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CHAPTER 1 INTRODUCTION 

 

1.1 General Introduction  

Many animal species have recently become extinct due to number reasons 

including habitat loss, hunting, the introduction of the invasive alien species and 

environmental pollution [1-11] . In the recent past many avian species have 

become extinct or threatened with extinction, with the primary cause of dramatic 

number loss due to human activities [8 , 10, 12-16] . It is estimated that the 

extinctions per million species per year (E/MSY) of avian species since the 1500s 

is about 26 E/MSY [17]. 

 

In 1690, one of the most famous cases of avian extinction due to man is that of 

the dodo (Raphus cucullatus) [18-20] . This flightless avian species, which was 

native to the island of Mauritius in the Indian Ocean, was killed by humans for 

their meat and became prey to animals which had been introduced to the island. 

These two combinations led to the extinction of the species in a relatively few 

years [3, 20, 21]. A further example of an avian species that became extinct due to 

man’s activity was the passenger pigeon (Ectopistes migratorius). This was the 

most abundant avian species in North America prior to persecution by man [8, 22-

25]. The last member of the species died in the Cincinnati Zoological Gardens in 

1914 [22, 25]. 
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1.2 Types of wildlife crime 

Wildlife crimes occurs both at an international and national level. At the 

international level is the trade in endangered species where protected species are 

traded across international boundaries; examples being African elephant ivory, 

traditional Chinese medicine (TCM), bird species, reptiles, amphibians, fish and 

invertebrates [26-33]. The second level is any crimes against wildlife or protected 

species afforded protection at a national level. This includes cruelty case, illegal 

poaching, or fishing, indiscriminate poisoning, disturbing protected habitats, or 

the collecting or selling or protected animals or their derivatives [34-39] . The 

relatively recent increase in the decline of the numbers of animal species and 

extinctions highlights the need not only for legal protection but the enforcement 

of any relevant legislation.  

 

1.3 Legislation covering wildlife protection 

1.3.1 International legislation  

Since 1973, the trade in endangered wildlife species has been monitored by the 

Convention on International Trade in Endangered Species of Wild Fauna and 

Flora (CITES); an international agreement between governments for controlling 

the trade in endangered species [40-42] . Within CITES there are three 

Appendices, Appendix I, II and III that provide different levels of protection of 

trade. Appendix I (black list) lists the fauna and flora that are most threatened 

with extinction unless immediate protection is given [43, 44].  
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International trade in these species is prohibited by signatures to CITES, however 

there are some exceptions for non-commercial purpose such as for scientific 

research.  

 

Appendix II (grey list) contains a lists of species that are not threatened with 

extinction now but they will become highly endangered and risk extinction if they 

are not protected [44]. Trading in these species is not allowed without permits or 

certificates. Appendix III contains a list of species that were requested from the 

parties to cooperate with other countries to control trading on those species listed. 

Trading of species is restricted in this Appendix III without permits or certificates 

[45].  

 

In addition, there are a number of other organizations relevant to international 

wildlife trade such as United Nations Environment Programme (UNEP), which is 

concerned with the international environmental issues; the Food and Agriculture 

Organization of the United Nations (FAO), which deals with biodiversity 

conservation and agricultural production rely on national laws of each country 

[46]; World Trade Organization (WTO) which controls international trade 

including the wildlife trade [47]; Office International des Epizooties (OIE), which 

regulates animal health and disease states within wildlife populations [48] ; the 

World Conservation Union (IUCN) [49], which acts to conserve biodiversity; and 

Non-Governmental Organizations (NGOs), that provide financial and technical 

support for conservation projects [50]. 

  



 
 

4 
 

S Boonseub/PhD Thesis                                                                                                       Chapter 1 
 

1.3.2 National legislation 

Many endangered species are protected by the laws operating in each country. In 

Australia, there are many pieces of legislations designed to protect endangered 

species, such as the Environment Protection and Biodiversity Conservation Act 

1999, the Endangered Species Protection Act 1993, Australian Wildlife Protection 

Act 1998 and Natural Heritage Trust of Australia Act 1997. Additionally, each 

State has their own laws to protected endangered species such as the Threatened 

Species Protection Act 1995 in Tasmania, the Wildlife Conservation Act 1950 in 

Western Australia, the Flora and Fauna Guarantee Act (1988) in Victoria, the 

National Parks and Wildlife Act 1972 in South Australia, the Threatened Species 

Conservation Act 1995 in New South Wales, the Nature Conservation Act 1980 

in the Australian Capital Territory, the Nature Conservation Act in Queensland, 

the Territory Parks and Wildlife Conservation Act 2000 and the Environment 

Assessment Act in Northern Territory.  

 

In the U.S., potential transgressions of the Endangered Species Act (1973) are 

investigated by the U.S. Department of Fish and Wildlife [51] . In the UK, the 

main legislation relevant to protection of the countryside is the Wildlife and 

Countryside Act 1981 [52, 53]. Part 1 section 1 to 8 of this Act is concerned with 

the protection of avian species. Under this Act the killing, injuring or taking of 

any wild bird or damaging their nest or their eggs is prohibited; this legislation 

was introduced by the UK parliament in an effort protect species and habitat 

recognised as under threat of extinction.  
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It is also illegal to disturb the birds at the nest or their dependent young. This Act 

was aimed in part in the protection of species such as: osprey (Pandion haliaetus), 

barn owl (Tyto alba), snowy owl (Bubo scandiacus), golden eagle (Aquila 

chrysaetos), white-tailed eagle (Haliaeetus albicilla) and gyr falcon (Falco 

rusticolus). In Britain, wild birds have also been protected by Wild Birds 

Protection Acts so that smuggling of wild bird or their eggs are prohibited. 

Another UK Act is the Hunting Act 2004; this protects wild mammals from being 

hunted with dogs [54].  

 

These countries illustrate national protection; however there are many other 

countries that aim to protected native and wild species. For example in Thailand 

there is the Wild Animal Reservation and Protection Act (WARPA); the National 

Park Act; the National Forest Reserve Act that bans logging within in natural 

forests; and the Forest Plantation Act and Enhancement and Conservation of 

National Environmental Quality Act [55]. Within the European Union (EU), there 

are the national laws for each EU Member State with regard to wildlife trade in 

the EU. In India the Wildlife Protection Act 1972 and The Wildlife (Protection) 

Amendment Act, 2002, was introduced to protect native species and habitat [56-

58]. 

 

1.4 Background to Forensic Science  

The history of forensic science dates from early uses of fingerprints by the ancient 

Chinese culture for individual identification and the use of a bloody palm print in 

a murder case heard by a Roman Court in 1100 A.D.   

http://animaldiversity.ummz.umich.edu/site/accounts/information/Pandion_haliaetus.html


 
 

6 
 

S Boonseub/PhD Thesis                                                                                                       Chapter 1 
 

The development of forensic biology is impossible to trace as it emerged from 

medical sciences, however the development of microscopy allowed biological 

material to be examined and the use of antibodies indicated the potential for 

individual identity. Human identification was to change in 1985 with the advent 

of DNA profiling, which led to the reduction in the use of antibody based tests 

and other protein based methods for human identification. DNA profiling is now 

used routinely for linking the samples from the crime scene to a suspect [59, 60]. 

