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ABSTRACT 

 

External pigmentation plays an important role in the evolution, ecology and behaviour of 

birds. However, our understanding of the genetic basis of variation in plumage colouration is 

as yet very limited, and especially for loci that control carotenoid pigmentation. Therefore, 

this thesis details the exploration of the molecular genetic basis of head colour 

polymorphism that occurs in natural populations of the Gouldian finch (Erythrura gouldiae).  

 

In order to identify the genomic regions encoding variation in plumage traits, a 

microsatellite-based genetic linkage map was constructed. There was a high degree of 

synteny throughout the microsatellite map between Gouldian finch and the zebra finch 

genome assembly. Restriction site associated DNA (RAD) sequencing was then used in a 

genome-wide association study (GWAS) in an attempt to identify the genomic location of the 

Yellow locus responsible for determining the yellow-headed/red-headed colour 

polymorphism. A candidate region on chromosome 8 was discovered to contain significant 

allele frequency differences. Subsequently, using the candidate gene approach, haplotypes 

co-segregating with different phenotypes were identified in the CYP2J2-2 gene on an 

unassembled section of zebra finch chromosome 8. This result suggests that the CYP2J2-2 

gene is associated with this carotenoid-based polymorphism. From the linkage map of 

chromosome 8, a 2.9-Mb region also showed evidence of association with the yellow/red 

polymorphism. The available sample size was limited so these results need to be confirmed 

by testing more samples. Additionally, the hypothesis, based on a previous study, was tested 

and rejected that the melanin-based polymorphism determined by the Gouldian finch Red 

locus was caused by an inversion. In summary, this thesis identified a candidate region for 

the Yellow locus and provides an empirical foundation for the future study of the genetic 

mechanism and molecular evolution of plumage colour polymorphism in the Gouldian finch. 
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CHAPTER ONE: General introduction 

 

 

1.1.  Pigments in birds 

 

Pigmentation in birds is controlled via a limited number of routes, being due primarily to the 

deposition of carotenoids and melanins, and to the development of structurally-based colour 

(Hill and McGraw, 2006). Here, I discuss carotenoids first, since carotenoids are the main 

pigment focused on in this study. 

 

1.1.1. Carotenoid-based colouration 

 

Carotenoids generate a range of red, orange and yellow hues in avian feathers, and are the 

second most-common class of pigment in the avian integument. Carotenoids occur 

extensively in vertebrate integument tissues, including feathers, cheeks, wattles, combs, 

beaks, eyes and tarsal skin (Fox and Vevers, 1960). The pigments typically produce a red, 

orange or yellow colouration. Carotenoids are lipid-soluble hydrocarbons with 

light-absorbing properties. Carotenoids are divided into carotenes and xanthophylls, which 

can be again subdivided into hydroxyl-carotenoids or ketocarotenoids, depending on their 

molecular structure (Goodwin, 1984). 

 

Recently, carotenoid-based colouration became the focus of interest in evolutionary, 

functional and behavioural studies of morphology (Hill, 2002; McGraw, 2006). In birds, 

carotenoids have functions in providing resistance to oxidation, and providing an honest 

signal of individual quality via ornamental traits (Hill, 1990; Krinsky, 1993; Lozano, 1994; 

Vershinin, 1999). 
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Identity, occurrence, and distribution of carotenoids 

 

Birds lack any enzyme for manufacturing carotenoids and, therefore, the only source of 

carotenoids for birds is from their food (Goodwin, 1984). Carotenoids are sequestered from 

both plant and animal components of the diet. The carotenoid pigmentation in the plumage 

of captive birds has been shown to be increased by feeding them on a wild variety of foods 

with a deep orange or red colour (Beebe, 1906; McGraw and Hill, 2001; McGraw et al., 

2001). The greater flamingo, Phoenicopterus ruber, is a typical example in obtaining the 

carotenoid pigments for its red feathers from pigmented crustaceans (Fox, 1962). In the 

Gouldian finch (Erythrura gouldiae), the focal species in this study, three different types of 

carotenoids have been identified from yellow and red feathers. Lutein, zeaxanthin, and 

3’-dehydrolutein occur in yellow plumage, and astaxanthin, a-doradexanthin, and 

papilioerythrinone occur in red plumage (Stradi, 1999).  

 

Carotenoid metabolism 

 

There are two alternative biochemical strategies for carotenoid colouration: either 

accumulating just one or a few specific carotenoid forms, or accumulating many different 

types of carotenoids. In birds, carotenoids are metabolically transformed in the follicles that 

produce pigmented feathers (del Val et al., 2009). The most basic and conserved metabolic 

pathway for producing carotenoids is cleaving carotenes into vitamin A (Bauernfeind, 1981). 

In carotenoid metabolism, yellow carotenoids (e.g. the canary xanthophylls, anhydrolutein, 

dehydrolutein) are made by dehydrogenation. Red carotenoids (e.g. astaxanthin and 

canthaxanthin), in contrast, are generated by the 4-oxidation process (Stradi, 1998). Hill and 

McGraw (2004) first demonstrated that carotenoid metabolites are deposited in the avian 

integument by detecting lipid fractions that contained derived carotenoids in male American 

goldfinches growing yellow feathers. However, this is not the only way that carotenoids are 
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produced and deposited in the integument. Different types of carotenoids can also be 

produced in the duodenum, and then enriched in the liver, and finally deposited into feathers 

by circulation in the blood plasma (Khachik et al., 2002; McGraw et al., 2002; McGraw and 

Schuetz, 2004). So far, there is no evidence in birds to show that red ketocarotenoids are 

formed in tissues other than the integument.  

