion from the mainland as a 

population of origin. All SIB assigned to their own population exclusively, except one Morelia bredli 

that was not significant for the NEC population. Only three individuals from the SEC population were 

not excluded from the NEC population (all assigned to SEC) and a much higher proportion of NEC 

individuals (23) were not excluded from the SEC population. This is perhaps not surprising given the 

overlapping range of these two populations. This will undoubtedly cause difficulties in assignment 

testing of the NEC population. 

One individual from the Msi ML population, 68310 gave a significant exclusion value from every 

population including their own. This result indicates that this individual is genetically distinct from 

every other individual included in the database. This raised the question of whether they are an 

appropriate individual to include in the reference database, as they are so genetically different from 

all other snakes. The decision was made to include the individual in the final reference database as a 

member of the mainland population because they represent natural variation seen within the 

population and, if an unknown individual was genetically similar to them, then it would assign to 

their population rather than no population at all. Individuals that represent the converse situation, 

not excluded from more than one population are trickier to deal with because they blur the 

boundary of population differentiation. In cases where they give a high probability of assignment to 

more than one population, they should be removed.  

When the Bayesian analysis method [37] was substituted with the frequency analysis method [39], a 

higher number of individuals belonging to the NEC and SEC populations assigned incompletely to 

their population of origin. My findings support the findings of [45] that the Bayesian method 

employing likelihood probabilities and resampling performed better in assigning individuals 

completely to a single population of origin than the distance method.  

In fact the results presented by Cornuet and colleagues [45] offer some solace regarding the 

parameters of this study. The authors report that assignment methods are more effective for 

populations exhibiting strong population structure when few individuals and many loci are used. 

Populations that are not so well differentiated give more efficient assignment performance when 

sample size rather than locus number is increased. My dataset better fits the former scenario than 
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the latter. The reduced sample size in the island populations in particular was concerning, but this 

publication encouragingly reports that where FST approaches 0.025, the optimal locus number is 15-

20 with a sample size of 12-16 individuals per population. The island populations fit this profile well, 

so can be expected to perform effectively in assignment tests.  

4.5.7.2 Remove 10% of dataset 

The removal of 10% of the sample from the dataset was attempted; however this approach is 

potentially flawed when using such a small reference database. Removing 10% of the genetic 

information from each population will have a large effect on the resulting allele frequencies. Each 

subsample of the reference database is going to vary in allele frequency estimates, resulting in more 

variability in the posterior density sampling and subsequently be markedly less representative of the 

total allele frequencies in the population than they would if the principal dataset was much larger. 

An ideal situation would involve compilation of a much larger reference dataset, however this ideal 

is not going to be the reality for many species implicated in wildlife crimes.  

To test the robustness of the analysis when 10% of reference samples are removed, the test was 

repeated four times removing the same 25 individuals and applying 1000 resampling steps.  Table 

4.13 shows the results, both without and with sampling. All individuals assigned to the correct 

population without resampling. With resampling, fifteen samples were non-significant for their 

source population, four were significant for their source population plus one other population and 

six individuals were excluded from all populations. Only one assignment changed between non-

significant and significant, but this involved assigning an NEC individual to its source population. 

  4.5.7.3 Remove each population 

To test the robustness of the population groupings, each population was removed from the dataset 

sequentially and assigned back to the dataset without that population present. This determines 

whether the population constituents are more likely to assign to another population or no 

population at all when their own population is not present. Twenty individuals from NEC were not 

excluded from the SEC population. Three individuals from the SEC population were not excluded 

from the NEC population. One SIB individual (an M. bredli) was not excluded from the NEC 

population. Four SFI individuals were not excluded from the Msi mainland population. All individuals 

in the above datasets were excluded from all other populations. All Garden Island snakes assigned to 

the Msi ML population and one individual also assigned to the NEC population. The results of both 

island populations further support their treatment as separate populations based on their genetic 

differentiation from one another. All mainland M. s. imbricata individuals were excluded from every 

other population, showing this population to be highly robust and these mainland individuals to be 

quite different from the other snakes on mainland Australia.  
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Table 4.13: Likelihood of assignment shown at left. At right, range of probabilities of exclusion from four 

replicate tests, non-significant exclusions highlighted in bold, Green = assigned to or not excluded from source 

population, orange = probability of exclusion from population changed between replicates, blue = not 

excluded from non-source population. 

 

  4.5.7.4 Blind trial - assignment of ‘unknown’ samples 

The results of the assignment testing on the individuals of ‘unknown’ origin are shown in table 4.14. 

All individuals for which the original population was known gave >99.4% assignment to the correct 

population and seventeen of these showed 100% assignment to the correct population. The three 

individuals for which population of origin could not be determined showed the highest degree of 

admixture between two populations; the two populations were accordingly the NEC and SEC 

populations.  

Eighteen individuals were not excluded from the population of origin and significantly excluded from 

all other populations. Four individuals were excluded from all populations, indicating that they are 

genetically quite divergent from all individuals in the reference database. Only one of these 

individuals (83875, Kinchega, NSW) was recorded from a locality that could be considered quite 

remote from any other samples appearing in the reference database. Six individuals were not 

excluded from more than one population and the source population was included in every case. All 

cases included non-exclusion from both NEC and SEC; only one individual included non-exclusion to 

another population, SIB, which was identified as its true population and also the population it was 

assigned to without resampling. This individual possessed a genotype of just seven complete loci. 

Correct assignments and exclusions were observed down to the most partial genotype involving only 

five complete loci. 
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Table 4.14: Likelihood of assignment and probability of exclusion for twenty-eight samples with partial profiles 

and one quality compromised complete DNA profile. Green = Correct assignment or non-exclusion; Blue = 

excluded from all populations; Purple = not excluded from >1 population. *samples that fall in overlapping 

range of NEC and SEC, most likely population is speculated by proximity of sampling location to one sub-

population or the other.  

 

On closer examination of 71415 that was not excluded from three populations by its seven locus 

genotype, all of the alleles it possessed at six of the seven loci ranked within the four most common 

alleles at those loci and the alleles at the last locus ranked fifth and sixth most common of the 24 

alleles seen at that locus. This genotype is particularly common within the dataset.  

4.5.7.5 Summary of geographic assignment testing 

Four of the six overarching populations have demonstrated highly robust population assignment. 

The two populations for which assignments were less certain, the NEC and SEC populations, possess 

a large area with overlapping ranges. It was clear from the population genetic analysis of these two 

populations that they would likely prove problematic for geographic assignment attempts. However, 

the assignments that showed poorer performance dealt with individuals nearing the interface of 

these two populations. Individuals belonging to these populations that placed geographically 

distantly from the interface showed reliable population assignment, suggesting that geographic 

assignment outside of the central coastal region of eastern Australia might still have merit for 

investigative purposes. These data have shown promising results that indicate that Australian carpet 

pythons taken from most areas of their native range can be predicted to have originated from one of 

the six overarching populations with a high degree of statistical support.    

4.5.8 Match Statistics of ‘Unknown’ Samples 

Match probabilities and associated likelihood ratios are provided for each of the ‘unknown’ 

individuals in the previous section, using the allele frequency database corresponding to the 

assigned population (table 4.15). In every case, the use of the conservative theta value only changes 

the resulting probability by one to two orders of magnitude. Given the magnitude of the results in 

most cases, this makes very little difference to the outcome. Many of the results calculated using the 

95th percentile upper bound theta value exceed the verbal equivalent ceiling figure of one in one 
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billion that is sometimes adopted as a court reporting threshold (this value was used during my 

employment at Forensic Science SA, South Australia), or even one in one million, the ceiling 

probability reported by the Swedish National Laboratory of Forensic Sciences [46]. 

A complete 24 locus profile was obtained from sample 55457, however for reasons discussed 

shortly, only 10 loci were used to calculate probabilities. The resulting likelihood ratio is quite low, 

but accordingly this individual was noted to exhibit most of the common alleles in this island 

population. 

Table 4.15: Forensic statistics calculated for each of the ‘unknown’ samples using the appropriate calculation 

sheet indicated by the assignment results (table 4.14). Assigned population specifies match probability 

calculation sheet used for each calculation. The overall n249 calculation sheet was used for individuals that 

were excluded for all populations. MP = Match Probability, the cumulative match probability over all loci 

present; Cons. θ = the global θ value from Table (global Fs) was replaced with the conservative upper 95th 

percentile θ value. Verbal equivalent is a conversion of conservative likelihood estimates less than 1 in 100 

billion or 1011. Individual * was included as a quality compromised sample not included in the reference 

database; this individual was not included in geographic assignment, but was known to originate from St. 

Francis Island. 

 

Unknown 

sample #  loci Assigned Population Calc. sheet MP MP (Cons. Ѳ) LR LR (Cons. Ѳ)

verbal 

equivalent

55457 24 Msi SFI* (10 locus reduced set) Msi SFI 0.00025815 - 3873.733 - 1 in 1 000

66113 21 NEC NEC 1.18575E-28 4.36E-27 8.43349E+27 2.29E+26

66171 21 Msi SFI (10 locus reduced set) Msi SFI 7.83703E-06 - 127599.4241 - 1 in 100 000

13429 21 NEC NEC 2.34846E-28 1.33497E-26 4.25811E+27 7.4908E+25

68344 20 SEC SEC 4.58675E-33 2.07354E-31 2.18019E+32 4.82268E+30

66176 19 Msi SFI (10 locus reduced set) Msi SFI 0.00051252 - 1951.144913 - 1 in 1 000

67148 19 Msi ML Msi ML 2.13571E-14 2.30141E-13 4.68229E+13 4.34516E+12

71370 19 SIB SIB 1.20038E-16 1.27775E-15 8.33071E+15 7.82624E+14

71409 19 SIB SIB 1.24531E-15 1.43788E-14 8.03012E+14 6.95467E+13

83875 19 Excluded from all n249 4.82128E-21 3.78067E-19 2.07414E+20 2.64503E+18

13432 18 NEC NEC 6.6079E-25 1.73517E-23 1.51334E+24 5.76312E+22

13459 18 NEC NEC 8.24917E-25 3.09138E-23 1.21224E+24 3.2348E+22

13457 17 NEC, not excluded from SEC NEC 9.01568E-25 2.99466E-23 1.10918E+24 3.33928E+22

SEC 3.33963E-30 2.29388E-28 2.99434E+29 4.35943E+27

66031 17 Excluded from all n249 3.90813E-18 1.61686E-16 2.55877E+17 6.18482E+15

79112 17 Excluded from all n249 1.8302E-20 1.02279E-18 5.46389E+19 9.77717E+17

17537 16 Excluded from all n249 1.61598E-18 4.57101E-17 6.1882E+17 2.1877E+16

50868 16 SIB SIB 5.0927E-15 7.49398E-14 1.96359E+14 1.33441E+13

81309 15 SEC SEC 8.91938E-27 2.84542E-25 1.12115E+26 3.51442E+24

66334 12 Msi ML Msi ML 1.47396E-10 1.16456E-09 6784437408 858695618.7 1 in 100 million

12150 10 NEC, not excluded from SEC NEC 1.00042E-14 6.47701E-14 9.9958E+13 1.54392E+13

SEC 9.01668E-18 9.76476E-17 1.10906E+17 1.02409E+16

66337 10 Msi ML Msi ML 1.24601E-08 7.02379E-08 80255887.88 14237335.14 1 in 10 million

66317 9 SEC or NEC SEC 2.43409E-14 7.77789E-14 4.10831E+13 1.2857E+13

NEC 1.98571E-13 8.55568E-13 5.03597E+12 1.16881E+12

68380 9 SIB SIB 2.13445E-08 7.02393E-08 46850425.87 14237036.23 1 in 10 million

12154 8 SIB SIB 1.0407E-08 2.88469E-08 96089608.22 34665714.75 1 in 10 million

81322 8 SEC or NEC SEC 4.03694E-12 1.23316E-11 2.47712E+11 81092593182 1 in 10 billion

NEC 8.53518E-12 3.55208E-11 1.17162E+11 28152499567 1 in 10 billion

71415 7 SIB, SEC or NEC SIB 2.02305E-06 4.55559E-06 494302.5782 219510.3678 1 in 100 000

SEC 2.92363E-12 1.46929E-11 3.42041E+11 68059914294 1 in 10 billion

NEC 2.77069E-08 7.73724E-08 36092073.57 12924504.64 1 in 10 million

n249 1.36724E-07 4.38982E-07 7314003.541 2277997.055 1 in 1 million

13444 5 NEC NEC 5.29892E-07 1.20984E-06 1887178.178 826555.8278 1 in 100 000

13450 5 NEC or SEC NEC 2.02747E-07 3.98203E-07 4932244.954 2511281.961 1 in 1 million

SEC 4.64328E-10 1.7952E-09 2153649675 557039628 1 in 100 million

86801 5 NEC or SEC NEC 1.06052E-07 2.67257E-07 9429325.986 3741717.485 1 in 1 million

SEC 5.68373E-09 2.27222E-08 175940725.2 44009748.24 1 in 10 million
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4.6 Further discussion – Considerations and Application 

4.6.1 Choice of reference dataset 

Choosing the number of individuals for inclusion in the reference database was an important 

consideration in this experimental design. A balance must be struck between maximising the sample 

size of the populations (particularly crucial in a dataset with such sparse sampling in large areas) and 

minimising the amount of missing data caused by incomplete loci. The sampling of populations 

proved an important factor in this decision. Individuals at the threshold of inclusion were assessed 

upon whether they would fill in any sampling areas or provide no added benefit to already heavily 

sampled regions.  