The original method, termed DNA fingerprinting, was introduced and first used in 

England by Prof. Sir Alec Jeffreys in 1985; ultimately leading to the development 

of DNA in forensic investigations [61-64] . The original DNA fingerprinting 

method, based on restriction fragment length polymorphism (RFLP), was used to 

resolve a paternity dispute, but was soon applied in forensic casework in the UK 

[63-65]. This technique was performed by cutting the entire genome with 

restriction enzyme to generate the variable lengths of DNA fragments. Between 

some of the two restriction sites were highly polymorphic loci called 

minisatellites. These minisatellites differed between individuals due to the 

number of repeats at each locus but were consistent between different body fluids 

for any individual.  The original RFLP method used Southern Blotting where the 

enzymatically cleaved DNA was separated by gel electrophoresis and then the 

DNA bands were transferred to a membrane, a single-stranded probe using a 

sequence to the core repeat of the minisatellites was used to bind to the 

complementary sequence on the membrane and the position of the probe was 

visualized by x-ray film originally as shown in Figure 1.1a and 1.1b [61], and 

later by chemiluminescence.  
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Figure 1.1a: shows the first ever DNA fingerprint on the left, produced in 
Alec Jeffreys laboratory on the 10th September 1984.  It shows the banding 
pattern from a mother, child, and father using a multilocus probe. The image 
on the right shows the multilocus fingerprint from a mother, a tested child 
(TC), as the UK Immigration Officials did not believe that the boy was the 
biological son of the mother, and three of the mother’s undisputed children 
(UD 1-3): the results demonstrated that the tested child was indeed the 
biological son of the woman and was therefore allowed to stay in the UK. The 
image on the left was supplied by Adrian Linacre and that on the right from 
reference [66]. 
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Figure 1.1b: Schematic representation of RFLP analysis; genomic DNA from 
sample 1 (S1) and sample 2 (S2) were cut by restriction enzymes which 
generated different length of restriction products. They were separated on 
agarose gel and transferred to membrane. Visualization was performed 
using hybridization with labelled probes then exposed to x-ray film. There 
are 2 types of RFLP profiling; Multi-locus (MLPs) profiling (using multi-
locus probes) and Single locus (SLPs) profiling (using single locus probes).  
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The first tests used probes that would bind to more than one minisatellite, 

producing a range of bands for each sample. This range of bands produced a near 

unique pattern, leading to the term ‘DNA fingerprinting’. Within two years of the 

first use of DNA fingerprinting the probes used were modified to bind specifically 

to one locus, thus producing one or two bands for each minisatellite tested [67]. 

Although RFLP using either multi-locus or single locus probes could distinguish 

unrelated individuals with a high degree of probability [60, 63], it was replaced by 

PCR-based techniques. RFLP techniques were time consuming by comparison, 

cannot be applied to degraded DNA as it required up to 1 µg of high quality DNA 

[68, 69]. Further, if there was a partial digestion of the DNA in the first step of the 

RFLP testing then there can be a problem with reproducibility.  

 

The original PCR process used two primers and requires prior knowledge of the 

DNA sequence in order to synthesis the primers [70-73]. There were two methods 

developed that required no prior sequence knowledge and could work on the 

entire genome. Random Amplification of Polymorphic DNA (RAPD) uses a 

single short primer (about 10 nucleotides) of a random sequence to amplify from 

the template DNA such that a range of short amplicons will be produced [74], as 

shown in Figure 1.2. The premise behind RAPD is that the band pattern produced 

should be specific to the DNA tested [74] . RAPD was used successfully in 

forensic science to link botanical samples (such as the use of RAPD profiling for 

linking the seed pods from the suspect’s truck and a tree at the crime scene [75-

77]) and linking cannabis samples [78-84] . Amplified Fragment Length 

Polymorphism (AFLP) was a second test that requires no sequence information  
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and combines the idea of RAPD and RFLP. AFLP starts by cutting genomic DNA 

with restriction enzyme to produce overhangs to the restriction products. 

Synthetic adapters can be ligated to the over hangs of the restriction fragments 

and these adapters can now serves as the template for primers in a PCR to amplify 

the restriction fragments thus producing a DNA fingerprint [85], as shown in 

Figure 1.3. AFLP has been used in forensic science in the linkage of cannabis 

samples [86-89]. Many of the advantages and disadvantages of RAPD and AFLP 

are similar [85] . An application of PCR technique which is combined with the 

RFLP technique is called polymerase chain reaction-restriction fragment length 

polymorphism (PCR-RFLP) analysis [90]. In this process, PCR amplifications are 

performed using primers designed to the locus of interest, then the single base 

change within the PCR products can be detected using restriction enzymes to 

generate RFLP patterns; the PCR-RFLP profiles can be separated on gels to 

detect any differences between the samples [90] . This method has been applied 

for the identification of many species including bird species [91]  and also in 

forensic investigation as well as the origin of meat [92] and species identification 

of larvae useful in forensic entomology for estimation of the time of death [93]. A 

summary of the DNA based techniques which have been used in forensic 

laboratories is listed in Table 1.1. 
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Figure 1.2: Schematic representation of RAPD analysis; genomic DNA from 
sample 1 (S1) and sample 2 (S2) were amplified using arbitrary single short 
primers. The primers are illustrated as blue arrows. These are typically 10 
nucleotides in length. The different lengths of amplicons were separated by 
agarose gel electrophoresis (2a). The example species identification using 
RAPD profiling shows in (2b), the figure was taken from James Lee’s thesis 
[66]. Lane L is 100 bp ladder. Lane 1 to 10 are from genus Paneolus which 1-
4 are from the same species and lane 11-20 are from genus Psilocybe which 
11 and 12 are from the same species and lane 19 and 20 are from the same 
species. The result shows that the sample from the same species shows very 
similar RAPD profile but none of them show 100% match therefore 
impossible to reproduce the same RAPD profile from this technique even the 
sample was taken from 1 individual.   
 