 

Physiological actions of carotenoids 

 

Carotenoids have extensive roles in an animal’s physiology and biochemistry. For example, 

carotenoids were reported to have an antioxidant role in protecting the immune system by 

binding to free radicals during the activation and proliferation of immune cells (Chew, 1993; 

Hughes, 2001). Carotenoids have also been speculated to have potent effects on embryonic 

development and health protection (Blount et al., 2000; Hammershøj et al., 2010). The 

physiological functions of carotenoids, requiring them in tissues other than the integument, 

potentially create a trade-off with being colourful. Lozano (1994) hypothesised that only the 

highest-quality individuals will have the capacity to allocate carotenoids to the integument 

for sexual ornamentation, rather than using them in body maintenance, when they face a 

carotenoid allocation trade-off. This hypothesis has been supported by a series of studies 

(Brawner et al., 2000; Lindström and Lundström, 2000; McGraw and Hill, 2000; Saks et al., 

2003): more colourful birds are healthier. Carotenoid colours might therefore have evolved 

as an honest signal for individual quality.  

 

1.1.2. Melanin-based colouration 

 

Melanins are the most abundant pigment in animals that can be synthesized in vivo, and 

provide a base pigment for most feathers. Melanin was first isolated from feathers more than 

a century ago (Verne, 1926), but only in recent decades has attention been paid to the 
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significance of two main forms of melanin – phaeomelanins and eumelanins – in the 

colouration of birds (Hill and McGraw, 2006). Phaeomelanin tends to be brown or buff; 

conversely, eumelanin presents black and grey colours. As the base pigment in feathers, 

melanins produce a variety of tones and patterns of black, grey and brown colours. However, 

the intensity and the absorbance of these colours can be modified by the tissues’ 

microstructural arrangements (Finger et al., 1992), so producing a wide range of different 

structural colours (Zi et al., 2003). Melanins can also mask other types of brightly coloured 

pigments (Moreau, 1958). Melanin synthesis during feather growth and keratinization is 

controlled by melanocytes.  

 

Melanins can be synthesized endogenously by birds in peripheral tissues, like the skin, 

especially the epidermis where the melanocytes are held (Mason and Frost-Mason, 2000). A 

variety of factors regulates the synthesis and accumulation of melanins, including season, 

sex, and integumentary form. Tyrosinase activity, and thus melanin synthesis, are determined 

by strong genetic control (e.g. melanocortin-1 receptor, MC1R) (Takeuchi et al., 1996) as 

well as the stimulation of hormones (such as sex steroids, LH, thyroxin, and MSH) 

(Teshigawara et al., 2001) in birds. There might also be other elements that affect the 

production of melanin, such as substrate availability or mineral concentration. 

 

Melanins play many roles in biochemistry and physiology, including as antioxidants that 

protect cells from oxidation (Lozano, 1994), cation chelators that avoid damage from toxic 

heavy metal accumulation (Riley, 1997), tissue strengtheners (Riley, 1992) and antimicrobial 

deterrents (Shawkey et al., 2003), as well as photoprotectants (Ortonne, 2002). 

 

1.1.3. Structural and uncommon colours 

 

There are two distinct ways in which colour is formed in feathers: one is by pigment, the 



  Chapter 1 

5 
 

other via the refraction of light caused by feather structure. Feathers can be coloured by 

either one or both routes. Structural colours are significant in ornamental plumage and skin 

(Prum and Torres, 2003). These colours are produced by physical interactions between light 

waves and the nano-structures within the organism. They display abundant hues that cannot 

be produced by chemically synthesized pigments. All of the known structural colours in 

birds are produced by coherent scattering; well-known examples of such colours include 

butterfly wing scales and peacock tail covert feathers (Fox, 1976; Durrer, 1986; Parker, 

1999). 

 

Birds chemically synthesize classes of colorants other than carotenoids and melanins. At 

least four other, rarer, classes of pigmentation have been identified: pterins (Fox, 1976), 

psittacofulvins (Forshaw, 1989), porphyrins (Marks, 1969) and flavins (Gliszczynska-Swiglo 

and Koziolowa, 2000). As yet, there is no full understanding about the function or evolution 

of these colorants, and of how these different rare colorants are used.  

 

1.2.  Plumage colouration polymorphism hypotheses 

 

Plumage colour patterning is closely related to adaptive benefits in birds. Different colour 

pigmentation produces striking phenotypic differences. These morphological characteristics 

enable birds to hide from or to, alternatively, warn potential predators, to hunt prey, attract 

mates, and for other behavioural benefits (Hill and McGraw, 2006). Numerous studies of the 

evolution, genetics and maintenance of plumage or pelage colour polymorphism have been 

completed over the past few decades, e.g. adaptive melanism in mice (Hoekstra and 

Nachman, 2003) and plumage traits involved in mate choice (Mundy et al., 2004). In the 

Gouldian finch, the head colour polymorphism is potentially an honest signal that reflects 

behavioural and physiological differences (e.g. pre- and post-zygotic incompatibilities; King 

et al., 2015). Several main hypotheses have been presented to explain the evolutionary 
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mechanisms, maintenance, functions and fitness consequences of plumage colour 

polymorphisms in birds (Galeotti et al., 2003). 