Initially, a reference dataset involving 242 individuals with either complete profiles or only one 

missing locus was used. This dataset was subjected to population genetic analyses. By allowing a 

second locus with missing data, a reference dataset of individuals exhibiting 22+ complete loci – 

twelve extra samples could be added. Reference to the population analytical results showed that, 

not only did these extra samples provide important information for each dataset in the form of rare 

alleles, but their inclusion would improve coverage in poorly sampled areas. The reference dataset 

was amended to include these individuals, providing a total of 254 individuals exhibiting 22 or more 

complete loci. 

Part way through reanalysis, this dataset was found to be inappropriate due to the presence of 5 

pairs of duplicate genotypes detected using GenAlEx (Peakall & Smouse, 2006, 2012) Multilocus > 

Matches function. It is unclear whether these duplicate genotypes are due to accidental resampling 

of an individual during initial sampling, or perhaps mislabelling during post-processing. Quality 

controls used during testing indicate that these genotypes are the correct genotypes obtained from 

the extracts received at Flinders University (however only one sample 71407 was extracted at 

Flinders University, the rest being extracts obtained from Taylor’s doctoral project). Only one 

individual was replicated in the results of that previous PhD project [43] and all genotypes were 

identical at the four loci overlapping between studies.  

Pairs of snakes (one pair excluded) are recorded as sampled from the same locality indicating the 

possibility of recapture of the same individual or sampling of two related individuals. It is unlikely the 

results are caused by siblings with matching profiles at 24 loci as the PISIBS calculated in the previous 

chapter for this dataset was 1 in 10-12. One pair originated from locations ~40 km apart, but the 

sampling dates are not available. Due to the ambiguity surrounding these duplicates, one of each 

pair was removed from the final dataset for analysis. The resulting reference dataset was comprised 

of 249 individuals exhibiting 22 or more complete loci. 

The population genetic analysis to partition the overall reference population into sub-populations 

gave some unexpected results and raised some interesting population genetic questions and 

dilemmas for forensic application. 

4.6.2 Homogeneity of Eastern Coastal populations 

The first surprise encountered was the degree of homogeneity in the Eastern Coastal populations. 

The Eastern coastline of Australia inhabited by carpet pythons stretches roughly 3000 kilometres, 

adding a further 1500+ kilometres if the distance from the Queensland coast to Darwin overland is 
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included. While the snakes at either extreme of this range were quite genetically divergent, this area 

was partitioned into just two populations using STRUCTURE and showed weak isolation by distance. 

STRUCTURE has been noted to have difficulty with populations exhibiting isolation by distance [4] 

and it’s possible that this coastal population comprises one continuous population, split into NEC 

and SEC as an artefact of the clustering analysis algorithm. Particularly confounding to the prospect 

of population assignment is the overlapping range of roughly 1300 kilometres between the 

northern-most SEC assigned snake and the southern-most NEC assigned snake (figure 4.9).  

 

Figure 4.9: Map of the geographic distributions of samples belonging to NEC and SEC sub-populations. 

The work of Taylor [43] also showed snakes from northern and eastern Australia to lacking the 

genetic structuring required for fine scale geographic assignment using eight STR loci. The 

homogeneity in these populations is indicated by their FST values. The SEC population showed the 

least genetic differentiation, with a global FST of 0.008, while the NEC population showed a larger 

but still relatively low sub-structuring of 0.048. The divergence in this figure is likely caused by the 

inclusion of the Northern Territory group and indeed the overseas individuals from Papua New 

Guinea. 

Asides an absence through the west of Northern Queensland below the Gulf of Carpentaria that 

spreads into the north-east of the Northern Territory, snake populations (and their sampling for this 

study) are fairly continuous throughout the Australian mainland NEC and SEC populations. The 

genetic homogeneity indicates dispersal rates of snakes throughout this region to be adequate for 

gene-flow to prevent stronger patterns of isolation by distance (calculation of migration rates is 

beyond the scope of this study). Much genetic variability is seen in these populations, including the 

incidence of a large number of micro-variants across many alleles. For example, four loci in the SEC 

dataset displayed a highest allele frequency of <0.1, indicating these loci to be highly discriminative. 

Yet, the population patterns are not desirable for assignment of individuals to a particular 

geographic location, one of the intended aims of this project. The hope was that an increased 

number of loci would mitigate the assignment issues encountered by Taylor, however even with 
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three times the number of loci, genetic differentiation of local populations within these sub-

populations is still low. 

4.6.3 Dilemmas raised by sparsely sampled, genetically divergent populations 

In contrast to the above, the Morelia spilota imbricata mainland and Southern, Internal and Bredli 

populations showed a rather high degree of genetic structuring, further complicated by sparse 

sampling over large geographic distances. Correct implementation of the population analysis 

software was difficult in these respective populations because, due to these factors, it is possible 

that genetically dissimilar populations were represented by single individuals. Ideally, population 

genetic analysis should be conducted on multiple populations containing a minimum of two dozen 

or so individuals.  

Each of these datasets contained a geographic locality that had been more intensively sampled 

(although sample numbers in the teens still falls short of idealised population numbers). It was 

difficult to find clusters of individuals that exhibited HWE outside of these small areas, unsurprising 

given the geographic spread of the snakes. So these datasets provided the dilemma that the 

populations are too small to provide accurate results from HWE calculations, but the larger 

populations are too diverse to pertain to HWE, violating assumptions of many population genetic 

analyses. I have been advised that violation of HWE is problematic, but can be dealt with so long as 

the reason for the deviation is known and can be explained (R. Ogden, pers. comm.). 

Likewise, the overall allele frequencies of the total combined population would not accurately 

represent many of the genetically diverse individuals included within, but further subdivision would 

result in sample numbers too small to give accurate analytical outcomes. The best solution to the 

allele frequency dilemma lies in the application of the theta correction to account for the known 

elevated sub-structuring. However, even the calculation of the global theta value was problematic, 

being an average of the pairwise FST values between groups. How can these populations be further 

accurately subdivide into groups, when the genetically similar groups contain so few individuals that 

pairwise FST, and therefore theta, values would not be accurate?  

Talking to some of the sharpest, most experienced minds in the application of wildlife and statistical 

forensic genetics resulted not in infallible solutions to this “pickle” (as one called it), but rather 

recommendations of pragmatism. I came to the conclusion that the best way forward is to 

acknowledge the limitations inherent in the dataset and lean towards the conservative approach in 

reporting. After all, in the field of wildlife forensic science, the species dealt with are sought after 

due to their rarity, and populations fragmented due to persecution. Lacking sample size is frequently 

an issue [12] and both deficient resources and sheer depletion of the species dictates that increasing 

this is often not an option. This example perhaps represents the reality for many populations 

encounter in wildlife forensic investigations. As wildlife forensic scientists, we need to be able to 

make some workable solution of these types of problematic dataset. It is better to be transparent 

about the limitations, utilise limited information and provide a conservative result, than to scrap an 

imperfect dataset and provide no assistance at all. 
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4.6.4 Choosing the right kind of markers for the job 

From the outset, this part of the project aimed to answer two questions commonly encountered in 

forensic investigations: the question of individualisation and the question of geographic origin. Both 

of these questions can be informed through the application of highly variable STR markers. The work 

of Taylor [43] demonstrated that eight STR markers were insufficient for conducting geographic 

assignment, outside of differentiating the western imbricata sub-species from the rest of Morelia 

spilota (although the mitochondrial analyses of chapter 2 suggested the M. s. imbricata subspecies 

to be divergent enough to warrant elevation to a separate species of Morelia). The development of a 

much larger marker set was intended to resolve this problem. An equal expectation was that an 

increased marker set would likewise improve the discrimination power of matching statistics, 

benefiting cases involving individualisation. 

Not only was the marker set increased in number, but compound and complex STR motif types were 

included, which provided a much larger incidence of micro-variants at each locus. The resulting 24 

locus marker set, containing 752 alleles seen in 249 individuals, exceeded expectations in terms of 

increasing the discrimination power of the assay. High allele counts are excellent for discriminating 

closely related individuals in cases of parentage testing and determination of geographic origin. 

However they created unforeseen complications when applying allele frequency databases to 

answer questions of individualisation.  

The high degree of genetic structure in this species creating these large allele counts also resulted in 

very small sample sizes when populations were partitioned by genetic similarity. The largest number 

of alleles seen at a particular locus was 88 at MS3, however sample sizes of the island populations 

were less than two dozen individuals, facilitating possible sampling of less than half the alleles 

known to exist at MS3, if every individual happened to exhibit a different allele. One could argue 

that the historical founder effect of this island population combined with the increased genetic drift 

likely to be strong in a small population would be likely to remove most of the rare alleles in the 

mainland populations from these group. However, with such small sample sizes it is still difficult to 

determine whether the sampled allele frequencies accurately represent the true allele frequencies 

of the entire population. The inclusion of a large number of highly polymorphic markers was 

gradually recognised to involve a trade-off between highly discriminating markers preferable for 

geographic assignment and an increased number of alleles confounding accurate allele frequency 

estimates in small populations.  

4.6.5 Difficulty of accurate allele frequency estimates in small island populations 

Back to the problem of how to treat the two M. s. imbricata island populations, Garden Island and 

St. Francis Island, which have reference datasets of only 20 and 18 individuals respectively. This is 

lower than the recommended population numbers for a reference database and one might be 

tempted to combine them. However, examination of respective allelic frequencies reveals that these 

two populations are very divergent at many loci, supporting the genetic differentiation of these 

islands seen from the population genetic analyses. Combining them into a single population would 

grossly misrepresent allele frequencies for both populations. These analyses have demonstrated 

that these populations are too genetically distinct to combine with each other or any mainland 

populations.  
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The ability to confidently estimate the allele frequencies at a locus exhibiting 88 alleles is 

confounded when only 36 alleles at that locus have been sampled within the target population. A 

workable solution to overcome this issue is to use only the most conserved loci, identified in the 

larger population, for the match probability calculation. Application of just the eight most conserved 

loci in the Garden Island population (MsF5s, MsF9, MsF16, MsF18, MS4h, MsF27s, MS9, MsF2) gives 

a Probability of Identity of 1 in 9523. While this figure sounds low in comparison to human 

populations, Garden Island is 1200 hectares or 12km2 [42] and the population density would need to 

be ~600 snakes/ km2 for the population to be this size. An estimate of a population size of 5000-10 

000 snakes has been provided (David Pearson pers. comm.). In the context of a case, the population 

estimation might need to be revisited and a figure closer to the upper end of this initial estimate 

might warrant the addition of a couple of extra loci in the calculation.  

A similarly small reference dataset is available for St. Francis Island. Using the eight most conserved 

loci in the St. Francis Island population (MsF5s, MsF9, MsF16, MsF3, MsF22, MsF8, MsF26, MS9) a 

probability of identity 1 in 1687 snakes is observed. If this figure is considered insufficient for 

adequate discrimination, adding two further markers MS4h and MsF18 gives a probability of identity 

of 1 in 22 800, which should be more than adequate for a population inhabiting an island 809ha or 

8km2 [42] in size. The highest allele count at any of these markers is 21 alleles.   

The full 24 locus set is recommended for geographic assignment testing, which is not confounded by 

the small sample size and benefits from the increased information content. 

4.6.6 Robustness of assignment testing 

All individuals DNA profiled in this project that exhibited too few complete loci for inclusion in the 

reference database were used to test the robustness of the developed assay and subsequent 

statistical analyses. One further individual was screened using the wrong sample details. Although 

this sample could be traced back to the right individual of origin, its use in the reference DNA 

database was rejected and it was conversely treated as an unknown for robustness testing.    