(2a) (2b) 
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Figure 1.3: Schematic representation of AFLP analysis; genomic DNA from 
sample 1 (S1) and sample 2 (S2) were doubled-digested with EcoRI and MseI. 
These generated different length of restriction products with ‘sticky ends’ 
generated by the enzymes to which adapters could be ligated; with these 
adapters being of a known sequence and can act as a template in PCR. Pre-
amplification, single nucleotide selective amplification was performed using 
one base extending into the unknown sequence of interest; this reduces the 
number of PCR products produced. Example species identification using 
AFLP profiling shows in (b), the figure was taken from James Lee’s thesis 
[66]. Lane M is 100 bp ladder. Lanes 1 to 17 are unknown samples. Lane 1-3 
are from the same species, 10-12 are from the same species and 18-20 are 
reference samples from Volvariella volvacea, Agaricus bisporus and Lentinus 
edodes, respectively. The result shows that the sample from the same species 
shows very similar AFLP profile but none of them show 100% match 
therefore impossible to reproduce the same AFLP profile from this technique 
even the sample was taken from 1 individual. 
 
 
 
 

(b) (a) 
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Table 1.1: List of techniques which have been used in the species testing. (+) 
shows advantages of the technique and (-) shows disadvantages of the 
technique. 
 

Techniques Advantages (+) and disadvantages (-)  
1. Microscopic hair analysis 
 
 
 
 
 
 
 
2. Antigen-antibody reactions 
 
 
 
 
 
 
 
 
3. RAPD 
 
 
 
 
 
 
 
 
 
 
 
 
4. RFLP  
 
 
 
 
 
 
 
 
 
5. AFLP 
 
 
 
 
 
 
6. SNP 
 
 
 
 

 

+ Cheap 
+ Fast and easy to perform 
+ Can be automated [94], [95] 
 -  Colour is subjective [94] 
 -  Difficult to interpret [96] 
 -  Experience needed [96] 
  
+  Species identification possible 
+  High sensitivity and specificity 
 -  Species-specific probes needed [97]  

 -  Cross reactivity between closely related species [98-101]  
 -  Requires enough specimen for protein extraction [102] 
 -  Different antibody needed for each species [99] 
 -  Proteins can be degraded under casework conditions [99, 103]  
 
 +  Species identification possible 
 + Cheap 
 + Fast 
 + DNA sequence information is not needed [104] 
 -  Reproducibility is a problem 
 -  Cannot distinguish mixed DNA sample [105] 
 -  Variation of the same species occurs between different samples [106, 
107] 
 -  DNA fingerprinting relies on quality and quantity of the sample [106, 
108] 
 -  PCR condition and efficiency of primers affect band patterns [108, 109] 
 
 + Species identification possible  
 + DNA sequence information is not needed 
-  Requires large amounts of DNA  template and high-  
    quality DNA  
- Cannot distinguish mixed DNA sample [110, 111] 
- Expensive [112] 
- Time consuming [112] 
- Variation of restriction sites of the same species  [111, 113] 
- Cannot distinguish closely related species [111, 114] 

  
+ Species identification possible  
+ DNA sequence information is not needed 
-  The problem and limitation reproducibility [110] 
-  Mixtures of two or more species cannot be identified [110] 
- Cannot distinguish closely related species 
 
+ Species identification possible  
+ Can  separate complex mixtures  [115] 
+ Possibility to add additional species as needed 
+ No need sequencing 
-  DNA sequence information is not needed for primer design 
- Can identify only species which primers have been designed for 
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Techniques Advantages (+) and disadvantages (-)  
7. Real-Time PCR 
 
 
 
 
 
 
 
 
8. Sequencing 
 

+ Species identification possible  
+ High specificity 
+ High sensitivity 
+ Reproducibility 
+ Fast  
- Can detect only a small number of species at one time 
- Expensive  
 
 
+ Species identification possible  
+ High specificity 
+ High sensitivity 
+ Reproducibility 
+ Can analyse a wide range of species using universal primer 
 -  DNA sequence information is not needed for primer design 
 - Cannot separate mixtures 
 - Contamination from using universal primers 
 -  Expensive                                                                                             

 

A wide variety of biological samples are frequently encountered in the 

investigation of alleged wildlife crimes. These sample types may include: fish, 

plants (such as seed, leaves or their products) that are under legal protection; 

corals and pearls [32]; hides and furs [116]; skin [116-118]; ivory and horn [26, 

27, 32, 118-120]; meat [34, 116]; saliva and blood [116]; faeces, urine and tissue 

[121]; egg [122]; feather [116]; bones [116]; teeth [118] and carcasses [124]. A 

challenge for wildlife forensic scientists is to identify and distinguish a species 

when morphology is insufficient, such as in Traditional East Asian Medicine 

(TEAM) as this may contain a mixture of many species [125, 126]; TEAM has 

been shown to contain many protected mammalian species [127-129]. Egg 

samples, feather and skeletal remains of a bird have been analysed previously as 

part of a forensic investigation [91, 122, 123]. In some of the cases listed above, 

identification of the species may be possible if there is sufficient morphology 

present. In the absence of morphology that can be used in species identification, 

then it may be necessary to resort to molecular genetics methods.   
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1.5 Avian taxonomy  

Carl Linnaeus, the father of taxonomy, developed the Latin multinomial system. 

The  classification  of organisms were categorized into Kingdom, Class, Order, 

Genus, and Species and were identified using their genus and species names [130-

132]. These are the broad classifications, although numerous additional 

separations have been proposed to divide taxonomic groups into up to 16 different 

divisions. The Table 1.2 shown taxonomy of a range of species and a couple 

Orders represent avian species. 

 

Table 1.2: The taxonomy of a range of species. 

 

 

Avian taxonomy has gone through a number of changes recently. Birds were 

classified into the class Aves. There are 34 Orders recognised, which 25 are 

extant,  two have recently become extinct and 7 orders of birds recognised only 

by fossil records [133].  At present, there are about 9,000 different species of bird 

currently living on Earth [134]. The classification of avian species has been 

grouped together under the principle of that organisms should be classified 

according to their evolutionary relationships. In 1867, the skull was first used for  
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determining common inherited features of avian species [135]. The 

morphological traits has often used for avian classification. Most recently, the 

classification has been changed to molecular methods.  

 

The DNA hybridization was the first DNA based taxonomy [136-138]. Later 

DNA hybridization was replaced by DNA sequencing of particular gene loci. The 

DNA sequences have been used for reconstructing a tree of life for showing the 

evolutionary relationships of all living organisms. This approach is one of the 

driving forces behind the recent changes in taxonomic classifications.  

Phylogenetic tree reconstruction has been used for predicting the tree of life and 

examining recent taxonomic changes or possible changes in the future. The 

Neornithes (modern birds) have been identified into two types based on the 

differences of the skulls. These include the Paleognaths (old jaw), which are 

Ostrich, Rheas, Cassowaries, Emus, Kiwis, Tinamous, and the Neognaths (new 

jaw) which are the rest of the living birds. The avian taxonomy shown in Figure 

1.4 is based on previous studies [139, 140]. 