 

1.2.1. Apostatic selection or frequency-dependent selection hypothesis 

 

Apostatic selection, or negative frequency-dependent selection, is a form of selection that 

favours individuals of the rarer morph in the local vicinity, for example because the unusual 

morph is less familiar to potential prey species (Clarke, 1962; Rohwer, 1983; Rohwer and 

Paulson, 1987). In other words, prey will react less readily to the unusual morph. Under this 

hypothesis, the prey species are viewed as the apostatic selective agent, and any consequent 

slight advantage will spread in the population, leading to a balanced polymorphism.  

 

1.2.2. Disruptive selection hypothesis 

 

Mather (1955) first proposed that disruptive selection would favour the morphologically 

extreme individuals in a population. Heterogeneity in space and time (Galeotti et al., 2003) is 

crucial for the evolution of morphological traits. Environmental factors like habitat and 

climatic differences may select for colour polymorphisms and also for changes in the 

physiological functions of colour pigmentation (Hoekstra and Nachman, 2003). 

Pigmentation might affect an individual’s thermal balance. For instance, birds in cold and 

dry climates tend to have pale plumage compared with dark coloured plumage in hot humid 

areas due to different degrees of melanin deposition (Bartle and Sagar, 1987; Galeotti and 

Cesaris, 1996). 

 

1.2.3. Non-random mating hypothesis 

 

The maintenance of colour polymorphism may be caused by mate-choice preference (Mundy 
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et al., 2004). In this case, colouration is a key component of communication within species 

(Butcher and Rohwer, 1988). There are two classes of the non-random mating hypothesis: (1) 

Sexual selection: female preference for striking males may select for and maintain colour 

polymorphism by a trade-off with natural selection (Johnston et al., 2013). The intensity of 

pigmentation, considered to be a costly trait, should reflect fitness indicators (e.g. the nurture 

and health) of individuals. (2) Disassortative mating: colour polymorphism may result from a 

preference for mating with a partner of a different morph. As the colour is genetic this 

behaviour will result in more heterozygous offspring.  

 

In addition, Galeotti et al. (2003) also indicate that colour polymorphism may be neutral, 

primordial and non-adaptive. The above mechanisms are not mutually exclusive and may 

co-exist in the wild at the same time. 

 

1.3.  Genetic basis of colour variation 

 

1.3.1. Single-locus control of colour polymorphism 

 

Many colour traits have simple, Mendelian inheritance patterns and are controlled by a 

single locus (e.g. plumage colour polymorphism in the Gouldian finch, Erythrura gouldiae; 

white / blue plumage colour in the snow goose, Chen caerulescens). In a population, the 

segregation of alleles for different colour morphs is an important clue about the likely 

genetic basis of colouration. Other evidence comes from the genetic transmission of colour 

variation among subspecies bred in captivity or between species in natural hybrids. The 

genetic basis of Mendelian colouration has been described in many domesticated avian 

species, such as in the domestic chicken (Gallus gallus), rock pigeon (Columba livia), and 

zebra finch (Taeniopygia guttata; Landry, 1997). 
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1.3.2. Colour polymorphisms 

 

Colour polymorphisms are generally defined by Buckley (1987) as the presence of different 

plumage morphs or phases – discrete categories of plumage colouration in individuals of the 

same sex and age in an interbreeding population. The polymorphism rate among avian 

species has been elucidated by Galeotti et al. (2003) to be about 3.5% of 334 species. Most 

polymorphisms affect both sexes in adults, yet polymorphisms also exist that affect only a 

single sex in adult plumage or only immature individuals (Mulder et al., 2002). The most 

common polymorphisms affect only the distribution of melanin. But polymorphism is also 

caused by pigments other than melanin. An autosomal locus controls a red/yellow 

carotenoid-based cheek colour polymorphism in the Gouldian finch (Erythrura gouldiae; 

Southern, 1945). Polymorphisms that involve changes in the distribution of both melanin and 

carotenoids simultaneously are extremely rare. The only clearly known case is the Gouldian 

finch, in which one sex-linked locus controls variation between black- and red-faced morphs, 

and a separate autosomal locus determines the presence of red or yellow faces. How are such 

polymorphisms maintained in the face of inevitable allelic loss under genetic drift? This may 

be due to gene flow, assortative or disassortative mating, overdominant selection, opposing 

directional selection in different environments, and frequency-dependent selection (Hartl and 

Clark, 1997). Not surprisingly, different mechanisms are involved in different species (Lank, 

2002). 

 

1.3.3. Genetic basis of plumage colour polymorphisms 

 

Thus far, only a few avian pigmentation or patterning genes have been isolated, including the 

MC1R gene associated with melanic polymorphisms (Takeuchi et al., 1996; Mundy, 2005), 

the TYRP1 gene involved in the biosynthesis of melanin in pied flycatchers (Ficedula 

hypoleuca) (Leskinen et al., 2012), the melanophilin gene that produces colour dilution in 
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the chicken (Vaez et al., 2008) and the agouti gene in Japanese quail (Coturnix japonica) 

(Nadeau et al., 2008). Only MC1R and TYRP1 have been shown to account for 

polymorphisms in natural populations. There is little known about the molecular genetic 

control of carotenoid colouration in birds. The lack of information on the control of 

carotenoid deposition in feathers is perhaps the most conspicuous gap in current studies of 

polymorphism. This gap is due to a deficiency of knowledge of the basic biochemical and 

physiological pathways of carotenoid deposition in birds. In view of the significance of 

carotenoids in plumage traits involved in sexual selection and in signalling individual quality, 

the identification of such loci should be a priority. 