The assignment testing produced promising results both in terms of overall reference database 

robustness, as well as ability to assign DNA not contained within the dataset to the six putative 

populations or exclude from all populations. During initial robustness testing of the reference 

database using only the 249 included individuals, only two individuals showed admixture between 

multiple populations to the degree that they needed to be discarded as references for assignment 

purposes. The Msi Mainland population was shown to be most robust; all individuals were excluded 

from every other population. The NEC and SEC populations showed a degree of overlap problematic 

for assignment testing. This came as no surprise given the homogeneity in these populations 

discussed previously and the possibility that the population split could actually be an artefact of the 

cluster based analysis.  

The 28 unknown samples gave pleasing assignment results. Assignment to a single population gave 

the correct known sampling origin, except in three cases involving individuals that occur around the 

southern boundary of the NEC range, well within the range of the SEC sub-population. In all three 

cases, the likelihood of assignment was shared between these two sub-populations. The probability 

of exclusion results showed four individuals to be excluded from all populations. This indicates that 

they are genetically divergent from the other individuals in all populations. Two of these were 
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individuals showing admixture in the assignment to a single individual. All other cases where 

individuals were not excluded from multiple populations involved the NEC and SEC populations. Of 

interest, one individual could not be excluded from SIB, as well as NEC or SEC, however this 

individual only exhibited seven complete loci.  

Perhaps the most promising outcomes of this testing are the observations that: 1) only one 

individual with more than ten complete loci was excluded from all but a single population 

(discounting the four individuals excluded from all populations) and, 2) an individual containing only 

five complete loci was excluded from all but a single population. These data demonstrate four of the 

chosen datasets to be highly robust for geographic assignment testing, while the NEC and SEC 

populations show decreased robustness for some assignments.  

4.6.7 Discriminating power of the dataset 

The results presented in table 4.15 provide an idea of the discriminating power of the dataset when 

dealing with partial profiles not already represented on the database. The likelihood ratio 

incorporating a conservative theta value is most useful in the court reporting context. The results 

were generally very discriminatory, even when less than ten loci were used in calculations. The St. 

Francis Island population gave consistently low match probabilities, due to the restricted locus set 

used for calculations. Yet, depending on the population size inhabiting the island, these low figures 

could be sufficient. This is a point that should be reassessed if the need arises for a case involving 

this sub-population. More markers can be added to increase the discrimination power of the test. 

Asides this population, all but two likelihood ratios gave a figure greater than 1 in 1 million. The 

individual exhibiting a result less than this only had seven complete loci. Four databases were used 

to calculate match statistics for this sample and all but one gave a result above this figure. It is 

interesting that the SIB sub-population database gave 1 in 100000, but the total n249 database gave 

a figure ten-fold the value. This demonstrates that using a smaller sub-population database is 

preferable in providing a potentially more accurate statistic, as this profile appears to be much more 

common within this sub-population. Even with the theta value, the statistic calculated from the total 

population is favourable to the prosecution.  

4.6.8 Suggested application of the dataset 

With all of the above considerations in mind, the following approach to applying this dataset for 

forensic casework involving carpet pythons is suggested. A DNA profile obtained from an evidentiary 

item should be assignment tested against the six putative sub-populations using both likelihood of 

assignment and probability of exclusion approaches to show which of the populations the DNA 

profile is most genetically similar, and also attach a significance value to its exclusion as originating 

from any or all of the putative sub-populations. The outcome should dictate the application of a 

particular reference database (or multiple databases) to calculate statistical probabilities for profile 

matching. Where an individual is excluded from all populations, the overarching n249 population 

reference database should be applied. Where an individual is not excluded from multiple sub-

populations, each sub-population database should be used to calculate the likelihood ratio and the 

most conservative of these figures reported. 
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From the population genetic analyses, the two Msi island populations showed no further indication 

of internal population sub-structuring. A theta correction is not necessary when calculating a match 

probability using these sub-population databases. A conservative approach involves using reduced 

locus sets to calculate match probabilities using the very small island population reference 

databases. A theta corrected statistic using the overarching population can also be presented to 

account for the hypothesis that a snake did not originate from the island population, however this is 

a less likely scenario if the unknown is genetically very similar to the island source populations. The 

SEC population showed a very small degree of sub-structuring present, so this theta correction 

should be applied to match probability calculations. The two island sub-populations adhered to 

Hardy-Weinberg expectations and the SEC population contained two large overlapping populations 

exhibiting HWE (figure A4.10). The deviation of the total SEC sub-population, while significant, was 

not highly significant like the other larger sub-populations.  

4.6.9 A conservative approach is required, but just how conservative?  

The three remaining sub-populations are more problematic as they do not exhibit HWE, but cannot 

be split into smaller sub-population partitions, due to the high geographic structure seen between 

few individuals spread over large distances. Some of these individuals likely represent what should 

be an entire population in their genetic differentiation, yet accurate estimates of F-statistics and 

adherence to HWE require at least two dozen individuals per population. The proposed solution 

when populations containing known substructure cannot be broken down into more accurate sub-

populations, is to use the broader population dataset and apply the co-ancestry coefficient to the 

match probability calculation to adjust for a higher incidence of allele sharing within the population. 

This is a logical and accepted way forward, however this dataset has revealed problems with this 

approach. The theta correction applied is based on the global FST calculated for the overall 

population and this is the average FST of the populations within. The larger group still has to be 

delimited into internal populations in order to calculate the global theta value. Each of the three 

subpopulations examined in this project, NEC, SIB and Msi ML, contained very small groups of clearly 

genetically divergent individuals, but also contained a remaining subset of individuals that exhibit a 

spectrum of genetic differentiation, while also spread over a large distance.  

The NEC population will be discussed first, as it has the mildest case of this spectrum of 

differentiation, caused to some extent by IBD. When comparing Q-values from K3 and K4 (Appendix 

4.7), most of the Norther Territory and New Guinean samples form two distinct populations and 

most other samples cluster strongly as a third population. At K4, this third population is split into 

two populations, but they both exhibit individuals admixed between, suggesting these individuals 

straddle the two populations, representing the middle of the genetic cline. One approach is to 

calculate a global theta, either using the populations delineated at K3 or K4. At K3 the global theta 

value is θ = 0.048 (95% upper: 0.064, lower: 0.034). It is known that a degree of variability exists 

within the dataset and the allele frequencies in the overall dataset do not fit the sub-populations as 

well as local population estimates would (had sample numbers sufficed). One could argue that the 

average theta value disfavours those sub-populations within that are more highly inbred. An added 

degree of conservativism would involve application of the upper bound of the global theta, which is 

0.064 for this sub-population database. 
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The other two populations represent a more difficult scenario as the cline of genetic differentiation 

is more continuous. The group of 36 Msi ML individuals for example exhibit a small degree of 

isolation by distance (Appendix 4.3.4). When forced into three populations (K3), the farthest west 

WWI individuals and the farthest east Yorke Peninsula individuals break out into clear 

subpopulations and everything else assigns to the same middle group (figure A4.18). However, when 

four populations are specified (K4), the middle group is dissected; however the degree of admixture 

suggests that this grouping contains a spectrum of genetic variability. Even individual 68310 from 

Yorke Peninsula shows admixture suggesting them to be a continuation of the Coastal SA group. This 

middle group is shown to contain continual genetic variation to the extent that the two extremes are 

very different from one another, but there is no clear point of division into two populations for the 

purpose of calculating the global FST. Appendix 4.3.4 provides additional information about the 

geographic locations and genetic differentiation shown in PCoA plots that represent ~26% of the 

variability. The SIB sub-population demonstrates similar patterns.  

All three populations show this same pattern, containing a number of small or very small genetically 

distinct groups and a remaining scatter of widely spread and genetically continuous individuals, 

suggestive of IBD (see Appendix 4.3.3 and 4.3.5). There is no clear solution to calculating a global FST 

for these populations. A number of approaches are available where populations or part-populations 

exhibit these patterns, but each has drawbacks: 

1. Sample more individuals to give higher population numbers: this is a good solution if time and 

resources permit, but for rare and persecuted species the remaining individuals might be remnants 

spread over large areas and increased sampling is not an option. 

2. When theta is unknown, calculate the Probability of Identity based on sibling relationships: The 

equation for the Probability of Identity between siblings (PISIBS) provides the upper limit of the range 

of PIs obtained from a population [47]. This was the approach taken in chapter three and is a 

conservative measure for accounting for increased relatedness in individuals at either ends of the 

genetic spectrum. However, it is extreme in its conservativeness and therefore loses a large degree 

of information, drastically reducing the final match probability. An STR marker set of this resolution 

somewhat mitigates the problem, as the resulting PISIBS from the overall dataset is still one in one 

trillionth, a very discriminating value. 

3. Report the statistic for most frequent genotype in the population rather than the genotype seen: 

This involves using the two most frequent alleles where the individual is a heterozygote at a locus 

and the frequency of the most common allele in the population where that locus is a homozygote in 

the profile of interest. Similarly to the PISIBS, this will give a much more conservative figure than the 

actual match probability for the profile, but loses a great deal of information if the evidentiary DNA 

profile contains rare alleles. These results for each sub-population were provided in table (allele 

genotype frequency estimates) and the most common genotype estimate was concluded above to 

be far larger than the realistic number of extant snakes in this species. Note that this estimate did 

not take into account the restricted loci suggested for this sub-population database. The difference 

between probabilities of 103 using the restricted dataset and 1010 from the full STR complement is 

substantial and whether or not one needs to restrict the dataset to a third of the available loci in 

these island populations warrants further thought and discussion.  
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4. Apply inflated allele frequencies: Where allele frequencies at a locus sum to 1, their values can be 

inflated by 10% to sum to 1.1. Where the allele frequencies are suspected not to accurately 

represent all individuals in the population, this increases the commonality of the alleles, shifting the 

calculated statistic slightly more in favour of the defence. This is not extreme like the previous two 

approaches and favours conservativism without losing a large amount of discrimination power, 

however the decision of the value to inflate the allele frequencies is arbitrary and thus difficult to 

defend in court. 

5. Apply conservative theta values: Probability calculations presented in section 4.5.8 incorporated a 

comparison between application of the normal global theta value and the 95th percentile upper 

bound theta value. This approach applies a small degree of conservativism, but retains much of the 

information captured in the profile. The probabilities observed changed by only one to two orders of 

magnitude when the conservative theta value was applied. This approach could be argued as not 

conservative enough, given the various discussed limitations within the dataset. An extension of this 

could be to apply the uppermost theta value witnessed within the dataset, which would be the 

pairwise FST  of 0.311 seen between the two Msi island populations. This figure represents the most 

divergence that any two populations within the dataset display, so should represent the maximum 

degree of genetic sub-structure present within the overall population.  

Applying this value of theta changes the likelihoods previously reported in table 4.15 to those 

reported in table 4.16. This reduces some of the reportable likelihood ratios drastically, particularly 

in the NEC and SEC populations where theta values were otherwise low, and could be considered 

too extreme and unnecessary an approach for these particular populations. Compare the difference 

this has on the likelihoods reported for individual 71415. Using the four different databases with 

associated allele frequencies, the results range between 1 in 100 000 and 1 in 10 million. However, 

when applying the maximum theta correction, all results except that using the overarching 

population database reduce down to 1 in 10 000. 

These all represent possible options and the most appropriate choice of action needs to be assessed 

on a case by case basis. 
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Table 4.16: The forensic statistics presented in table 4.15 and recalculated using upper 95th percentile theta value and the revised results compared with the previous 

figures.  