 

 

Figure 1.4 Avian taxonomy [139, 140] 
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The Neognaths separates the Order Anseriformes (waterfowl birds) and 

Galliformes (gallinaceous birds) from the other birds (Neoaves). The 

Galloanserae divide into the Anseriformes and Galliformes. In contrast, the 

Anseriformes were placed after the Pelecaniformes with the Phoenicopteriformes, 

Ciconiiformes. Metaves include pigeons and doves as well as sandgrouse, kagu, 

sunbittern, grebes, flamingos, mesites, tropicbirds, nightjars and relatives, swifts, 

and hummingbirds [141]. The Metaves group is a large grouping in which some 

species species show a high degree of relatedness, such as grebes and flamingos, 

whereas some species might be placed in erroneous taxons. Most currently 

phylogenetic trees are not clear results for the Metaves group, especially, the 

studies based on mitochondrial DNA [142-146]. For example, tropicbirds were 

grouped with accipiters, and kagu were grouped with woodpeckers and passerines 

[145]. Nevertheless, the Metaves group contains avian species birds that are more 

closely related to each other than to the rest of Neoaves. Coronaves consist of 

waterbirds (Pelecanae), shorebirds (Charadriae), and land birds (Passerae).  

 

1.6 Speciation and Species concept  

1.6.1 Speciation 

Speciation can occur in a number of ways, either by allopatric, sympatric or 

parapatric methods [147-149]. Allopatric speciation occurs most commonly when 

an ancestral population becomes separated such as by geography, thus limiting 

the potential for gene flow between the two isolated populations [148]. One of the 

best known examples of this speciation is that of Darwin’s finches (genus 

Geospizina) [150]. There are three different groups of Darwin’s finches which are  
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classified based upon their ecological niche and their behaviour; these are the 

ground-finches (Geospiza sp.), tree finches (Camarhynchus sp.) and warbler 

finches (Certhidea olivacea) [151]; these birds are found on the Galapagos 

Islands and nowhere else. The different species of finch within the Galapagos 

archipelago have evolved to have different beak structures adapted for the feeding 

on the seeds of particular trees that grow on each island [150, 152-154]. 

Sympatric speciation occurs when there is no gene flow between populations as a 

result of the migration of populations; here an overlapping area between 

populations decreased to a point of reducing gene flow [149]. Parapatric 

speciation is a version of sympatric speciation where the environment is so large 

that gene flow among the members of the ancestral species is limited resulting in 

genetic drift among different sub-populations [155].  

 

1.6.2 Species concept 

The species concepts were introduced and can be categorised into 3 major groups 

as; the Typological  Species Concept (TSC) ; the Biological Species Concept 

(BSC); and the Evolutionary Species Concept (ESC) [156].  

 

Typological Species Concepts (TSC)  

TSC categorize organisms based on sharing traits as the four basic characteristics; 

sharing in the same essence, separate from all others by a sharp discontinuity, 

constant through time and severe limitations to the possible variation of each 

species [130]. The members of each group share in the same fixed essence. The 

problem of these concepts when the observation of the vast amount of variation  
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between similar organisms [130]. The predominance of essentialist is using 

morphology for distinguishing between organisms therefore the criterion is simple 

and requires no need technical skill [130, 157].  

 

Biological Species Concept (BSC) 

No one definition is suitable however one of the best definitions is in term of the 

BSC by the population-geneticist Dobzhansky [158-160] which was amended by 

Ernst Mayr, where a species is defined as a group of organisms capable of 

interbreeding and producing fertile offspring [152, 158, 159, 161-164]. For 

example two frog species were grouped into different species because they can 

mate but cannot produce viable hybrid [156]. Exceptional cases can be found in 

zoos such as tiger and lion which can produce fertile offspring called ligers and 

tigons. This is an artificial and man-made instance hence modifying the BSC to “a 

group of organisms capable of interbreeding in nature and producing fertile 

offspring” would eliminate the lion/tiger anomaly.  It should be noted that both 

lion and tiger will not mate in nature because they are naturally ecologically and 

geographically isolated (African lions prefer open area while Asian tigers prefer 

forest) and behavioural isolation (lions are social animals, living as a group while 

tigers are isolated animals, living as a couple only for mating). Anomalies to the 

BSC would still include some plants where cross pollination can occur naturally 

and successfully produce inter-specific hybrid plants [165, 166]. Species maintain 

their reproductive isolation through various isolation mechanisms [157]. BSC is 

the most widely accepted species concept which based on reproductive isolation.  
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Evolutionary species concept (ESC) 

Among palaeontologists, ESC is the most popular concept. In 1967, George 

Gaylord (mammalian palaeontologist) stated that “a species is a series of 

ancestor-descendent populations passing through time and space independent of 

other populations, each of which possesses its own evolutionary tendencies and 

historical fate” [167], therefore evolutionary species defined as a group of 

organisms that shares a common ancestor which maintains its integrity with 

respect to other lineages through time and space.  

 

Legal definitions 

The legislations of many counties including Australia, lists certain species as 

being protected. In order to investigate any alleged transgression of the 

legislation, it is a requirement to identify the unknown sample(s) to determine if it 

is a protected species. The test employed must be species specific, be validated to 

the extent that is meets general acceptance, and withstand any challenge in a 

Court. This can be an issue if there is not broad agreement on the taxonomic 

classification of particular species. While in many cases this definition is 

adequate, more precise or differing measures are often used, such as based on 

similarity of DNA or morphology. The presence of specific locally adapted traits 

may further subdivide species into subspecies. Legal definitions of species are 

defined based on the best available scientific and commercial data [157]. The 

listing decisions are not always based on scientific criteria [130, 157, 168]. In 

case of subspecies was defined as “an aggregate of phenotypically similar 

populations of a species inhabiting a geographic subdivision of the range of the  
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species and differing taxonomically from other populations of the species”[157]. 

Later, Mayr clarified this definition, that a subspecies must share a unique 

geographic range, phenotypic characters, and unique natural history [169]. 

Another term that must be clarified is hybrid. Hybridization is defined as “the 

crossing of individuals belonging to two unlike natural populations that have 

secondarily come into contact” [157].  

 

1.7 Avian mitochondrial DNA (mtDNA) 

The mitochondria carry out essential metabolic functions, notably with respect to 

cellular energy production and respiration [170-173]. Mitochondrion are found 

in  almost all eukaryotic cells [174], generally rod-shaped bacterium-like 

organelles [175], have outer and inner membranes which are structurally 

and functionally distinct and are at a high copy number in the cell . There are 

hundreds to thousands of mitochondria in most mammalian cells [176]. mtDNA is 

a circular double-stranded molecule, in the most dilute animal sample contains 

about 12,000 copies of mtDNA per mL (20.4 pg) [177].  