 

A knowledge of the genetic basis of Gouldian finch plumage polymorphism would be 

valuable to understanding the evolutionary dynamics of this colour trait and for identifying 

what might be homologous genetic mechanisms of colour polymorphism among different 

species. In the Gouldian finch, there is an epistatic interaction between the two naturally 

occurring polymorphic loci: the Yellow (red or yellow face) locus is epistatic to the Red (red 

or black face) locus (Southern, 1945; Murray, 1963). 

 

1.3.4. The ecological and physiological functions of colouration 

 

Genes and the environment both influence colour expression. The environmental parameters 

include age, nutrition, season, parasites, territory quality, and the social environment (Hill 

and McGraw, 2006). Birds use colour to exchange information for many different purposes, 

including individual quality, genetic compatibility, individual identity, attractiveness, kinship, 

and to signal their presence. Colour functions as an intrasexual signal of aggression and 

dominance, such as fighting ability, signals social status, correlates of dominance, and 

physiological costs (Rohwer, 1975), and affects intrasexual selection – direct competition 

between individuals of the same sex for mates. Additionally, in intersexual selection females 
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prefer mates with ornamental colouration. One hypothesis is that social hierarchies are 

driven by mixed evolutionarily stable strategies (Maynard, 1982; Számadó, 2000). There are 

many benefits to females of assessing colour displays. Direct benefits signalled by colour 

displays include dominance-related benefits, courtship feeding, paternal care of offspring, 

nest defence, and parasite avoidance (Reynolds and Gross, 1990). Indirect benefits that have 

been described to be signalled by colour include immunocompetence, good-genes benefits, 

and genetic compatibility (Mays Jr and Hill, 2004). 

 

In captive populations of Gouldian finches, the three head colour morphs mate 

assortatively (Fox et al., 2002); no evidence has been found for a general female colour 

morph preference. The maintenance of the colour polymorphism in Gouldian finches has not 

yet been explained. 

 

1.4.  The mechanism of carotenoid pigmentation 

 

1.4.1. The classification of carotenoids 

 

Carotenoids are organic pigments that occur naturally in many plants, bacteria and fungi. 

There is no clear evidence that carotenoids can be manufactured by animals (Goodwin, 

1986), except in one species of aphid (Moran and Jarvik, 2010). In birds, carotenoids can be 

obtained in the diet. Carotenoids are split into two classes: (1) xanthophylls: carotenoids with 

molecules containing oxygen, e.g. lutein and zeaxanthin; (2) carotenes: unoxygenated 

carotenoids, such as β-carotene and lycopene. Carotenoids are responsible for colours 

ranging from deep red through bright orange to pale yellow, depending on their structure. 

 

1.4.2. The biological function of carotenoids 
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Carotenoid colouration is an important biological signal in birds that can be perceived, 

identified and interpreted by other individuals within and between species (Blount and 

McGraw, 2008). In the Gouldian finch, carotenoid colouration is mainly used to signal to 

conspecifics. There are several signal functions of carotenoid colouration: (1) Sexual 

signalling. Colours, carotenoid-based in particular, are among many mating-choice related 

traits, from song, dances, pheromones to body size and symmetry (Hill, 1999). (2) Social 

status signalling, including intra-sexual competition and individual recognition. (3) Parent–

offspring signalling. For example, the reddening mouths of nestling barn swallows (Hirundo 

rustica) are caused by lutein from dietary supplementation (Saino et al., 2000). (4) Other 

conspecific signal functions. All the above research enhances our understanding of the 

physiological control of avian pigmentation. 

 

1.4.3. Carotenoid related functions, synthesis, and genetics in birds 

 

Brush and Power (1976) first reported the carotenoids responsible for colourful plumage in 

the house finch and pointed out that the different constituents of carotenoids in feathers 

resulted in plumage colour variation. Subsequent studies by Hill (1991) and other researchers 

(Hill et al., 1994) found that plumage redness in the male house finch is strongly correlated 

with female mate choice, with overwinter survival, nutritional condition and the extent to 

which males provision females during incubation. The distribution of carotenoid pigments in 

plumage shows genetic differences among subspecies (Inouye et al., 2001). Moreover, the 

type and amount of carotenoid pigment may also have differ between subspecies. Age 

significantly affects the plumage colour, which means hatch-year males are generally less 

colourful than adults (Gill and Lanyon, 1965; Hill, 1992; Hill, 1993) and, due to the same 

carotenoid composition in nestlings and adults, suggests that the same plumage colouration 

may result from different combination of carotenoids. In addition, male house finches must 

maintain complicated physiological systems for carotenoid absorption, transport and 
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deposition in order to convert the carotenoids in their diet into red colouration in their 

feathers (Allen, 1987; Erdman et al., 1993). 

 

1.5.  Genetics of carotenoid colouration 

 

Colour variation due to carotenoids provides some of the best examples of 

condition-dependent sexual selection (Hill, 1991; Blount et al., 2003). A key reason why 

these examples are so noticeable is that birds are unable to manufacture carotenoids in vivo 

themselves, but have to obtain them from their diet before depositing them in feathers, 

sometimes following metabolic conversion (McGraw and Parker, 2006). In house finches  

(Haemorhous mexicanus), the male plumage colour ranges from pale yellow to dark red due 

to differences in carotenoid concentration and composition. Females prefer to pair with 

males exhibiting the most red (with rich carotenoids). This trait benefits the female's 

reproductive success by indicating which males can provide her with a territory that is 

apparently rich in resources, and possibly also by providing her offspring with the best genes 

for displaying the carotenoids that are available (Hill, 1991). As in other examples, though 

the sexual selection preference of females is well tested, the mechanistic basis underlying the 

selected trait and the actual reasons for the female preference are not. 