 

Unknown 

sample LR (Cons. Ѳ)

verbal 

equivalent LR (Max. Ѳ)

verbal 

equivalent

Unknown 

sample LR (Cons. Ѳ)

verbal 

equivalent LR (Max. Ѳ)

verbal 

equivalent

55457 - 1 in 1 000 - - 66334 858695618.7 1 in 100 million 127074982.3 1 in 100 million

66113 2.29E+26 2.08855E+15 12150 1.54392E+13 23584452.86 1 in 10 million

66171 - 1 in 100 000 - - 1.02409E+16 10863975.06 1 in 10 million

13429 7.4908E+25 7.91448E+13 66337 14237335.14 1 in 10 million 2901985.338 1 in 1 million

68344 4.82268E+30 3.18841E+15 66317 1.2857E+13 28109397.66 1 in 10 million

66176 - 1 in 1 000 - - 1.16881E+12 31842859.37 1 in 10 million

67148 4.34516E+12 4.71952E+11 68380 14237036.23 1 in 10 million 513961.2078 1 in 100 000

71370 7.82624E+14 1.01243E+12 12154 34665714.75 1 in 10 million 2006864.972 1 in 1 million

71409 6.95467E+13 82870702691 1 in 10 billion 81322 81092593182 1 in 10 billion 473324.9165 1 in 100 000

83875 2.64503E+18 4.03995E+14 28152499567 1 in 10 billion 990101.3657 1 in 100 000

13432 5.76312E+22 4.99085E+12 71415 219510.3678 1 in 100 000 23030.53029 1 in 10 000

13459 3.2348E+22 7.39054E+11 68059914294 1 in 10 billion 54044.88049 1 in 10 000

13457 3.33928E+22 1.37421E+12 12924504.64 1 in 10 million 10817.95857 1 in 10 000

4.35943E+27 7.9567E+12 2277997.055 1 in 1 million 191400.8169 1 in 100 000

66031 6.18482E+15 3.39225E+12 13444 826555.8278 1 in 100 000 2017.191266 1 in 1 000

79112 9.77717E+17 2.95682E+14 13450 2511281.961 1 in 1 million 13232.33604 1 in 10 000

17537 2.1877E+16 2.43227E+13 557039628 1 in 100 million 10517.97694 1 in 10 000

50868 1.33441E+13 8620018876 1 in 1 billion 86801 3741717.485 1 in 1 million 6413.77075 1 in 1 000

81309 3.51442E+24 5.33096E+11 44009748.24 1 in 10 million 2031.997127 1 in 1 000
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4.6.10 Additional traits of interest 

The population genetic analysis was based on allele frequency data. The model based partitioning 

software STRUCTURE uses genotypes and subsequent allele frequency calculations to partition 

individuals into the specified number of populations with the least deviation from equilibria of 

genetic models (Hardy-Weinberg and Linkage). All analyses relied on the input of genotype data 

based on allele, and therefore fragment, size rather than sequencing data. This means that, unless a 

sequence characteristic such as an indel created a unique allelic micro-variant, this character would 

be not be considered during analysis. Chapter 3 demonstrated how much underlying genetic 

variability is lost through genotyping by size migration. Some characteristics were observed in this 

study that might provide additional supporting information to genotyping by size migration in cases 

dealing with certain source populations.  

A 19 bp indel occurs at locus MS27 in the Morelia spilota imbricata subspecies. Its presence is not 

evident by allele size alone, so sequencing this indel can add information to investigations suspected 

to involving this sub-species. Likewise, a 2 bp was observed in MS13, which is present in Morelia 

bredli, absent in M. s. imbricata and polymorphic in all other carpet pythons. Absence of this indel 

could exclude an individual as M. bredli, while presence could exclude an individual as M. s. 

imbricata. 

Northern Queensland and Northern Territory populations exhibited a deletion at locus MsF28 

represented by a .4 micro-variant, however this feature should be evident by routine genotyping. 

This indel could be of particular interest in an allegation of species or sub-species hybridisation 

allegedly involving a carpet python originating from northern Australia.  

The marker set is highly discriminatory and in most cases genotyping by size migration should be 

sufficient to discriminate individuals, without the need to sequence alleles and identify underlying 

sequence polymorphisms. 

 

4.7 Concluding remarks 

This dataset demonstrates some issues not frequently seen in human DNA analysis, but more 

common to forensic investigations dealing with wildlife DNA. Sample size is often an issue. Wide 

scale sampling of a single species is resource intensive and for STR markers a reference genotype 

dataset needs to be compiled specific to each species and also from the target population relevant 

to the investigative question. While DNA testing costs are decreasing, the funds required to screen 

large numbers of individuals are often well beyond the scant amount available with which to 

conduct an entire investigation. Many of the species targeted in wildlife crimes are sought after 

because of their rarity. It might be that there simply aren’t the wild populations to be surveyed for a 

DNA database. There may be no way to mitigate the problems of sample size, so the only solution is 

to deal with it as best one can. 

Sample sizes created difficulties when conducting the population genetic analyses on sub-

populations in this study, particularly those of the Msi Mainland and the Southern and Internal 

Bredli sub-populations. Both of these datasets exhibited one internal ‘subpopulation’ that contained 

few individuals and spanned a large geographic range. Knowing how to assess these individuals is 
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difficult because essentially one individual represents a population and individual genotype 

variability can’t be separated from population variability. These areas are known to be sparsely 

inhabited by carpet pythons and heavier sampling to fill out population numbers is unlikely 

achievable. These populations do not show conformance to HWE, yet to reduce the number of 

individuals included to find genetic evidence of an interbreeding population would reduce 

population numbers below a minimum amount reasonable for calculations of F-statistics. The island 

populations brought their own difficulties, exhibiting adherence to HWE, but sample sizes that were 

problematic for forensic statistics. The eastern coastal populations were more heavily sampled, but 

provided further complications, being a continuous population displaying a degree of isolation by 

distance. These are all very realistic situations that wildlife forensic scientists are likely to encounter 

and need to be able to tackle and draw conclusions from in a defendable manner. 

Geographic assignment analysis was highly robust in four of the sub-populations and is informative 

even when partial profiles of less than ten loci are obtained. Unfortunately, homogeneity of the 

northern and eastern populations, as well as sparse sampling of the south-western populations and 

a lack of distinct genetic population partitioning within all but the island populations, has 

confounded the ability of this multiplex assay and associated reference database to determine the 

most likely geographic origin of a poached individual to a finer resolution than assigning them to one 

of the six putative sub-populations. Calculations of forensic statistics showed this dataset to be 

highly discriminative within all of the sub-populations, even with partial DNA profiles of less than 

half the total STR assay. In summary, this study provided many difficult, but realistic scenarios and a 

great opportunity to learn how best to treat each different situation to provide support to the justice 

system in criminal investigations involving carpet pythons. 
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Appendix 4.1 Analysis technique background information 

A4.1.1 Model-based clustering analysis using STRUCTURE 

This software package partitions the multi-locus genotype dataset into the most probable 

population, each characterised by particular allele frequencies, applying the assumptions of Hardy-

Weinberg equilibrium (or least violation thereof) and linkage equilibrium [25,48]. The user specifies 

the number of populations (K) and associated parameters. The application of a genetic model 

facilitates a result that is much more relevant to biological systems than either clusters informed by 

subjective (and therefore possibly biased) assessments such as phenotypic characters or geographic 

boundaries, or a clustering algorithm that is based on all axes of variability within the dataset alone 

without biological context (such as Principal Co-ordinate Analyses or Multidimensional Scaling 

methods). As the algorithm requires no a priori assumptions about groupings of individuals within 

the dataset (although this can be specified for certain applications), the results reflect only the 

genetic variability given within the input dataset, which could include ‘cryptic’ diversity [25]. 

The STRUCTURE analysis software uses a Bayesian clustering approach following Bayes theorem. 

Bayes theorem is described by: 

 

Posterior probabilities are modelled on prior information to give a posterior probability distribution 

for a hypothesis, testing many scenarios at once to give probabilities for each, rather than 

culminating in a single P-value [23].  

A Markov Chain Monte Carlo (MCMC) simulation is applied to explore the sample space (probability 

distribution based on priors) of the dataset and find the optimum sampling solution (partitioning of 

individuals into populations and associated allele frequencies) to fit the model. A random 

partitioning of individuals is selected by the software during iteration one and the strength of the 

evidence for this inferred sample set, and associated allele frequencies, is assessed. The hypothesis 

that the sample set chosen in each iteration (populations and allele frequencies) fits the evidence 

(genotype dataset) based on the model better or worse than that chosen in the previous run is used 

to accept or reject the sample set. Put simply, the sample set is accepted if the solution is a better fit 

to the data and rejected if it is a worse fit. The move to the new sampling space in the next iteration 

is inversely proportionate to the fit of the data; acceptance will cause the next sample set to be 

taken close to that space with similar composition whereas rejection will lead to sampling from 

elsewhere. A large iteration number allows this repetitive sampling process to converge on a 

posterior sampling space (allele frequencies per population and population membership) that best 

fits the model specified. Through the iterative process, the final posterior probability can be 

considered with confidence as meaningful.   

Basic decisions to be made when initiating a new STRUCTURE run are: length of burn-in, number of 

iterations in a run, specification of K values, replicate runs per K value, ancestry model and allele 

frequency model. There are also advanced options to fine-tune parameters such as α and λ within 

these categories.    
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The burn-in period constitutes the initial sampling stage where the sample sets chosen do not fit the 

model well, so the sampling jumps around the sample space to find a region that fits better. Once 

better fitting sample sets are found, adjustments to the sample sets are made at a much finer scale. 

The burn-in period is therefore discarded from contributing to the final probability distribution from 

which sampling is conducted to draw inferences.  Sufficient replicate runs should be conducted for 

each value of K to ensure that the results of different runs converge on the same value.   

The number of iterations in a run is particular to the dataset and is adjusted based on the results of 

initial testing. A higher iteration number will provide more accurate results at the expense of 

computer processing power and time. The log likelihood of runs with the same K values should be 

assessed for convergence of results. A substantial degree of variability in the log likelihood between 

runs of the same K when compared to the variability in log likelihoods between runs of different K 

values indicates that the iteration number should be increased [48]. 

The ancestry model is user specified. Individuals in the dataset can be assumed to be derived from a 

single population (no admixture model) or contain alleles originating from multiple populations 

(admixture model). The latter assumption allows for proportions of an individual to be allocated to 

multiple populations. This scenario is more realistic to biological populations [48].  

Two alternative allele frequency models are applied to a dataset: the Independent Allele Frequency 

Model (IAFM) and the Correlated Allele Frequency Model (CAFM). The IAFM specifies that 

populations are independent of one another and therefore exhibit quite different allele frequencies. 

The CAFM specifies that frequencies between populations are likely to be quite similar, due perhaps 

to migration or shared ancestry [49]. If no admixture is present, CAFM results will be very similar to 

IAFM results [50]. The CAFM can lead to an overestimation of populations [25]. Individuals that have 

very similar allele frequencies can be treated as originating from two different, but very similar 

populations, whereas they would be treated as members of one single population if IAFM were 

selected. For this reason, it is important particularly when using CAFM to choose the smallest value 

of K that maximises the likelihood without overestimating it (point of plateau, see figure A4.1 for a 

comparison these methods). 

 

 

Figure A4.1: Results of identical analyses of a dataset using both IAFM and CAFM. IAFM shows a much more 

defined plateau, while CAFM log likelihoods continue to decrease at higher putative population numbers. This 

can lead to an overestimation of populations, so the largest change in log likelihood values between 

population numbers, indicated by the Delta K, should be used to inform likely population number. 
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Following Porras-Hurtado and colleagues [50], the alpha plot should be checked following a run to 

ensure that the alpha value has reached stability. This indicates that the burn-in length specified is 

sufficient to remove initial stochasticity from the probability distribution used in the final 

assessment. If the alpha value still shows fluctuations, then the burn-in stage should be increased. A 

stabilised alpha approaching 1 indicates that much admixture is present in the populations, whereas 

alpha approaching 0 is representative of independent populations. 

Results given in the output file for each run of each K include: the estimated log likelihood of the 

data Pr(X|K) including mean and variance, mean α value, proportion of membership to the inferred 

clusters, allele frequency divergence between clusters, He between individuals in the same cluster, 

FST values, estimated allele frequencies in each cluster by locus and  inferred ancestry of each 

individual. The latter values are given as proportions to each cluster (Q-values) when admixture is 

allowed and can be averaged across runs to obtain a much more accurate measure of inferred 

ancestry for each individual. 

  

Figure A4.2: Example log likelihood plot showing log likelihood values represented by crosses for replicate runs 

at each K value from one to eight putative populations. Population numbers of 1, 5 and 6 show the most 

convergence between replicate runs, indicated by the close proximity of the results of replicates. K3 shows an 

outlying run that should be removed from any subsequent analyses. The plateau of this chart is around K3 and 

replicates are diverging after K6. 

The most likely K value within a dataset is suggested to be the smallest K value for which log 

likelihoods cease to increase rapidly, evident as a plateau in the graph [27]. Convergence of log 

likelihood values of runs within a K value indicates the iteration number to be sufficient. Any outlier 

log likelihoods suggest the results of a particular run to be spurious and this run is excluded from 

subsequent averages of Q-values. 