 

Avian mtDNA in various species contains different length from 16.6 - 16.8 kb 

[178]. The two double strands are distinguished as a heavy strand (H) which is 

guanine rich and the light strand (L) which is cytosine rich [179]. The coding 

region of mtDNA encodes 37 genes, 13 of the enzymes in oxidative 

phosphorylation, two ribosomal RNA genes (rRNA) and 22 of transfer RNA 

genes (tRNA) [180]. The 22 tRNA genes on the mtDNA are relatively small (less 

than 100 bp) and exhibit little variation. Greater variation occurs in the 13 genes  
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involved in the oxidative phosphorylation process and the two rRNA genes. This 

greater variation is due to the function of the transcribed molecule and the length 

of the molecule. The non-coding region, which is called the displacement loop 

(D-loop), is the major control site for mtDNA expression because it contains the 

origins of replication and the elements of initiation for the leading strand of 

replication [181]. To illustrate the organization of loci of mitochondrial genome, 

the gene arrangement of the 13 loci from chicken (G. gallus), junglefowl (G. 

varius), guineafowl (Numida meleagris), human (Homo sapiens), sheep (Ovis 

aries), Northern native cat (Dasyurus hallucatus), grasshopper (Gomphocerippus 

rufus), frog (Xenopus laevis) and snake (Crotalus horridus) is shown in Table 1.3. 

 

At the protein level, the lengths of mitochondrial amino acid sequences of these 

species that were obtained from the DNA database, for the 13 loci including the 

ND family, COI, COII, COIII, ATP6, ATP8 and cyt b, vary as shown in Table 

1.4.  
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Table 1.3: Gene arrangement of the 13 loci including the ND family, COI, COII, COIII, ATP6, ATP8 and cyt b of chicken (G. 
gallus), junglefowl (G. varius), guineafowl (Numida meleagris), human (Homo sapiens), sheep (Ovis aries), Northern native cat 
(Dasyurus hallucatus), grasshopper (Gomphocerippus rufus), frog (Xenopus laevis) and snake (Crotalus horridus) obtained 
from GenBank. The check mark symbol () indicates the same gene arrangement based on human mitochondrial loci (the 
first column from the left). The arrangements of the loci that different from the human mtDNA are indicated in blue.  
 

The arrangement of the 13 
loci based upon human 

mtDNA  

Snake Frog Northern 
native cat 

Sheep Green 
junglefowl 

Chicken Helmeted 
guineafowl 

Grasshopper 

1.ND1         
2.ND2         
3.COI         
4.COII         

5.ATP synthase8         
6.ATP synthase6         

7.COIII         
8.ND3         

9.ND4L        ND5 
10.ND4         
11.ND5        ND4L 
12.ND6     cyt b cyt b cyt b  
13.Cytb     ND6 ND6 ND6  
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Table 1.4: The length of mitochondrial amino acid sequences of the 13 loci including the ND family, COI, COII, COIII, 
ATP6, ATP8 and cyt b of chicken (G. gallus), junglefowl (G. varius), guineafowl (Numida meleagris), human (Homo sapiens), 
sheep (Ovis aries), Northern native cat (Dasyurus hallucatus), grasshopper (Gomphocerippus rufus), frog (Xenopus laevis) and 
snake (Crotalus horridus) obtained from the DNA database. The mammalian species are highlighted in green and the avian 
species are highlighted in pink. 

 

 
 

Species Amino acid length from mt genes 
CoI CoII CoIII Cytb ND1 ND2 ND3 ND4L ND4 ND5 ND6 ATPsynthase6 ATPsynthase8 

chicken 516 227 261 380 324 346 116 98 459 605 173 227 54 
junglefowl 516 227 261 380 324 346 116 98 459 605 173 227 54 
guineafowl 516 227 261 380 320 346 116 98 459 604 173 227 54 
human 513 227 261 380 318 347 115 98 459 603 174 226 68 
sheep 514 227 261 379 318 347 115 98 459 606 175 226 66 
Northern native 
cat       

513 228 261 381 318 347 116 98 459 605 166 226 69 

grasshopper 513 227 265 379 314 342 117 97 444 572 173 225 53 
frog 518 228 260 379 323 345 114 98 461 604 170 226 55 
snake 533 228 260 358 318 345 111 96 406 590 173 226 54 
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There is no evidence to date that avian males pass on mtDNA through their 

spermatozoa rather all through the egg's cytoplasm therefore mtDNA is entirely 

derived from the mother [182, 183]. There are exceptions to this rule as 

demonstrated by mussels of the genus Mytilus which have biparental 

inheritance of mitochondria [184]. mtDNA mutations occur frequently, due to the 

lack of the error reading enzyme in mitochondria leading to mtDNA loci having 

on average a 10-20 times greater variability compared to their nuclear counter 

parts [185].  

 

1.7.1 Application of mtDNA in forensic science 

mtDNA has been used in particular cases where the amount of nuclear DNA is 

too low or highly degraded [186] such as forensic anthropology and missing 

person identification [186, 187]. Nevertheless, mtDNA is less discriminating than 

nuclear DNA because no recombination, so each member of a maternal line 

should have the same sequence of mtDNA, hence in forensic science for human 

identification mtDNA typing has a niche role [187, 188]. Although mtDNA has a 

relatively low power of discrimination for individual identification, the highly 

variable regions (HV1 and HV2) can differ between individuals if there have been 

two or more mutations.  

 

The cytochrome b gene (cyt b) has been used in species identification of 

vertebrate species due to the relatively little intra-species variation but the 

presence of inter-species variation [99, 189, 190]. The cyt b gene is 1,140 bp long 

[189] and encodes a protein of 380 amino acids in length [191].  
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There is very little variation in the size of the protein although the sequence can 

vary, leading to the genetic variation required for species testing. The protein 

spans across the membrane of the mitochondria between eight and nine times 

[192, 193]. The amino acids that span the membrane are highly conserved and 

largely invariant between species. The amino acids that are outside of the 

membrane spanning area are expected to be less conserved and exhibit greater 

polymorphism between species [193]. Much of the discussion on evolutionary 

studies using genetic testing, however, comes from the more extensive studies on 

mammalian DNA [194-203]. For molecular phylogenetics and evolution studies, 

the conserved regions of mtDNA are ideal for designing universal primers. The 

COI gene is the most conserved of the three coding genes of cytochrome oxidase 

complex. The NADH dehydrogenase I (ND1) is the most conserved of the seven 

coding genes of NADH dehydrogenase family of proteins; cyt b is more 

conserved than ND1 but less than COI [204]. All mtDNA loci of human and 

avian are shown in Figure 1.5. The avian ND2 gene is located between the ND1 

and COI genes at the position of the ND2 gene is between 5250-6290 bp in the 

chicken (Gallus gallus) mtDNA while the ND2 gene in human mtDNA is 

between 4469-5510 bp. The ND2 gene coding sequence of avian species is about 

1042 bp in length.   

 

 

 

 

 



 
 

27 
 

S Boonseub/PhD Thesis                                                                                                       Chapter 1 
 

 
 

 

 

 

 

 
 
 
 

Figure 1.5: Organization of the mammalian and avian mitochondrial 
genomes. The D loop is normally viewed at the top with the numbered bases 
going clockwise. The order of the 37 genes is similar between mammalian 
and avian mtDNA but note that cyt b and ND 6 are transversed.  
 