 

As mentioned above, there are a variety of factors that limit carotenoid deposition into 

the integument in animals. Genetic mechanisms are one of the factors in carotenoid 

colouration. Birds preferentially accumulate certain type of carotenoids in different parts of 

the integument. The physiological control of carotenoid colouration, such that dietary 

carotenoids can be converted into more colourful derived carotenoids by specific enzymes, 

suggests there are proteins with carotenoid-binding and transport functions, and 

corresponding genes encoding them (Brush, 1990). The lack of knowledge of the genetic 

mechanisms of carotenoid colour variation limits our understanding of the trade-offs related 
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to carotenoid signalling and the molecular mechanisms underlying sexual selection. 

 

A study on the hybrid origins of domestic chicken by Eriksson et al. (2008) 

demonstrated that a carotenoid-related gene – Yellow skin, which is controlled by a recessive 

allele (W*Y) in domestic chicken – is caused by inhibiting the expression of BCDO2 in skin. 

BCDO2 is expected to have a critical function in the metabolism of Vitamin A in vertebrates 

(Kiefer et al., 2001). This is the only gene that has been identified to be directly involved in 

the deposition of carotenoids into the avian integument. The yellow-skinned mutant (yellow, 

due to loss of function in BCO2, formerly BCDO2) deposits carotenoids obtained in the diet 

into its skin.  

 

Walsh et al. (2011) reported 11 candidate genes related to carotenoid colouration in the 

red-billed quelea (Quelea quelea). Ten of the 11 candidates were expressed in both 

developing feathers and bill tissue. However, there was no evidence for an association 

between candidate-gene expression level and carotenoid colour variation of the male morph 

and sexually dimorphic bill in queleas. Thus, the mechanism of the yellow/white skin 

polymorphism in chicken and the carotenoid breast feather colour polymorphism is 

controlled by different pathways. No locus involved in feather deposition has been identified 

to date, and no locus has been identified to be involved in the metabolic conversion of 

dietary yellow to derived red ketocarotenoids. 

 

1.6.  Study species: the Gouldian finch 

 

1.6.1. Distribution, history, threat, and recovery 

 

The Gouldian finch, Erythrura gouldiae was one of the most widespread finches in northern 

Australia from the Kimberley region to Queensland. The local declines started to occur by 
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the 1940s. It has declined dramatically since the 1970s and it is now absent from many 

former sites (Franklin, 1999; Goodfellow, 2001). The adult Gouldian finch population size 

was reported to be about 2,500 or less at the end of the last century (Dostine, 1998; Garnett 

and Crowley, 2000). Even though the actual population size may be greater than estimated 

due to the huge area that might potentially contain suitable habitat in western and northern 

Australia (O'Malley, 2006), the exact trend in Gouldian finch population size is unclear. The 

decline of Gouldian finches is a combined consequence of the avicultural trade, mortality 

rate, resource competition with other species, parasites, and habitat degradation (Bell, 1996; 

Tidemann, 1996; Franklin et al., 1999; Franklin et al., 2005). Actions to reverse the decline 

of the Gouldian finch have been developed and implemented gradually since the late 1990s 

(Dostine, 1998) 

 

The Gouldian finch is generally considered to be a resident, rather than migratory, 

species but birds do often move over significant distances. They rely on preferred grass seeds 

as their main food resource, and also feed on insects as supplements (Immelmann, 1982; 

Dostine et al., 2001; Dostine and Franklin, 2002). The mean length and weight of an adult 

Gouldian finch are 12-15 cm and 15-30 g, respectively (Higgins et al., 2006). The generation 

time of the Gouldian finch is about one year and the average life span of birds that reach 

adulthood is five or more years in the wild. The adult plumage is predominantly green on the 

dorsal surface and yellow on the ventral surface, with a blue upper tail, purple breast, cream 

under the tail, and a bright blue-bordered band behind the large face mask, which is red, 

yellow or black, depending on the morph (Figure 1.1). The body colour is similar in both 

sexes; however, the female is paler and has a shorter tail.  
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Figure 1.1. Three different head colour morphs in the Gouldian finch (Erythrura gouldiae). 

Phenotypes from left to right: red, yellow and black (Photograph by Sarah R. Pryke.) 

 

 

 

 

1.6.2. Gouldian finch plumage colour polymorphism 

 

The Gouldian finch is one of the small numbers of species that has a plumage polymorphism 

in the wild. The polymorphism at the Yellow locus in the Gouldian finch involves differences 

in carotenoid composition in both the plumage and beak (red-tipped beak or yellow-tipped 

beak, Table 2.1). The causative locus is probably involved in the conversion of dietary 

yellow to derived red ketocarotenoids (McGraw and Schuetz, 2004).  

 

The red allele at the autosomal Yellow locus is dominant to the yellow one, and this 

locus is epistatic to the sex-linked Red locus, which controls the recessive black morph 

(Pryke and Griffith, 2006). The different colour morphs are associated with specific 

behaviours that affect their life history. Pryke and Griffith (2007) indicated that both male 

and female red Gouldian finches are much more aggressive than black and yellow birds 

(King et al., 2015); meanwhile, red ones provide less help to their mates to raise their chicks. 

Both male and female birds with red heads are shorter-lived than individuals of the other 
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colour morphs (Pryke and Griffith, 2009b). Black-headed Gouldian finches, comprising 

approximately 70 per cent of the wild population, are less aggressive and have a longer 

lifespan. The yellow morphs, which are very rare in the wild – less than one per thousand – 

avoid all aggressive interactions with both red and black morphs.  