Further inference about the most appropriate K value can be made from the Delta K plot provided 

by STRUCTURE Harvester. This plot shows the second rate of change in log probability between 
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successive K values to identify the correct number of clusters in the data. The maximal value of Ln K 

is often indicative of the true number of populations in the dataset. However, Evanno et al. 2005 

[27] note the drawback that the Delta K value only addresses the uppermost hierarchical level of 

genetic partitioning within the dataset, so the dataset should be sequentially divided into the 

resulting partitions and analysed again.  

A bar plot visualisation of the data (see figure A4.5 below for examples) is a further component of 

the STRUCTURE output. This should be compared with the other data for concordance of the most 

appropriate K value. Individuals are represented by vertical lines. Colours represent populations, so 

an admixed individual has a multi-coloured bar showing the proportions of their genetic makeup 

corresponding to the respective populations. A K2 plot for a homogeneous interbreeding population 

would show every individual split between the two populations in equal proportions (see figure 

A4.9b for examples) because the software is trying to introduce genetic structure where none exists.  

A more accurate representation of the component populations can be gained by averaging the bar 

plots over the replicates of a K value. Population colours are not standardised across replicates, so 

identifying replicate populations between bar charts can be challenging. The software package 

CLUMPP [29] is available to do this, however my attempts to run this software package were 

unsuccessful. I was able to create the same results by plotting the Q-matrix for each run belonging to 

a K value in Excel and then taking the average across runs. Each column of the Q-matrix represents a 

population. Column 1 was sorted for descending value. Individuals for which the majority of their 

genetic makeup was attributed to this population were allocated a colour. All non-coloured 

individuals were there sorted by descending value for column 2 and this process was repeated until 

the individuals had been sorted and coloured corresponding to the population to which most of 

their genetic information was attributed. This was done for every run of the same K value. By looking 

at the identity of individuals within each population, populations could be identified across runs. 

Columns were rearranged so that populations appeared in the same order across runs and the Excel 

average function was used to create a final population set showing average Q-values for each 

individual across all runs. Any run identified by the log likelihood plots as spurious was removed 

from this analysis because the lack of convergence would yield erroneous Q-values that would skew 

the averages. 

A4.1.2 Multi-variate analysis (PCoA) using GenAlEx 

Principal Co-ordinate Analysis, also known as Multidimensional Scaling is another way of visualising 

variation and therefore population clusters within the dataset, although it does not rely on a 

stipulated biological model as STRUCTURE does. PCoA allows compression of a complex multivariate 

dataset into a much simpler representation of the variability within the dataset based on the 

dissimilarity between points, demonstrating the major patterns of variability in a simplified manner.  

A4.2 Detailed model based analysis of the overarching population 

A4.2.1 Most likely population number 

Log likelihood values and degree of run convergence at each K value appear equivalent using initial 

(100/300K) and extended (200K/1M) iteration analysis conditions (figure A4.3). Lack of run 

convergence at a K value can also indicate insufficient iteration number, so extended iterations were 
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applied at K6-9. A small log likelihood value is preferable. Yet, as higher population numbers are 

stipulated, the dataset is increasingly split into smaller groups beyond the realistic number of 

subpopulations present. The most likely K value within a dataset is therefore suggested to be the 

smallest K value for which log likelihoods cease to increase rapidly, evident as a plateau in the graph 

[27]. The log likelihood graph exhibits plateaus at three and five subpopulations. Convergence of log 

likelihood values of runs within a K value is also indicative of a likely K value once insufficient 

iteration length has been ruled out. Both the three and five population simulations exhibit a high 

degree of run convergence. 

 

Figure A4.3: Log likelihood values for the 249 individual dataset using 10 replicates for each of two populations 

through ten populations scenarios. Replicates lacked convergence after five putative populations and 

comparison is made using normal and extended burn-in and run conditions for the larger population scenarios. 

Maximal run convergence is evident at K5. An outlier run at K3 is circled.  

The Delta K analysis provides the second rate of change in log probability between successive K 

values to identify the correct number of clusters in the data. The Delta K plot for this data (figure 

A4.4) agrees with the log likelihood plot, showing three and five subpopulations to have the highest 

rate of change of all putative subpopulation compositions. The maximal value of Ln K is often 

indicative of the true number of subpopulations in the dataset [27]. While the Delta K value is noted 

only to address the uppermost hierarchical level of genetic partitioning within the dataset [27], 

Figure A4.4: Second rate of change is shown between K values for the 249 individual dataset. The highest 

values are suggestive the most likely number of populations present in the dataset, in this case three 

populations or five populations. 
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my data appear to suggest the five subpopulation model to present a higher rate of change than the 

three subpopulation model. The CAFM analysis also comes with a caveat that the number of 

populations can often be overestimated, so the lowest population number for which a plateau and 

convergence are seen is likely to represent the realistic number of populations.  

Any outlying run with a log likelihood value divergent from all other converged run likelihood values 

represents a spurious result (this could be caused by the analysis beginning in a less ideal sampling 

space – hence the necessity for replicate runs). An outlier run is evident in the K3 results (circled run 

in Figure A4.3), run 14 exhibiting a log likelihood of -26364 when the other nine runs converged 

around the value of -26018. This run was excluded from subsequent examination of average Q-

values.  

Figure A4.5 provides example bar plots for K values five through eight. Individuals are represented 

by vertical lines. Colours represent populations, so an admixed individual has a multi-coloured bar 

showing the proportions of their genetic makeup corresponding to the respective populations. 

Ideally, the highest number of populations with the least degree of admixture between populations 

is desirable to indicate genetically structured, independent populations within the dataset - although 

this is not always the reality of the populations and during their assessment of population genetic 

structure in wild boar Frantz et al. [51] highlight the inability of the STRUCTURE software package to 

deal with populations exhibiting isolation by distance. Interpretation of the bar charts obtained from 

the analysis of the n249 dataset is not clear cut and quite subjective, so examination of average Q-

values was conducted to give a clearer representation of the population partitions reproduced 

consistently across the replicate runs.  
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Figure A4.5: n249 bar charts: Examples box plots using the 249 individuals dataset with three population 

amounts specified. Individuals are represented by thin vertical lines. Different genetic populations are 

represented by colour. Multiple colours make up proportions of an admixed individual’s vertical bar. This 

dataset shows quite genetically distinct populations with very little admixture, represented by the fairly clean 

colour groupings on the vertical axis.    

In the K5 analysis, run 32 displayed a slightly increased log likelihood value compared to the other 

more highly convergent runs. Population compositions based on average Q-values were examined 

both including and excluding this population. No difference was seen in the citizenship of the five 

populations. The K5 average Q-values exhibit moderately clean partitioning of individuals into four 

of the populations; the fifth population shows half of the membership to attribute <0.7 of their 

genetic makeup to this population (figure A4.6). On closer examination, this population contains 

Morelia spilota imbricata subspecies representatives sampled from the two island populations 

(Garden Island and Saint Francis Island) and the split in genetic allocation corresponds with the 

memberships from the respective islands. This result indicates that the two islands are quite 

different and genetically divergent of one another. The dataset demonstrates a high degree of 

genetic structuring, indicated by relatively little admixture of each individual between multiple 

population clusters; only three individuals demonstrate less than two-thirds of their genetic 

information assigned to a single cluster. 

The three individuals that assigned less than 0.65 in the K5 average Q-matrix are shown in figure 

A4.7. Individual 81320 assigned with highest uncertainty, showing 0.508 assignment to the South 

Eastern Coastal population and 0.409 assignment to the Southern, Internal and Bredli population. 

This individual continued to assign consistently weakly (<0.53) in all subsequent K6-8 runs examined, 

with admixture evident from SEC and SIB populations. These two populations are largely separated 

by a geographic barrier, the Great Dividing Range mountain range that runs up the South Eastern 

Coast of Australia. This range is likely to have created the barrier to geneflow that has resulted in the 

SIB populations showing slightly more differentiation with the SEC population (FST 0.052) than the 

NEC population (FST 0.062). However, this admixed individual comes from near Gunnedah in North 

Western NSW and could potentially represent a hybrid between the  
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Figure A4.6 n249 K5 aveQs: Average Q values of the n249 dataset tested for five populations. Four populations 

show clean assignment, whereas the fifth shows lower assignment of roughly half of the individuals, indicated 

by the two shades of lavender. Two admixed individuals highlighted red. 

two sub-populations, an uncommon case of geneflow across a fairly inaccessible geographic barrier. 

This individual was excluded from subsequent subpopulation analyses. 

The other two individuals that show admixture between the sub-populations are 76225 from Dog 

Fence Beach on Coastal SA and 68308 from Mondrain Island, off the south coast of WA. These 

individuals show roughly half assignment (0.596 and 0.569 respectively) to the Msi ML population, 

but show lesser proportions of assignment to NEC (0.216 and 0.23 respectively) and SEC (0.123 and 

0.153 respectively) populations. - 

The Q-values for K6 and above showed multimodality; citizenship of individuals within the 

populations was not consistent across runs. Average Q-values could not be calculated. This suggests 

that these K values are less likely to be the realistic representation of subpopulations. This result is 

supported by the lack of convergence in log likelihood values between the 10 replicates each of K6 

and K7. Putative subpopulation values of K6-8 were reanalysed using extended parameter settings 

(200000 burn-in, 1000000 iterations, 10 replicates), but the log likelihoods of the ten replicates 
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failed to converge (figure A4.3). These STRUCTURE results suggest that the overall dataset is made 

up of five putative populations, but a further split of the two Morelia spilota imbricata island 

populations is justified by their genetic heterogeneity. 

 

Figure A4.7: Map of n249 database showing five populations delimited by STRUCTURE K5 analysis (figure A4.6) 

with three admixed individuals identified. Individual 81320 that was admixed for SEC and SIB is from a location 

directly between these two populations, potentially a rare case of natural hybridisation between two 

populations separated by an effective geographic barrier.  

A4.2.2 K greater than 5 

The K6 STRUCTURE plots were revisited to see if further information could be gained about 

population substructure, despite the lack of run convergence in K values 6 onwards. Population 

partitioning within the five K6 replicates with the highest log likelihood values were examined for 

concordance.   

The highest probability run resulted in identical population partitions to the K5 results, with a 

subsequent population created by the split of the two Msi island populations (figure A4.1). However, 

runs with 2nd and 4th highest likelihoods did not verify this split. A group of five individuals were split 

from the Southern, Internal and Bredli population, representing individuals from North-Eastern 

South Australia. The third and fifth highest runs gave quite different results, not replicated in any 

other runs. Run 44 from the K6 analysis run at lower settings gave the highest log probability, similar 

to the runs just discussed. The partitioning in this run was identical to run 10, splitting the two island 

groups to make six subpopulations.  

All remaining runs (from n249 K plot) that exhibited a higher log probability score than the two 

highest K6 scores were examined for population partitioning concordance (table A4.2).  
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Table A4.1: K6 results using normal and extended run settings. Comparisons are made of the five runs with 

highest log probabilities with 200K burn-in and 1 million iteration run settings and single highest log probability 

run at 100K burn-in and 300K iterations. 

Run number and 
settings 

Log 
likelihood 

Same as K5 Differences Notes 

Run 10 200K/1M -24361.3 NEC, SIB, SEC, ML Msi Islands split  

Run 3 200K/1M -24696.8 NEC, SEC, ML, Msi Isls SIB & NESA split   

Run 4 200K/1M -24710.9 NEC & SFI  All other pops  Complicated 

Run 1 200K/1M -24711 NEC, SEC, ML, Msi Isls SIB & NESA split  Identical to Run 3 above 

Run 9 200K/1M -24814 ML, Msi Isls All other pops   

Run 44 K6  
100K/300K  

-24378.1 NEC, SIB, SEC, ML Msi Islands split Identical partitioning of 
individuals to run 10 above with 
very similar probability values. 
Make biological sense. 

 

Table A4.2: Run results from K7 and K8 that gave a log probability greater than -24378. 

Run number Log likelihood Same as K5 Differences Notes 

Run 21 K8 -24097 Only Msi Islands All others Result not supported by any other runs 

Run 67 K8 -24118 SIB, ML, GI, SFI Four new pops  

Run 22 K8 -24129 SIB, ML, GI, SFI Four new pops Identical to run 67 K8 

Run 62 K8 -24143 SIB, ML, GI, SFI Four new pops Identical to run 67 K8 

Run 61 K8 -24152 SIB, ML, GI, SFI Four new pops Two pops different, half identical to run 
67 K8 

Run 18 K7 -24181 SIB, ML, GI, SFI Three new pops  

Run 55 K7 -24184 SIB, ML, GI, SFI Three new pops Identical to run 18 K7 

Run 14 K7 -24196 SIB, ML, GI, SFI Three new pops Identical to run 18 K7 

 

Multimodality was seen in the K8 runs, yet three runs produced Q-matrices with identical population 

partitioning and very similar assignment values. The run with the highest likelihood gave results not 

supported by any other runs. The next three highest runs replicated the K5 populations SIB and ML, 

while further splitting the island M. s. imbricata populations. Four new populations groupings were 

replicated in these runs. The fifth K8 run gave similar results, excepting two populations that had 

slightly different memberships. The three K7 runs exhibiting the highest log probabilities gave 

congruous results. They all separated the SIB and ML populations, likewise splitting the two Msi 

island populations, however three other populations were suggested, not replicated in any of the K6 

or K8 runs. 