1.7.2 Avian mtDNA studies  

Most studies of avian mtDNA are on systematic relationships between species, 

closely related species and subspecies [205-216]. To date few of genes other than 

cyt b and COI have been used in taxonomic and forensic studies yet there is much 

potential for their use in avian species identification. Avian species have been less 

well studied yet the analysis while a comparison of avian DNA is often required 

in a forensic science investigation such as bird strikes to airplanes [217, 218]. 

Genetic distance between inter- species and also between intra-species of avian is 

lower between than other vertebrate for both for mtDNA [206, 210] and for 

nuclear DNA [219]. 
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1.8 Generation of Genetic Variation 

Alteration to the genetic complement can either be a single base change or a 

whole chromosome alteration. One major type of genetic variation is a mutation. 

Mutational events at the DNA level can either be as a result of one or more 

incorrect nucleotide being added randomly during DNA replication in vivo or 

induced by external factors such as the alteration of the DNA due to 

environmental factors such as genotoxins, pollutants, chemical and radiation 

exposure [220]. On a larger scale, the gene rearrangements including 

translocations, deletions, inversions, insertions, and duplications leads to genetic 

variation. Variation leads to polymorphisms, literally mean many forms. Single-

nucleotide polymorphisms (SNPs) are the most common type of polymorphism 

approximately occurring every 1,000 bases [221]. Single variations at the DNA 

level are common and lead to the assumption that every individual’s DNA is 

unique.  

 

Over 98 % of nuclear DNA in humans is non-coding [222] therefore most 

mutations occurs in these regions by chance, on the other hand most mutations in 

mtDNA occur within the genes as approximately 92 % of the mitochondrial 

genome are related to coding function [223]. Single base changes within a coding 

region have ranging effects depending on which base is altered. For instance the 

amino acid proline is encoded by CCA, CCC, CCG and CCT [224, 225]. A 

mutation at the third base of the codon will not affect the resulting amino acid and 

is called a silent, or synonymous mutation [226, 227]. 
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The way the genetic code works means that the third base is the most redundant 

of the three bases of a codon. There are two amino acids (Leucine and Serine) 

where the first base of the codon can alter leading to a silent mutation [228]. The 

second base of a codon cannot mutate without alteration to the encoded amino 

acid and is called non-silent, or  non-synonymous mutation [229]. The vertebrate 

mitochondrial genetic code is shown in Table 1.5. 

 
Table 1.5: The genetic codes for vertebrate mtDNA . The base in the left is 
the first base of the codon, the base along the top of the table is the second 
base and that at the right is the third base. In a table of the genetic code U is 
used to indicate uracil rather than T (Thymine). The different of the 
vertebrate mitochondrial genetic codons from the standard codons are 
indicated in red.    
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The twenty naturally occurring amino acids fall into four distinct categories; acid, 

basic, polar and non-polar as shown in Table 1.6. Depending upon the function of 

the protein it may be that alteration from one amino acid to another within the 

same group has little effect on the protein’s activity. Alteration of the amino acid 

between the different groups of proteins has much more of an effect, unless the 

amino acid is within a part of the protein that plays little part in the activity of the 

protein. Within gene sequences an insertion or a deletion (termed an indel) will 

cause a frame shift resulting in a completely different set of amino acids being 

made; this is unless the insertion or deletion is of three bases.  

 
Table 1.6: The classification of 20 amino acids . 

 

 

1.9 Molecular clocks  

In the past, deciphering the evolution history of organisms was based on fossil 

records [230], but the use of genetic and protein comparisons has added a new 

dimension [231]. Comparison of nuclear or amino acid data obtained from 

databases indicates that changes occur at predictable rates [230, 232]. Assuming a 

consistency in the rate of change of amino acids and DNA sequences over time 

allows their use as molecular clocks.  

 



 
 

31 
 

S Boonseub/PhD Thesis                                                                                                       Chapter 1 
 

This allows the estimation of the divergence in time between species, especially 

in some species which have a few, or no, fossil records [230-232]. This approach 

has been used widely in evolutionary studies [233]. Fossil record can provide an 

estimate of age using radioactive dating. A genetic approach can be used to 

estimate the time of divergence from a common ancestor and for allowing a 

phylogenetic reconstruction depicting genetic distance between species [230]. A 

molecular clock of each species  is based upon generation times, the rate of 

mutation, body size and metabolic rate [232]. For example, the evolution rate of 

rodents is faster than human and other mammals over time. The divergence rate 

has been used for evolutional studies in birds with a mitochondrial substitution 

rate of 2 % per million years. This has been used for estimating the time of 

divergence from genetic distance between avian species [234].  

 

The nucleotide substitution rate within mtDNA is five to ten times higher than 

within nuclear DNA [235, 236] primarily due to the lack of an error reading DNA 

polymerase within the mitochondria. Substitution rates within the mtDNA 

genome of bird and reptile species are fast compared to the other animal species, 

snake and lizard species are relatively slow in comparison to turtle and bird 

species [237]. Non-synonymous substitution rates of the ATP8 gene in bird and 

reptile species are the fastest mitochondrial loci and the slowest is the COIII locus 

[237].  
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The evolutionary rates of the non-coding control region of mtDNA is the fastest 

evolving region on the mitochondrial gene whereas the protein-coding genes and 

the tRNA genes are moderate evolving loci [238]; and the rRNA genes are the 

slowest evolving loci due to different selection pressures based on their  function 

[239-241]. 

 

1.10 Mitochondrial DNA Barcoding genes 

Barcodes are DNA sequences that provide sufficient variation for distinguishing 

species [242, 243]. mtDNA is routinely used for non-human forensic cases. In the 

investigation of alleged wildlife crimes, DNA Barcodes has been used for species 

identification to investigate the illegal trade in protected species [244] and also 

animal tissues in some murder cases [244, 245]. The most commonly used 

mtDNA loci that have been used in the identification of species and taxonomic 

studies are cyt b and the Barcoding DNA region which is approximately 648 bp 

region positioned near the 5' terminus of the COI gene [242, 243, 246-262].   

 

The selection of the Barcode loci relies on a) the possibility for universal DNA 

primer design for DNA amplification of all species tested and b) sufficient 

variation in the amplified DNA to discriminate between closely related species. 

For fungi and microorganism, the identification has relied heavily on analysis of 

the rDNA. The 18S rDNA and 28S rDNA, the nuclear rRNA genes were selected 

because they are highly conserved and can differentiate the higher taxonomic 

levels such as Families and Genera. The internal-transcribed spacer (ITS) has 

been used for distinguishing between these fungal species [263].  
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One reason for the application of mitochondrial genes in taxonomic studies 

include the relatively fast evolutionary rate [264]. Additionally, the slowly 

evolving loci such as rRNA gene, do not differ among closely related species, but 

they can be used for associating distantly relative species [243].  