 

As mentioned above, the black-headed type is the most common phenotype in wild 

Gouldian finch populations (more than 70%), then red-headed type; the rarest, yellow type, 

which is recessive to both red and black, is controlled by a gene on an autosomal 

chromosome (Murray, 1963, cited in Brush and Seifried, 1968). Brush and Seifried (1968) 

also concluded that there was an epistatic interaction between the red and yellow loci, but 

under different and independent genetic control. Bennett (1966) reported that the black and 

red phenotypes are controlled by a pair of alleles at a sex-linked locus, and that the red phase 

expressed carotenoid pigment and was dominant.  

 

1.7. Outline of this thesis 

 

Molecular ecology has provided novel insights into natural populations by using molecular 

genetic approaches to measure relationships among individuals, populations and species. 

Recently, it has become feasible to achieve the next level study of the evolution in natural 

populations – the molecular genetic basis of adaptation. Many of the previous studies in this 

area have focused on the genetic basis of morphological variation (Hubbard et al., 2010). An 

animal's external morphology is especially susceptible to both natural and sexual selection. 

A better understanding of morphological variation is expected by to follow from elucidating 

the underlying genetic mechanisms of the specific trait. Birds have been ecological model 

species for studies of both natural and sexual selection. Variation in plumage colouration has 

in particular been linked to sexual selection and reproductive behaviour. So far, only a few 

genes have been identified to account for the plumage colour variation seen in nature. 
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However, the genetic basis of the examples of variation that have most convincingly been 

associated with components of fitness (Sheldon et al., 1997) has not been identified. 

 

This thesis principally examines the molecular genetic basis of the plumage colour 

variation in the Gouldian finch that is associated with carotenoid pigmentation patterning 

(Red/Yellow plumage) of the head colour morphs. The main purpose is to demonstrate the 

genetic mechanism underlying plumage polymorphism in Gouldian finches. This 

polymorphic system is known to be under simple Mendelian genetic control, and is probably 

under selection to enable adaptive pre-copulatory mate choice of a compatible partner in 

Gouldian finches (Pryke, 2007; Pryke and Griffith, 2009a). Although this trait is not, 

therefore, itself a condition-dependent indicator, it is probably closely related to fitness. The 

relevant pathways are likely to be conserved among species, and once they have been 

identified it will become feasible to investigate the mechanistic links between genetics, 

environment and the signal in relevant species.  

 

In Chapter 2, a preliminary genetic map of Gouldian finch is constructed by genotyping 

pedigreed captive birds with microsatellite markers, and aims primarily to confirm the 

genetic associations among different species using pedigree analysis. With the benefit of 

high-throughput genomic technologies, Chapter 3 mainly uses RAD sequencing and 

long-PCR sequencing to attempt to identify the carotenoid locus that is associated with the 

Red/Yellow colour trait. In Chapter 4, the candidate gene approach is performed using 

long-PCR and sequencing to attempt to locate the causative region, which is also expected to 

be coincident with the potential markers detected in the GWAS analysis. Combining all this 

knowledge with available genome information increases the confidence of confirming the 

likely candidate locus. Chapter 5 demonstrates the genetic control of the Black/Red head in 

the Gouldian finch. The initial study to locate the causal gene was reported by Kim (2011).  
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To conclude, Chapter 6 provides a general discussion that describes the broader 

potential of this research and possibilities for further research on Gouldian finch plumage 

genetics. After identifying the causative loci, a follow-up study will be able to confirm gene 

functions, test for convergent genetic mechanisms of adaptation in colouration among 

multiple passerine species, and use molecular genetic analyses to test for evolutionary 

signals of selection at the identified locus. This research should also enhance our currently 

limited understanding of plumage colour evolution in birds. 
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CHAPTER TWO: Linkage mapping on the Gouldian finch 

autosomal chromosomes 

 

 

Abstract 

 

A microsatellite-based linkage map for an avian species with an interesting natural plumage 

polymorphism, the Gouldian finch (Erythrura gouldiae), was constructed using 33 

microsatellite markers derived from the zebra finch (Taeniopygia guttata). The pedigree 

included 672 individuals from 80 captive families. All the linkage groups were homologous 

to zebra finch. The linkage map consisted of six linkage groups covering a total distance of 

344.4 cM, with an average marker spacing of 28.7 cM between loci. The length of each 

linkage group varied from 3.1 cM to 178.3 cM. This map length will be an underestimate, as 

many genotyped segments remained unassigned at a LOD threshold of 1.0. Six linkage 

groups (Ego2, Ego5, Ego6, Ego7, Ego10, and Ego11) have been assigned to six 

chromosomes, respectively. When comparing the homologues of these microsatellites 

between zebra finch and Gouldian finch, no inter- or intra-chromosomal rearrangement was 

identified. In other words, all of the positions of markers included in this map appeared to be 

conserved, which is consistent with the high degree of synteny that has been observed among 

other bird species.  

 

This initial linkage map for Gouldian finch, and the microsatellite markers developed in 

this study, will serve as a genomic resource for the Gouldian finch as well as for other 

passerine species. This map is also the first step towards the mapping of traits associated 

with phenotype and behaviour (e.g. plumage colour polymorphism), and for improving the 

breeding and recovery programmes of this endangered finch.  