The partitioning higher than K6 will not be considered due to lacking continuity. 
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A4.3 Further genetic analyses of the sub-populations  

While all STRUCTURE runs do not support identical results, the groupings that are replicated across 

runs indicate that there could be underlying genetic structure at a finer scale within the populations 

that should be investigated. The SIB population appears quote robust, although a small group within 

might exhibit further structuring with continued investigation. The Msi mainland population also 

clusters robustly in almost all runs. Analyses focused within each of the five overarching populations 

revealed further subpopulations structure. 

A4.3.1 Msi Island subpopulation 

The two Msi island populations, Garden Island and St Francis Island, yielded the simplest further 

examination. The n38 dataset split clearly into two strongly assigned subpopulations, each 

representing individuals originating from a single island (figure A4.8). Higher values of K partitioned 

only small proportions of individuals to subsequent populations.  

 

Figure A4.8: STRUCTURE analysis of Msi islands (n38) population splits these into two clear very divergent 

populations, indicated by the log likelihood plot (top left), Delta K plot (top right) and box plots for K2 and K3 

(bottom). 

A4.3.2 South Eastern Coastal subpopulation 

Further investigation of the wide ranging (>2000km long) South Eastern Coastal population showed 

no further sign of population differentiation. All individuals were assigned with equal admixture to 

all putative populations for K2 and above (figure A4.9: n50 SEC Ks). This pattern of partitioning, 
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where every individual is split between the proposed populations in equal proportions, represents a 

homogeneous interbreeding population because the software is trying to introduce genetic 

structure where none exists. 

 

Figure A4.9: The SEC sub-population showed no further internal genetic differentiation, demonstrated by a) 

the log likelihood results and b) bar charts of K2-K4.  

Principal Co-ordinate Analyses showed no clustering within the population (figure A4.10a). The 

whole population demonstrated no isolation by distance (R2= 0.0103) however inclusion of only the 

extreme individuals gave a stronger regression value (R2=0.48) indicating geographic structuring to 

be present over a large distance. Two sympatric populations containing in combination all SEC 

individuals were each found to be in allelic equilibrium (figure A4.10b), but n50 deviation from HWE 

is likely caused by geographic distance involved. The global FST value calculated using these two 

populations is 0.008 (95% upper: 0.019, lower: 0.0003). 

 

Figure A4.10: Analysis results of the n50 SEC population. a) PCoA plot of n50 population showing little to no 

genetic substructure and b) two internal populations conforming to HWE.  

 

 



 
 

324 
 

A4.3.3 Northern and Eastern Coastal subpopulation 

The log likelihood and Delta K plots of further analyses for K2-10 within the Northern and Eastern 

Coastal subpopulation indicated three subpopulations as most likely. Average Q values are shown in 

figure (NEC aveQs K3-5) for K3-5. Average K3 data separated the dataset into one population from 

Western Papua, one population from the Northern Territory with the remaining individuals 

clustering into a third population. These K3 groupings did not agree with the geographic origins of 

the individuals, a couple of individuals each from Northern Territory and Coastal Queensland 

assigning unexpectedly to each other’s populations. However, the K4 assignment results grouped all 

eight individuals from Merauke into one population with strong support and all ten individuals from 

the Northern Territory into a second population. The other two populations consisted of all 

individuals originating from Queensland, with the addition of the New Guinea snake and the snake 

from Northern WA. The results of this STRUCTURE analysis regarding the Northern Territory and 

West Papua populations make much more sense than the K3 results and were also recreated during 

the K5 analysis.  

The two remaining populations from the K4 assignment groupings each include a number of 

individuals strongly assigned and also individuals that show admixture to both of these populations. 

This suggests that these two populations might represent one continuous population, however 

isolation by distance was not detected (R2=0.0332). An additional population hypothesis (K5) caused 

two individuals from Tolga on the Queensland Coast to separate out into their own grouping (Figure 

A4.11). The two Queensland populations are seen to form Northern and Southern groupings with a 

large area of sympatric occupation at the interface (Figure A4.12). At K6, the three populations of 

Tolga, Northern Territory and West Papua remained unchanged and the remaining individuals split 

into three populations. Only a small number of individuals assigned strongly to any of these three 

populations, suggesting that the sixth artificially created population was not genetically justified. 
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Figure A4.11: Average Q-value matrices for three, four and five putative NEC sub-populations. Individuals that 

swap primary assigned population between analyses are highlighted in red. 

The whole dataset K7 and K8 (figure A4.13) runs did not yield any populations that were identically 

partitioned to these populations. One K8 population was very close, replicating the 

Merauke/Northern Territory grouping with the addition of 62456 from Northern WA. The K7 

average produced this population with the addition of the New Guinean individual 123504 and two 

individuals from the Northern Queensland coast. In the K8 run, these three individuals grouped with 

a much larger contingent of samples from Northern Queensland. The composition of the NEC and 

SEC groupings also changed slightly in each run, showing replicated assignment at the extremes, but 

shifts of the central boundary zone. This result suggests that these samples cannot easily be 
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delimited as separate populations, but are more likely to represent one continuous coastal 

population.  

 

Figure A4.12: Maps shows the geographic locations of the five NEC sub-populations delineated by the 

STRUCTURE K5 analysis. 

 

Figure A4.13: Populations designated within K7 and K8 STRUCTURE analyses, but likely continuous populations. 
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The entire NEC/SEC population of 118 individuals exhibited only weak (R2=0.1373, population by 

population; R2=0.1347 individual by individual) signal for isolation by distance (figure A4.14a).  

 

Figure A4.14 n118 IBD: a) Mantel test of n118 combination of NEC and SEC sub-populations showing weak 

isolation by distance, and b) n115 with three outlying individuals removed. 

Alongside 81320, two individuals 68285 and 69346 were removed because they appeared 

potentially anomalous, remotely located from genetically similar individuals. The new n115 was 
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tested for IBD and gave a similarly low regression of R2=0.1415, population by population or 

R2=0.1389 individual by individual (figure A4.14b). The weak isolation by distance results concur with 

the clustering of large populations. The disequilibrium of alleles within loci could be caused by 

frequent migration, violating the HW assumption. Unfortunately, this scenario is problematic for 

geographic assignment analyses.  

A population comprised of the Northern Territory and Western Papuan samples significantly 

deviated from Hardy-Weinberg equilibrium, including and excluding 62456. Neither the West Papua 

or Northern Territory populations alone were considered large enough for accurate Hardy-Weinberg 

analysis. Datasets of various sizes, based on the assignment scores of the remaining individuals, 

were tested for adherence to HWE. A grouping of 33 individuals displayed equilibrium, which was 

surprising as these individuals are spread over a very large geographic range (figure A4.15).   

Interestingly, the data suggest the New Guinean sample to be very closely related to the Northern 

Australian samples, while the Papuan samples from Merauke split into their own group.  

 

Figure A4.15. Geographic locations of NEC individuals not significantly deviation from HWE. 

The Principal Co-ordinate Analysis of the combined NEC and SEC populations was suggestive of a 

small degree of directionality in the clustering viewed from one or two planes (figure A4.16), 

however, the clusters are very spread out, indicating a lot of genetic variability among individuals 

within this dataset. 
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Figure A4.16: Principal Co-ordinate Analysis of the combined n118 NEC and SEC populations, viewed on three 

comparative planes.  

A4.3.4 Msi Mainland subpopulation 

Subsequent analysis of the Msi Mainland population (n36) suggested 3 or 5 further subpopulations 

(Figure A4.17). One outlying K5 run was excluded from calculations of Q value averages.

 

Figure A4.17: Log likelihood and Delta K plots of the n36 Msi ML subpopulation using K2-K6. The outlying run 

at K5 is circled. K3 and K5 are suggested, but K5 replicates cluster more tightly and are suggested as more 

likely by both plots. 
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At all three K values, two sub populations were consistently divergent: the West Wallabi Island 

population (n4) and the two individuals from Yorke Peninsula in South Australia (figure A4.18). These 

two populations represent the extremes of the M. s. imbricata range. 

 

Figure A4.18: n36 Msi ML K3-5 Q-matrices: Average Q-matrices for K3, K4 and K5. West Wallabi Island 

individuals are shown in blue and Yorke Peninsula individuals in yellow.  

The geographic dispersal of the K5 populations are shown (figure A4.19). 

 

Figure A4.19: Geographic locations of populations from the K5 analysis. The coloured boxes in the key relate to 

the coloured designations in figure A4.18). 
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Figure A4.20: At K4, the intermediate K3 population (green on left) is split, and exhibits a continuum of 

admixture, between the two resulting populations, suggesting that this might be a single population exhibiting 

isolation by distance at the extremes. Colouring designates 10% increments of admixture between the two 

populations. When the membership is forced into three populations, they appear quite defined. When opened 

up to four populations, even individual 68310 on the Yorke Peninsula appears to be a continuation of the 

Coastal SA group. 

A Mantel test involving all 36 individuals showed weak evidence of IBD (R2 = 0.1688). At K3, the 

remainder of the Msi ML population formed one subpopulation. However this population did not 

adhere to Hardy Weinberg equilibrium, unsurprisingly given that it spreads over such a large 

geographic range. At K4, this mainland population split into two separate populations, yet these two 

populations exhibit a continuum of admixture between the resulting populations (figure A4.20) 

possibly suggestive of isolation by distance. At K5, two individuals formed a subsequent population 

and the same two K4 populations exhibited roughly the same citizenship.  

Figure A4.21 shows the clustering of individuals at K3 and demarcation of individuals that showed 

admixture at K5. Note that the K3 plots only capture a quarter of the variability represented within 

the genotypic dataset. Between K4 and K5, some of the admixed individuals switched their primary 

assignment value between subpopulation, although still exhibited a similar degree of admixture 

between the two subpopulations. This pattern is potentially suggestive of an isolation-by-distance 

relationship, where individuals at the extremes of the populations are assigning strongly to either 

respectively, but intermediate individuals assign to both. Mantel testing conducted on 27 individuals 

(no WWI, Yorke Pen or SE WA; 67138 removed as geographically remote) was more strongly 

supportive of IBD (R2 = 0.3008).  
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Figure A4.21: PCoA plots of the Msi ML sub-population using a) K3 and b) K5 sub-population partitions. The K5 

sub-populations are split according to the colouring given in the figure A4.18 K5 graph and also seen in the (K5 

map). Note that the a) PCoA plot only represents 26.29% of the total variability in the dataset.  
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The 16 individuals that assigned more strongly to the Western extreme of the population (green in 

figure A4.18 and figure A4.19) were located within a relatively small geographic range. Allelic 

patterns within this subpopulation adhered to Hardy-Weinberg equilibrium, suggesting this to 

represent one interbreeding population (South West Western Australia, SW WA).  The Q-matrices 

and principal co-ordinate analyses (Figure A4.21a) showed the two island individuals 68308 and 

68310 who formed their own population at K5 to be more closely genetically related to the South 

Australian population, particularly 68310 who grouped genetically with the Yorke Peninsula 

population in K3 even though geographically removed from these two individuals.  

The grouping of the two Southern Island WA individuals (68308 and 68310) at K5 is interesting given 

that the overarching five population assignment of the total dataset identified 68308 and 76225 to 

similarly be showing admixture between Msi and the Eastern Coastal populations. Given that 68308 

grouped closely with the Coastal SA populations at K4, this subsequent level of structure might be an 

overestimation of population number.  

In summary, this population appears to contain two small subsets that are quite genetically different 

from the rest of this population: the four West Wallabi Island individuals (67136, 67137, 67139 and 

67140) and the two Yorke Peninsula individuals (17482 and 68341). There is a cluster of genetically 

similar individuals in SW WA that exhibits HWE. The remaining individuals appear to be one 

continuous population involving isolation by distance, however the limited sample number spanning 

a large geographic range has led to the consequence that single individuals are divergent enough 

that they may well be representative of separate putative genetic subpopulations. This scenario is 

problematic for routine population genetic analyses that are used to determine how best to apply 

forensic genetic statistics to the dataset. The dataset is particularly difficult to define due to the 

limited sampling (indeed limited habitation) of snakes along southern coastal South Australia and 

Western Australia and the identification of a subpopulation as only represented by a very small 

number of individuals. 