 

1.11 Phylogenetic tree  

A phylogenetic, or evolutionary, tree is a diagram which is composed of branches 

and nodes to illustrate evolutionary relationships between groups of species. 

Phylogenetic trees can be classified as rooted-trees and unrooted trees as shown in 

Figure 1.6.  

 

 

 

 

Figure 1.6: Showing rooted tree (a) and unrooted tree (b). 
 
 

The phylogenetic trees are composed of several parts including root, internal 

node, external node, branch, branch length, and external node or leaf as shown in 

Figure 1.7. 
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Figure 1.7: Showing parts of a phylogenetic tree. The red arrows indicate the 
parts of the tree. Taxon A and B are sister groups. Taxon C is the outgroup 
of taxon A and B. The blue box is a clade. Root is a common ancestor of all 
taxa on the tree. A clade is a group of taxa and their common ancestor. 
Internal nodes or hypothetical taxonomic units (HTUs) represent the 
hypothetical ancestor. External nodes or operational taxonomic units (OTUs) 
are the set of data under the comparison study. Branch represents the 
relationship between the taxa. Branch length shows the number of changes 
within the branch. Sister groups represent closest relatives. Outgroup 
represents a taxon outside the group of study. 
 
 
Phylogenetics is the determination of the rate and pattern of change occurring in 

DNA or protein sequences in order to reconstruct the evolutionary relationships 

between organisms. Most online programs also generate trees from a list of 

examples of the online tools and the software packages for multiple sequence 

alignment and phylogenetic tree reconstruction is shown in Table 1.7. 
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Table 1.7: A list of examples of the online tools and the software packages for 
multiple sequence alignment and phylogenetic tree reconstruction. Multiple 
alignments can be performed directly on the website of the online programs 
on the left column while the software packages from the column on the right 
have to be downloaded and installed on the local computer first.  

Online programs and server Software packages  
MAFFT  at: 

- EBI 
- GenomeNet 
- The MPI Bioinformatics 

Toolkit 
- SIB 
- Pasteur 
- WABI  
- DDBJ 

MUSCLE  at: 
- EBI  

ClustalW  at: 
- EBI 
- Pasteur 
- EMBL 
- DDBJ 
- SIB  
- GenomeNet 

T-COFFEE  at: 
- EBI 
- SIB 

Kalign  at:  
- EBI 

 

MAFFT  
 
MUSCLE  
 
ClustalW 
 
MEGA  
 
T-COFFEE 
 
M-COFFEE   
 
MrBayes 
 
PHYML 
 
PAML 
 
PHYLIP 
 
PAUP 
 

 

There are many methods for calculating phylogenetic trees from DNA and amino 

acid sequences. Statistical methods can be classified into distance methods and 

character methods. The distance methods compute every pair of sequences in the 

multiple alignments and calculate the number of differences to generate the right 

tree step-by-step; these methods also called stepwise clustering method. The 

distance methods include unweighted pair-group method using arithmetic 

averages (UPGMA), neighbor-joining (NJ) and minimum-evolution (ME) [265].  
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The character methods use a strategy to find the best tree by examining all of the 

possible trees and then select the best; these methods are also called an 

exhaustive-search method. The character methods calculate evolutionary 

relationships from a number of changes of each character at each position which 

related to a possibility or state of the character; amino acids have 20 possible 

amino acids per position or DNA molecules have four possible bases per position. 

The maximum-parsimony (MP), the maximum-likelihood (ML) and the Bayesian 

inference (BI) methods belong to the character methods [265].  

 

The evolutionary models that have been using with the methods above for 

computing the evolutionary relationships are listed below: 

(a) p-distance – using the proportion of the differences between 

sequences. 

(b) Maximum Composite Likelihood [266]  – calculating the 

evolutionary distances between all pair of the sequence data with and 

without taking rate variation and substitution between the sequences 

into account. 

(c) Jukes-Cantor [267]  – using the substitution rate parameter. 

(d) Tajima-Nei [268] – taking unequal rates of substitution between 

nucleotide pairs into account. 

(e) Tamura-Nei [269] – taking the base composition and the transition/ 

transversion rate bias into account.   
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(f) Kimura 2-parameter [270]  – calculating the branch lengths at two 

different rates based upon the probability of transition and transversion 

mutations.   

(g) Tamura 3-parameter [271] – taking the differences in transitional 

and transversional rates and the G+C-content biases into account. 

(h) Hasegawa-Kishino-Yano [272] – using a molecular clock to calculate 

the divergence dates between the sequence data. 

(i) LogDet [273]  – using determinants (real numbers) of the observed  

divergence matrices.    

(j) General Time Reversible [274] – calculating the differences of base 

composition of the two sequences to estimate the time of divergence 

and substitution rates between the observed data.  

 

1.12 The Aim of this Study  

Many avian species are protected by national legislation but most molecular 

studies have focussed on applications relevant to mammalian species using the cyt 

b and COI loci. Other mitochondrial loci have not been studied extensively in 

avian species identification yet. The aim of this study is to examine all 37 of 

mitochondrial loci to find the most effective segment of the gene that can identify 

closely related avian species and reconstructing the phylogenies. These will be 

accomplished by first looking at entire mtDNA, then the complete genes 

individually and finally sections of each gene. The fraction of the gene that 

performs the optimally at species identification and phylogenetic tree 

reconstruction will be used in intra-species variation. 
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	Figure 1.1a: shows the first ever DNA fingerprint on the left, produced in Alec Jeffreys laboratory on the 10th September 1984.  It shows the banding pattern from a mother, child, and father using a multilocus probe. The image on the right shows the m...
	Figure 1.1b: Schematic representation of RFLP analysis; genomic DNA from sample 1 (S1) and sample 2 (S2) were cut by restriction enzymes which generated different length of restriction products. They were separated on agarose gel and transferred to me...
	Figure 1.2: Schematic representation of RAPD analysis; genomic DNA from sample 1 (S1) and sample 2 (S2) were amplified using arbitrary single short primers. The primers are illustrated as blue arrows. These are typically 10 nucleotides in length. The ...
	Figure 1.3: Schematic representation of AFLP analysis; genomic DNA from sample 1 (S1) and sample 2 (S2) were doubled-digested with EcoRI and MseI. These generated different length of restriction products with ‘sticky ends’ generated by the enzymes to ...
	Table 1.1: List of techniques which have been used in the species testing. (+) shows advantages of the technique and (-) shows disadvantages of the technique.
	Table 1.3: Gene arrangement of the 13 loci including the ND family, COI, COII, COIII, ATP6, ATP8 and cyt b of chicken (G. gallus), junglefowl (G. varius), guineafowl (Numida meleagris), human (Homo sapiens), sheep (Ovis aries), Northern native cat (Da...
	Table 1.4: The length of mitochondrial amino acid sequences of the 13 loci including the ND family, COI, COII, COIII, ATP6, ATP8 and cyt b of chicken (G. gallus), junglefowl (G. varius), guineafowl (Numida meleagris), human (Homo sapiens), sheep (Ovis...
	Figure 1.5: Organization of the mammalian and avian mitochondrial genomes. The D loop is normally viewed at the top with the numbered bases going clockwise. The order of the 37 genes is similar between mammalian and avian mtDNA but note that cyt b and...
	Figure 1.7: Showing parts of a phylogenetic tree. The red arrows indicate the parts of the tree. Taxon A and B are sister groups. Taxon C is the outgroup of taxon A and B. The blue box is a clade. Root is a common ancestor of all taxa on the tree. A c...