  Chapter 2 

20 
 

2.1. Introduction 

 

Passerine birds, which comprise more than half of all bird species, are important model 

species in behavioural ecological and evolutionary research, especially in studies of natural 

and sexual selection (Richman and Price, 1992; Norris, 1993), mate choice (Komdeur, 1992), 

hybridization (Veen et al., 2001), speciation (Irwin et al., 2001), and individual trade-offs 

(Gustafsson and Sutherland, 1988). There are over 5000 identified species in the 

Passeriformes. However, genetic studies have been showed by a lack of genomic information 

on these diverse species.  

 

Until the late 20th Century, the taxonomy of passerines mostly relied on morphological 

similarity. So far, the only genomic resource for passerine birds was from the zebra finch 

(Warren et al., 2010). Genetic (linkage) maps are only available for a few species, such as 

the great reed warbler (Hansson et al., 2005), zebra finch (Stapley et al., 2008), collared 

flycatcher (Backström et al., 2008) and Siberian jay (Jaari et al., 2009). Therefore, there is an 

urgent need to improve our knowledge of the genetics of passerines in order to improve the 

understanding of passerine evolution and diversity, the relationships among passerine 

families, and the taxonomic methods constrained by the lack of genomic resources.  

 

In avian species, the rate of rearrangement of chromosomes has been shown to be very 

low (Burt et al., 1999). Chromosome painting and in situ hybridization probes have also 

provided evidence of a remarkably stable karyotype (with slight interchromosomal 

rearrangements) in birds (Guttenbach et al., 2003; Shibusawa et al., 2004; Fillon et al., 2007; 

Griffin et al., 2007). Moreover, in both cytogenetic and linkage mapping studies (Shetty et 

al., 1999; Derjusheva et al., 2004; Hansson et al., 2005; Backström et al., 2006; Dawson et 

al., 2007; Hansson et al., 2010), birds show highly conserved synteny. Thus, chicken (Gallus 

gallus), which provided the first avian genome sequence (International Chicken Genome 
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Sequencing Consortium, 2004), although belonging to the Galliformes, has also been used as 

a model species for genetic and genomic studies in passerines (Backström et al., 2008; 

Stapley et al., 2008; Jaari et al., 2009). There are only two exceptions between chicken and 

passerine karyotypic homology: the groups Gga1 and Gga4 in chicken are each split into two 

linkage groups in passerine species (Derjusheva et al., 2004).  

 

A genetic linkage map is an important tool for understanding the genetic basis of the 

association between genotype and phenotype, for QTL mapping, for genome sequence 

assembly, and for many genetic applications such as identifying DNA markers for DNA 

profiling, map-based gene cloning, and so on. Linkage mapping has great significance of 

providing evidence for the locus detected by other methods (RAD sequencing, candidate 

gene analysis, etc.), which locus is indeed co-segregating with the target trait. The linkage 

mapping approach also allows candidate genes to be identified even if they are not detected 

by other methods. This method has been frequently used in evolutionary research in recent 

years. 

 

Microsatellites (also referred to as SSRs or simple sequence repeats) are versatile, 

co-dominant, highly polymorphic and locus-specific molecular markers. Genetic linkage 

maps that are mainly based on microsatellite markers have been successfully constructed for 

several avian species (Groenen et al., 1998; Kayang et al., 2004; Backström et al., 2008; 

Jaari et al., 2009; Hansson et al., 2010). 

 

The Gouldian finch (Erythrura gouldiae) is now endangered in its native range in 

Australia (Woinarski et al., 1992; Tidemann et al., 1999; O’Malley et al., 2006; 

Brazill-Boast et al., 2011); meanwhile, due to its striking colouration, is a popular cage bird 

internationally. Rare among birds, the Gouldian finch possesses three distinct alternative 

head colour morphs: red-headed, black-headed and yellow-headed. Previous research 
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demonstrated that the three morphs co-existed at relatively stable ratios for more than 100 

years after skins were first collected (Franklin and Dostine, 2000). The black-headed morph, 

which is the most common morph, is almost three times (70-80%) as frequent as the red 

form (20-30%) in the wild (Gilby et al., 2009); given that black is recessive, this means that 

the black allele is much more common than the red. The yellow-headed birds are very rare in 

the wild, with a low but constant frequency for almost one and half centuries, at less than 0.1% 

of the population (Gilby et al., 2009).  

 

These three morphs have corresponding associated behavioural charactistics, pigment 

colouration pathways and feather structure (Brush and Seifried, 1968; Griffith and Pryke, 

2006; Pryke, 2007). The Gouldian finch cheek feathers contain two large categories of 

pigments: melanins (eumelanin and phaeomelanin) and carotenoids (lutein epoxide and 

canthaxanthin) (Brush and Seifried, 1968). Eumelanin is present in black-coloured feathers, 

while canthaxanthin is present in red-headed and lutein in yellow-headed birds. 

Phaeomelanin which reflects brown-red colour, is distributed in all three morphs. The three 

morphs have been shown to be controlled by two genes with recessive epistatic interaction: a 

sex-linked (Z-linked) genetic polymorphism at the Red locus and an autosomal genetic 

polymorphism at the Yellow locus (Southern, 1946; Murray, 1963). The red allele at the Red 

locus is dominant, and the black allele recessive. Yellow is a modifier of the red morph, 

making red-headed birds yellow, with yellow being recessive. Black-headed adults only 

reveal their Yellow phenotype in their bill, which can be tipped with red or yellow. The head 

colour inheritance in the Gouldian finch is therefore an example of genetic interaction – 

recessive epistasis – between two genes. The Gouldian finch phenotypes and corresponding 

genotypes are summarized in Table 2.1. 
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           Table 2.1. Gouldian finch head colour morphs and genotypes. 