A4.3.5 Southern, Internal and Bredli population 

Analysis of the n56 Southern, Internal and Bredli population revealed the most likely number of 

subpopulations to be somewhere between 3 and 5, while the delta K plot suggested three 

subpopulations (Figure A4.22). Advice for using STRUCTURE with correlated allele frequencies is that 

this can cause an overestimation of the number of populations when assessing the log likelihood 

results and the fewest number of populations that make biological and geographical sense should be 

chosen. However K4 points were well converged and the box plots still exhibited relatively little 

admixture.  Examination of the geographic groupings (figure A4.23) indicated by average Q values 

for K3-6 (figure A4.24) suggested three small subpopulations to be quite genetically different from 

the rest of this dataset. K3 saw the separation of 21 individuals within the Warby Ranges of Victoria 

into a subpopulation, as well as another subpopulation of 5 individuals in Goyder Lagoon in the 

North East corner of South Australia. This is the same NE SA grouping seen to split from the SIB 

population in some of the initial n249 K6 STRUCTURE runs. Only the Warby Ranges population (SE 

Vic) is in Hardy-Weinberg equilibrium, the Goyder Lagoon population (NE SA) is considered too small 

to estimate.  
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Figure A4.22: Log likelihood and Delta K plots of the n56 Southern, Internal and Bredli subpopulation using K2-

K8.  

 

Figure A4.23: Geographic locations of the populations seen from the K6 analysis (figure A4.24) with the two 

other populations grouped. The SE Vic population exhibiting HWE is circled. 
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Figure A4.24: Average Q-value matrices of the SIB population for K3 to K6. 

At K4, the remaining population from K3 was split in two. This population showed similar patterns to 

the Msi Mainland population, where most individuals assigned to either population extremes, but a 

few individuals showed a continuum of admixed assignment, suggesting they are intermediates 

possibly exhibiting isolation by distance. Again, the patterns in this population are very similar to the 

Msi Mainland where a couple of small and one larger localised population separate out from the 

main dataset, however the remaining individuals are few in number and spread over a large 

geographic area, creating difficulties of assigning this group as a population when they do not 

conform to HWE due to limited samples per locality and encompassing a large geographic range. K5 

separates the Morelia bredli of central Australia into a separate group of six individuals. At K6, two 

individuals from the NSW Riverina separate further from the main grouping and some of the less 

strongly assigned individuals switch between the two main populations, but show continued 

admixture to both. The two K6 populations that are potentially one continuous population involving 

isolation by distance gave a positive correlation (R2 = 0.1918), suggesting the presence of weak to 

moderate distance related geographic structuring. 

Like the Msi Mainland population, this population contained a couple of very small yet genetically 

distinct populations (too small to give accurate pairwise FST calculations), a larger and 

geographically confined population which adhered to HWE and a remaining continuous population 

with few individuals spread over large geographic area.  
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A4.4 Populations deviating from HWE 

Table A4.3: Sub-populations deviating significantly from Hardy-Weinberg Equilibrium expectations  
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Table A4.3 (cont.): Sub-populations deviating significantly from Hardy-Weinberg Equilibrium expectations 
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A4.5 Match probability calculation spreadsheets A4.5.1 Over-arching population 
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A4.5.2 Sub-population NEC  
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A4.5.3 Sub-population SEC  
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A4.5.4 Sub-population SIB 
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A4.5.5 Sub-population Msi ML  
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A4.5.6 Sub-population Msi GI 
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A4.5.7 Sub-population Msi SFI 
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A4.5.8 Example calculation – SIB individual 71370 



 
 

346 
 

 

 

CHAPTER 5 
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Remarks 
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5.1 What the PhD has achieved 

This PhD project set out to design forensic DNA assays for an Australian species of national 

enforcement significance to be applied directly to criminal casework. The choice of species was 

dictated by the needs of local wildlife enforcement officers and their counterparts in other 

Australian states, and also championed by the Australasian Environmental Law Enforcers and 

Regulators Network (AELERT).  This work encompassed the two techniques most frequently used by 

forensic biologists to answer the questions commonly encountered during investigations of crimes 

involving wildlife species.  

5.1.1 Mitochondrial DNA assay for species identification 

Due to the simplicity of the design and application of species identification tests, as well as 

legislation often dealing with the category of species, this question most commonly arises in routine 

wildlife DNA forensic casework. A mitochondrial species identification test has been developed that 

allows the amplification and differentiation of every species of python in the genus Morelia. Often 

forensic cases are dealing with trace amounts of DNA and this is no different in the case of snakes 

(e.g. Australian Museum case involving DNA identification of a Common Death Adder from a swab of 

a cardboard box, R. Johnson, pers. comm.). The developed species identification test for Morelia 

pythons targets a short region of DNA, ideal for obtaining a result from tiny amounts of degraded or 

fragmented DNA. The validation study has shown this test to be highly sensitive, amplifying product 

from as little as 30 femtograms of DNA template. A published developmental validation permits this 

test to be applied by wildlife forensic scientists directly to criminal investigations with verification 

required to demonstrate the boundaries of the test within their own laboratory. 

At the outset, this test involved a familiarisation with the structure of the mitochondrial genome and  

the different gene orders that can arise in quite closely related taxa. The crux of a well-designed 

species identification test is that the locus should be able to group all members of a species to the 

exclusion of the members of all other species. In terms of sequence similarity, when pairwise 

comparisons of the target region are made an ideal test should provide a reasonable gap in percent 

homology between the comparison of the two least similar members of the same species and the 

comparison of a member of the target species with that of the most closely related sister species. 

The rather arbitrary definition of 98% similarity has been adopted as the recognised threshold for 

sequence comparisons (as applied by BOLD, boldsystems.org, accessed 22/07/2018) – this figure can 

provide accurate species differentiation for many, but certainly not all taxa. A thorough validation 

should demonstrate this gap and include all species within a genus where possible, to give the 

reporting officer confidence to report the identification of a species to the exclusion of all other 

possible species, based on the degree of homology of their unknown sequence with the most closely 

matching species on the database. The long term advantages of designing a test from the bottom up 

and including all relevant species, as opposed to the historical and quick top down approach of 

including just the case relevant species when a need arises were discussed. 

The design of the species identification test requires careful consideration. Is the test designed for 

universal amplification, where sequence analysis and phylogenetic reconstruction is used to reveal 

the species, or is it intended as a presence/absence assay? A universal test requires that primers are 

placed in regions highly conserved across widely ranging taxa and that the area bridging the primers 

is highly variable between all individuals except those of the same species. Yet, some loci are too 
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rapidly mutating, causing loss of the genetic signal that reveals the phylogenetic relationships. As 

phylogenetic relationships of species differ temporally, there is no one panacea or magical locus to 

suit all species (as much as the Barcode of Life initiative would like this to be the case, discussed in 

section 2.6.2). 

Chapter two examined the degree of homology in each mitochondrial gene across a diverse range 

(all that were available at the time) of species of the suborder Serpentes. This allowed a gene region 

suitable for differentiating python species to be identified; a region that contains priming sites highly 

conserved within a chosen group of taxa (the family Pythonidae, for instance), but high levels of 

differentiation between species in the sequence that the priming sites flank. This facilitated the 

development of a species identification test to approximately amplify members of Pythonidae family 

to the exclusion of members of other families, as demonstrated by the specificity study within the 

validation testing. I use the term approximately because it is too idealistic to propose that a genetic 

test will be able to amplify every species within a family to the exclusion of every species falling 

outside of this family. Even within a species, it’s possible that a small number of members will have 

mutations at the primer binding sites (for instance, falling on codon ‘wobble’ positions that happen 

to be in the 3’ clamp of the primer) that preclude their amplification by that specific test. Species 

might also hold primer site mutations that preclude their amplification by the assay.  

The assay demonstrated incredibly high sensitivity, successfully amplifying product from DNA 

template amounts in the tens of femtograms. The small forensic fragment also demonstrated 

successful amplification of difficult samples when other larger amplicons could not be obtained. This 

assay shows promise for analysis of degraded forensic samples such as trace DNA remains. The 

phylogenetic reconstruction from this tiny fragment remained true to the separation of all species 

with Morelia and grouping of conspecifics within each. The required gap was evident between the 

smallest intra-species pairwise comparisons and the largest inter-species comparisons for genetic 

distances of Morelia species, even at the most conservative p-distance model of nucleotide 

substitution (which is comparable to a simple nucleotide BLAST search). 

Had the project had more time to focus on the mitochondrial assay, this work could be extended to 

identifying key SNP sites diagnostic of particular species. These SNPs could then be incorporated into 

a species-specific assay that indicates the presence or absence of a species. These tests are 

particularly useful for analysing samples likely to be involved a mixture of DNA templates, such as 

traditional medicines. If a single base extension test is designed, then it is well suited to fragmented 

and degraded remains. This aspect of the mitochondrial species identification development offers a 

logical future direction for this project (see section 2.6.7 for more discussion on this topic). 

5.1.2 Development, optimisation and validation of three STR multiplex assays 

Chapters three and four dealt with this main focus of the PhD project, the development, validation 

and potential for application of STR multiplexes to generate DNA profiles to answer questions 

regarding individualisation, paternity and ultimately geographic provenance of a poached sample. 

The degree of time and resource required to develop this type of test for a wildlife species (given 

that each species but the most closely related requires a unique test developed) dictated that this 

task would consume the bulk of time spent on this doctoral project. However, these tests are still 

relatively rare and having the skills to develop and apply such a test for wildlife species will be a 

crucial asset for the wildlife forensic biologist for many years to come. 
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The DNA profiling assay developed in this study was a result of a need for forensic tests to aid 

investigations of a species commonly involved in wildlife crimes, the Australasian Carpet Python 

(Morelia spilota). Previous work had suggested that this species formed a fairly continuous 

distribution along the Northern and Eastern coast of Australia. Eight STR markers previously 

developed could not provide the genetic resolution to allow identification of a putative population 

of origin of an individual suspected to have been taken from the wild. At the outset of this work, the 

research intent was a forensic assay designed to the high standards required for the scrutiny of the 

judicial system. A compliment of 24 STR markers was designed to profile the carpet python; a 

marker set equal in potential discriminatory power to current commercial human DNA profiling kits. 

Design of the markers included in the kit was directed by the need to have higher discriminatory 

power in carpet pythons for the intent of differentiating different populations across small 

geographic areas. Indeed, markers with compound and complex underlying repeat motifs were 

intentionally included to increase the allelic diversity of the dataset. This was intended to improve 

the capability of the test for application to statistical analyses regarding increased discrimination 

between individuals (as required for paternity analyses), as well as better determination of 

population of origin to within smaller geographic ranges. This led to an unanticipated result of the 

large sets of alleles at some loci confounding the accurate estimation of alleles in the small island 

populations. 

Putative marker identification has become much less resource intensive with the developments in 

whole genome sequencing technology, making this development of this type of technique much 

more accessible. The random acquirement of fragments through shotgun sequencing also yields a 

much better variety of putative repeat motif types and lengths. Traditional target enrichment and 

cloning allowed identification of loci containing a single motif, whereas a variety of motifs have been 

obtained during this project and over a much shorter timeframe.  This has allowed time to be spent 

selecting the loci that appear most suitable for forensic application, such as tetra- and penta-

nucleotide motifs and the inclusion of some complex loci allowing greater numbers of alleles to be 

obtained at a locus. As with the mitochondrial work, having the time to carefully plan the multiplex 

assays to overcome potential issues of incompatibility or cross-compatibility of primers and overlap 

of loci once more widespread screening expanded the locus allele ranges, has allowed for robust 

assays to be developed with minimal resources spent on redesigning and reordering expensive 

fluorescently labelled primers. 

Highly optimised commercially available polymerases and buffers enabled large multiplexes to 

amplify a full complement of loci relatively quickly and only a small number of optimisation rounds 

were needed in order to reliably obtain fairly balanced DNA profiles. As the conditions of the 

multiplexes were modelled closely on those of human forensic kits (e.g. annealing temperature, 

cycle number, starting DNA template amount) the results are relatively comparable to the quality of 

profiles obtained from similar amounts of starting DNA in human forensic casework, using the same 

equipment.  