	Table 1.7: A list of examples of the online tools and the software packages for multiple sequence alignment and phylogenetic tree reconstruction. Multiple alignments can be performed directly on the website of the online programs on the left column wh...
	Table 2.2: A list of the ND2 sequences from nine avian species used in this study including their scientific name, common name, accession numbers and taxonomic group. Colour shading indicates members within the same Order.
	Table 2.3: showing primer sites, highlighted in yellow, and the melting temperature (Tm) of the primers for the ND2 gene amplification of avian species. The redundant positions in the primers are in blue: M = A or C, R = A or G, Y = C or T and K = G o...
	Table 2.4: Primer pairs and product size for ND2 gene amplification.
	Figure 2.1: A map of the overlapping sites of the expected PCR products generated from the ND2 primers.
	Table 2.5: A list of finch species used in this study including scientific name and common name.
	Table 2.6: showing primer sites, highlighted in yellow, and the melting temperature (Tm) of the primers for the ND5 gene amplification of avian species. The redundant positions in the primers are in blue: M = A or C, R = A or G, Y = C or T and K = G o...
	Figure 2.2: A map of the overlapping sites of the expected PCR products generated from the ND5 primers.
	Table 2.8: A list of the 12 parrot and cockatoo species including their scientific name, common name and accession numbers.
	Table 2.9: showing primer site, highlighted in yellow, and the melting temperature (Tm) of the primer for the ND5 gene amplification of parrot and cockatoo species.
	Table 2.10: Primer pairs and product size for ND5 gene amplification.
	Figure 2.3: A map of the overlapping sites of the expected PCR products from the ND5 primers for the complete ND5 gene sequencing of the parrot and cockatoo species.
	Table 2.12: A list of the unknown species including with their expected common name.
	2.5.2 DNA Extraction from Feathers

	Figure 2.5: showing the feathers from Major Mitchell's Cockatoo, the blue arrow indicates the calamus part of the feather.
	Figure 2.6: showing feather and barb samples from the smaller size bird: superb parrot (Polytelis swainsonii) and the larger size bird: short-billed black cockatoo (Calyptorhynchus latirostris). The red arrows indicate a barb from each species.
	Table 2.16:  A list of finch species used for intra-species variation study.
	2.10.5 Inter- and intra-species of the  Psittacidae family (parrots) and Cacatuidae family (cockatoos) at genus and species taxonomic level using partial sequences of the cyt b, COI, ND2 and ND5 loci
	The partial sequences of the ND2 and ND5 loci obtained from this study are from Calyptorhynchus banksii, Calyptorhynchus funereus, Psittacula alexandri and Amazona ochrocephala. The pairwise distance between parrot and cockatoo species was calculated ...

	Table 2.17: A list of parrot and cockatoo species used for intra-species variation study.
	2.10.6 Genetic variation avian mitochondrial DNA genes
	The mitochondrial genome of 102 avian species consisted of 37 genes comprised 13 polypeptides, two rRNA genes, and 22 tRNA genes. All gene sequences were aligned using the MEGA program to calculate the genetic distance between these species. The p-dis...
	The steps to enter the data into MEGA included: click on the distance tab, calculate overall mean of a standard comparison (p value) and add 1000 bootstrap repetitions to evaluate the variance as shown in Figure 2.7.

	Figure 2.7: showing p-distance calculation using MEGA program. The orange arrows indicate the three steps to compute the overall mean value.
	Chapter 2 References

	CHAPTER 3 RESULTS AND DISCUSSIONS
	3.1 Mitochondrial protein sequences analysis

	Table 3.1: showing protein length of each locus, percent homology, total number of variable sites and percent variable sites within the complete protein sequences of the ND family, COI, COII, COIII and cyt b loci based on 33 avian species chosen from ...
	Figure 3.1: Protein alignment of COI gene in 33 different avian species using MEGA 4 program. The different colours are used to indicate the different groups of amino acid based on their side-chain properties; where polar is green, non-polar is red, a...
	Figure 3.2: Protein alignment of cyt b gene in 33 different avian species using MEGA 4 program. The different colours are used to indicate the different groups of amino acid based on their side-chain properties; where polar is green, non-polar is red,...
	Figure 3.3: Protein alignment of ND2 gene in 33 different avian species using MEGA 4 program. The different colours are used to indicate the different groups of amino acid based on their side-chain properties; where polar is green, non-polar is red, a...
	Figure 3.4: Protein alignment of ND5 gene in 33 different avian species using MEGA 4 program. The different colours are used to indicate the different groups of amino acid based on their side-chain properties; where polar is green, non-polar is red, a...
	Figure 3.5: The partial sequences of the COI, cyt b, ND2 and ND5 that have been used for avian species identification and evolutionary studies. The numbers indicate the base positions according to the mtDNA sequence of Gallus gallus (AY235571). Single...
	Figure 3.7: Diagram for the human cyt b peptide (NC_012920) [42]. The red arrows indicate the parts of the peptide that fold outside an inner and outer mitochondrial membrane which are expected exhibit greater variation than the conserved membrane bou...
	Figure 3.9: The percentage of nucleotide similarity for each of the thirteen avian mitochondrial genes, two rRNA genes and the 22 tRNA gene sequences based on 102 avian species. The similarity is provided next to each locus. The size of each gene is p...
	Figure 3.11: Phylogenetic tree reconstruction of the complete gene sequences of the cyt b gene. Evolutionary analyses were conducted in MEGA5 [43]. The evolutionary history was inferred using the Neighbor-Joining method [44]. The bootstrap consensus t...
	Figure 3.15: The gene loci chosen were divided into 100 bp and 450 bp segments from which the sequences were extracted and used in alignments using the MEGA 5.
	Figure 3.17: Higher avian taxonomy including subclass Neognathae and subclass Paleognathae [57]. All avian species were split into a group that includes all the flightless birds (emus and ostriches etc) and all other birds that evolved flight. The gen...
	3.3.1.1 Intra-species variation within finch species

	Table 3.2: A list of the number of each finch species used in this study to analyse intra-species variation
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