Ladder creation for each multiplex was a laborious step of identifying heterozygote individuals 

containing unique and where possible non-overlapping alleles, combining similar DNA template 

concentrations of these individuals and amplifying by multiplex reaction, reamplifying individuals 

that gave weak results and pooling the products with the original amplification product, etc. until 

each locus was well represented with strong products representing the most commonly seen alleles. 
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This was nonetheless a crucial exercise to be able to offer reproducibility of genotyping results to 

single base pair resolution between independent laboratories.   

Sequencing to obtain the underlying nature of the alleles not only confirmed different alleles 

believed to originate  from the same locus to do so, but also revealed interesting patterns of 

homoplasy that, upon development of mass parallel sequencing facilitated genotyping by 

sequencing, has the promise to allow increased differentiation between individual genotypes even 

though alleles appear identical by size migration. The improvement of the multiplex assays into 

optimised primer mixes facilitated straightforward and quick screening and genotyping of large 

numbers of individuals to construct the genotype database that forms the basis of chapter four. The 

validation testing that was performed also suggested the multiplex assays to be quite robust and 

reproducible, offering an excellent level of sensitivity and some possibility for cross-species 

amplification in other Australasian python species of interest to enforcement. The concluding 

section of chapter three demonstrated that the resulting reference database in its entirety was 

unsuitable to direct application to forensic casework. 

5.1.3 Population genetic analysis of carpet pythons and validation of the reference 

database for forensic application 

Chapter four was the crucial part of the investigation where the dataset started to prove 

problematic for direct application to casework. It raised some interesting yet difficult questions to 

answer regarding the best use of less than ideal results and whether presenting information with 

identifiable caveats (flaws even) is better than presenting nothing at all.  

Population genetic analysis was required in order to break the dataset down into more meaningful 

and useful populations. Interpreting the results of the analyses was not as straightforward as 

originally anticipated. The various populations involved offered different challenges to working with 

the dataset. A predominant difficulty with this dataset was the sample size of roughly 300 

individuals, spread over a very large geographic areas with many physical barriers asides distance to 

increase genetic structure. Outside of the east coast, many individuals likely represented whole 

populations in their genetic divergence, confounding population genetic analyses. The groups of 

genetically similar individuals seen were often very small. However, this complication is a reality 

faced when dealing with the rare species often targeted in wildlife crime.   

The large number of highly polymorphic loci chosen exhibiting large numbers of micro-variant alleles 

offers the advantage of high discrimination power required for fine scale population assignment. 

Yet, an abundance of rare alleles created unanticipated problems when attempting to accurately 

estimate allele frequencies in small populations, where the number of sampled alleles for the 

reference database was far less than the alleles known to exist at a particular locus. One could argue 

that the actual number of alleles at this locus is far less in small populations and so the rare alleles 

are insignificant. To take a conservative approach, the number of loci used was restricted to only the 

most conserved loci when calculating forensic statistics for the island populations. 

To return to the issue of sample numbers, the high geographic structuring seen in the dataset 

caused difficulties in defining interbreeding populations with confidence. Large populations would 

include individuals so genetically divergent that the population would not adhere to Hardy-Weinberg 

Equilibrium, an important assumption for the population genetic analyses and forensic statistical 
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conclusions that are the critical endpoint of the work. Allele frequencies would be accurate for only 

a small subset of the chosen population. Yet, identifying populations that adhered to HWE resulted 

in population numbers too small for accurate population genetic analyses and F-statistics to be 

calculated, likewise confounding the statistical calculations reported to the courts. The various issues 

with the dataset were discussed and a range of approaches offered for reporting forensic statistics in 

a case to mitigate the problems encountered. In the field of wildlife forensic science, where datasets 

are likely to contain these problems, it is desirable to present a conservative approach accompanied 

by caveats and treated with transparency, rather than to despair at the difficult issues encountered 

and present no evidence at all.  

Asides the main objective of DNA profiling by size migration, the sequencing of alleles identified 

some interesting sequence polymorphisms that could provide added utility in casework involving 

carpet pythons from particular populations. The Morelia spilota imbricata subspecies contained an 

indel at locus MS27 not seen in any other population. Locus MS13 exhibited another indel specific to 

Morelia bredli and absent from M. s. imbricata. These loci could provide extra exclusionary 

information about these species and potentially assist questions of hybridisation involving 

individuals of these populations, an issue that is difficult to investigate by genotyping alone. Locus 

MsF28 could also provide extra benefit to hybridisation investigations, as discussed in section 4.6.10. 

Lastly, the STR in the primer sequence at locus MsF14 was not examined in detail in this study, but 

provides additional prospects for population discrimination and provides an avenue of further 

investigation in future studies of this species. 

This PhD project has successfully developed and optimised a highly discriminating DNA profiling set 

for the carpet python to a quality standard rarely seen in forensic STR development for non-human 

species. Three allelic ladders are included to aid reliable genotyping to single base pair resolution. 

The population genetic makeup of the target species had presented various difficulties in 

partitioning the reference dataset into appropriate sub-population databases for calculating forensic 

statistics. Various approaches have been discussed for drawing statistical conclusions from difficult 

populations that have small sample sizes and high genetic structure.  

Validation studies have shown the assays to be robust and specific to the target species with some 

scope for extension to other closely related Australasian pythons of forensic significance. The assay 

is sensitive, requiring only a small amount of starting DNA template in line with commercial forensic 

DNA profiling kits. A highlight of the results has been the ability of geographic assignment tests to 

show great power in accurate assignment to the correct source population or exclusion from non-

source populations. Six well defined populations were identified within the carpet python’s native 

range and only one overlapping interface between two of these caused an issue for robust 

assignment. Assignment was seen to be robust for some populations down to only five loci, offering 

much potential for investigations involving degraded remains. The resulting forensic statistics gave 

likelihood ratios valuable for drawing strong conclusions about the forensic evidence, most examples 

having an associated statistic of 1 in 1 million or higher. 

5.2 Future applications of the developed tests 

By their nature, the transferability of mitochondrial tests for species identification is straightforward. 

The primers developed in the above study are widely accessible through publication, the reference 

DNA sequences for the samples examined herein are available for download from Genbank 
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(Accession Numbers MG548390-MG548510) and the sequencing results are comparable between 

laboratories without the need for an internal size standard. International inter-laboratory validation 

of a mitochondrial test has been conducted elsewhere [1] and it would be a simple matter of 

communication and collaboration between laboratories to make this happen again. For an inter-

laboratory comparison of results, snake extracts have been retained at the Flinders University 

Forensic DNA Laboratory and these could easily be provided to other laboratories within Australia, 

such as the Australian Museum’s Australian Centre for Wildlife Genomics, to reproduce the results 

independently.   

The inter-laboratory validation of multiplex STR tests is not quite so straightforward; more co-

ordination is required as a larger amount of materials needs to be shared. Chapter 3, section 3.6.3.4 

discussed the methodology to conduct a small reproducibility study with an independent laboratory, 

while Chapter 3, section 3.6.3.11 and the manuscript Ciavaglia & Linacre 2018, Section 3.8 built on 

this by describing what would be required to expand the undertaking into an inter-laboratory 

collaborative exercise. All of the fluorescently labelled primer stocks have been retained at Flinders 

University and these can be supplied to collaborating laboratories, along with aliquots of each of the 

three allelic ladders. Snake extracts can be supplied as positive controls and for blind-trial testing to 

ensure consistent genotyping between laboratories. The allele frequency data has been published, 

but if collaborating labs wanted to reanalyse this themselves then the genotype data for the snakes 

genotyped during this project could also be shared. In order to apply this assay to casework, the 

genetic database would benefit from addition sampling to fill geographic areas that carpet pythons 

occupy, but for which few individuals were represented. Any lab intending to apply this assay in 

house would need to conduct their own internal verification and establish the lab specific limitations 

of the test, including the analytical threshold specific to their instrumentation. 

Replicating the truly international breadth of Ewart and colleagues [1] would be more difficult for 

this study because all pythons are CITES appendix 2 listed. This would cause issues with cross-border 

sharing of blind-trial extracts and CITES import permits would be required for this to happen. Ewart 

and colleagues ingeniously created a synthetic DNA product for rhino to be used as a positive control 

for the mitochondrial species identification testing. An equivalent for STR testing would be very 

expensive, as amplification products at every locus of a snake would have to be synthesised – a 

prohibitively expensive undertaking. There could be scope for parentage testing of carpet pythons 

outside of Australia, if they are cross-bred in contravention of the local laws, warranting 

international standardisation of the test. However, the geographic provenance aspect of this test is 

only relevant New Guinea, as this is the only range state of Morelia spilota outside of Australia.  

In terms of facilitating collaboration between laboratories internationally, the Society of Wildlife 

Forensic Science is instrumental to this cause. The Society is the premier means of contact between 

the international wildlife forensic science community and the bi-annual conferences enable regular 

discussions between laboratories that would be likely to use these tests. I am already familiar with 

international validation testing as a collaborator of the rhino study (Ewart et al.) and my involvement 

in the Society has made organisation of this type of multi-country undertaking much easier to 

conduct. While it is not within the scope of my current role to conduct an international inter-

laboratory validation of the OzPythonPlex multiplex, I would certainly be keen to facilitate this if 

other laboratories had a need for applying the test to casework and expressed an interest to do this 

sort of testing. 
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5.3 My reflections 

Overall, the project has presented some themes that overarch the development of forensic DNA 

techniques. The importance of quality assurance at every stage of development cannot be 

underemphasised and quality measures can be built into the design of tests to detect non-

conformances such as sample mix up when applied to forensic casework. Tests need to be well 

designed at the outset and investment in time for careful planning prior to development assists final 

test to be of the highest standard and appropriate for application to the justice system. Validation 

testing is a crucial part of the conclusion of test development, prior to application to casework.  The 

project has shown that excellent STR assay design is not everything and less than ideal situations can 

arise depending on the species and their population history. The validation process helps to 

demonstrate the limitations of a test. Discussions with colleagues with experience in wildlife forensic 

science, human forensic DNA analysis and just as importantly the presentation of forensic statistics 

involved with DNA evidence, have been crucial in weighing up the different options and assessing 

the best way to deal with a given scenario.   

There is admittedly a small degree of disappointment having invested so much time and resources in 

thoroughly developing a genotyping test for a species in need, only to find the resulting reference 

database to be less than ideal for application to criminal casework due to the limited sample 

numbers and high structuring of this species. Not all questions asked can be easily answered. Yet, 

the solace of this situation is that this scenario is likely to be true of many species targeted in wildlife 

crimes. It is the rarest species that are the most valuable to poachers and populations are likely to be 

highly fragmented and sparsely sampled. This project studying the carpet python has been ideal in 

providing a difficult scenario, which may in fact be the reality for other species encountered in 

casework. It has raised difficult questions of how to proceed and how much a test can offer the 

courts. These issues are not going to be unique to the carpet python. A study species offering the 

ideal population genetic outcome would have made for an easy PhD project, but far fewer lessons 

learnt. 

In closing, I am the first to acknowledge that this dissertation is far more extensive than that 

required to gain a doctorate. Its conduct has now covered a fifth of my own lifetime and has sapped 

a lot of my energy. I do feel a different and much tireder person than when I began (although 

hopefully some of that energy will return after some time away from the computer screen). If I had 

the choice to go back and complete it full time in three years, I would not. If I had the choice to do 

anything differently, I would not. This project was never about becoming a Doctor; it was about 

gaining the necessary skills and knowledge to found a career in a specialist field of forensic science 

for which I am passionate.  

The career arrived more quickly than the doctorate. However, there were many concepts about DNA 

interpretation and statistical reporting that I still did not understand with ten years of experience in 

the field, and only in the last couple of months of writing, have I reached a far better understanding 

of the results that we report and why we report them in the way that we do. I do not feel an expert 

in all areas of the project. Yet, I do believe that this project has left me far better equipped to tackle 

many aspects of wildlife forensic DNA test development, results analysis and reporting that I will 

encounter as my career progresses in this young and exciting field that is so important to the 

ongoing survival of many species with which we co-habit our planet.  



 
 

354 
 

5.4 References 

[1] K.M. Ewart, G.J. Frankham, R. McEwing, L.M.I. Webster, S.A. Ciavaglia, A.M.T. Linacre, D.T. 
The, K. Ovouthan, R.N. Johnson, An internationally standardized species identification test for 
use on suspected seized rhinoceros horn in the illegal wildlife trade, Forensic Sci. Int. Genet. 
32 (2018) 33–39.  

 

 