Sex Head colour Beak-tip colour Genotype 

Males (ZZ) Red Red ZRZRYY 

 
Red Red ZRZrYY 

 
Red Red ZRZRYy 

 
Red Red ZRZrYy 

 
Black Red ZrZrYY 

 
Black Red ZrZrYy 

 
Yellow Yellow ZRZRyy 

 
Yellow Yellow ZRZryy 

 
Black Yellow ZrZryy 

Females (ZW) Red Red ZRWYY 

 
Red Red ZRWYy 

 
Black Red ZrWYY 

 
Black Red ZrWYy 

 
Yellow Yellow ZRWyy 

 
Black Yellow ZrWyy 
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Nothing is exactly known about the evolutionary origins of the red, black and 

yellow-headed morphs. It is possible that they arose in geographically separate populations; 

subsequently, they would have merged together into one single population and coexisted, not 

having developed a strong reproductive barrier (Pryke and Griffith, 2006, 2007; Pryke, 2010). 

This hypothesis might help to explain the significant behavioural and physiological 

differences that have been detected among the different finch morphs (Brush and Seifried, 

1968; Pryke and Griffith, 2007). These other differences must either be pleiotropic effects of 

the colour-determining loci, or controlled by additional genes that are in linkage disequilibria 

with colour.  

 

All in all, the development of genomic resources for Gouldian finch is an essential step 

towards understanding the behavioural and physiological differences among the three 

subspecies. Thus far, there are almost no genetic and genomic resources for the Gouldian 

finch. The main impediment to constructing the linkage map is the insufficient number of 

genetic markers. Only 35 genetic markers, principally for the Gouldian finch Z chromosome, 

were until recently available (Kim, 2011). Therefore, in this chapter, I developed and tested 

59 autosomal microsatellite markers in the Gouldian finch, of which 42 were polymorphic. I 

used 33 of these markers to construct the first partial genomic linkage map in 672 captive 

birds, which included all three different morphs, belonging to 80 families.  

 

 

2.2. Materials and methods 

 

2.2.1. Mapping population and genomic DNA extraction 

 

In total, 672 pedigreed Gouldian finch blood samples were collected from an Australian 

captive population, which was established using wild birds from across Australia (Pryke and 
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Griffith, 2006). All the samples were stored in 100% ethanol and kept at room temperature. 

Genomic DNA samples were extracted from blood using the ammonium-acetate 

precipitation method (Bruford et al., 1998). The quality and quantity of DNA were assessed 

on 0.8% agarose gels and NanoDrop ND8000, respectively. The concentration of the 

originally extracted DNA was between 100–2200 ng/μl, except for 6 samples of very low 

concentration. The stocks were diluted gradually, and the normalized concentration of 

extracted DNA was ~25 ng/μl.  

 

2.2.2. Microsatellite marker development 

 

Microsatellite markers have been developed in previous research (Kim, 2011) using 

traditional cloning followed by Sanger or Roche 454 sequencing. To select microsatellite 

markers for primer design, SciRoKo33 (Kofler et al., 2007) was used to assess microsatellite 

quality for microsatellite with 2- to 6-base-pair repeat units (normally >10 repeats) and 

relatively homogeneous repeats. To ensure an appropriate distance between markers on each 

chromosome, all the Gouldian finch microsatellite markers were selected and assigned to 

chromosomal locations in the zebra finch genome in silico, based on high sequence 

similarity between the two species (Dawson et al., 2006, 2007).  The location of cloned 

markers in the zebra finch genome was identified via standalone BLAST 

(http://www.ncbi.nlm.nih.gov/blast/download.shtml) with an e value < 1 × e-10 as the filter 

threshold. Fifty-nine of 581 autosomal chromosome microsatellite markers from enriched 

libraries were selected, distributed across 23 autosomal chromosomes. A preliminary 

microsatellite map chart was drawn using MapChart 2.2 (Voorrips, 2002). 

 

2.2.3. Marker amplification and polymorphism 

 

Fifty-nine microsatellite markers were first tested for polymorphism in 8–16 individuals. 

http://www.ncbi.nlm.nih.gov/blast/download.shtml


  Chapter 2 

26 
 

Primers were designed based on zebra finch sequence alignments using online Primer 3.0 

(Rozen and Skaletsky, 2000) with default parameters. PCR reactions were completed using a 

DNA Engine Tetrad PTC-225 Peltier thermal cycler in a 2-μl Qiagen multiplex system 

consisting of 2 μl template DNA at ~10 ng/μl and dried by evaporation at room temperature 

for 30 minutes, 1 μl of Qiagen Mastermix (Qiagen Inc., Kenta et al., 2008), 1 μl of primer 

mix (all primers are at 0.2 μM with fluorescent label) with a drop of oil to prevent 

evaporation. The PCR program used for all the successful amplification was: 15 min of 

initial denaturation at 95°C, then 30 cycles of 30 s at 94°C, 90 s at 60°C and 60 s with 

annealing temperature at 72°C, followed by a 30-min extension phase at 60°C. The PCR 

reaction was terminated with a final minute at 15°C. PCR amplification was checked by 

electrophoresing PCR product on a 1.5% agarose gel stained with SYBR safe and 

photographed using GeneSnap. Four DNA samples were used to test amplification; 8–16 

samples were used to test polymorphism. After testing and analysing all 59 microsatellite 

loci, 47 markers were found to amplify, 42 of which had relatively high polymorphism 

(number of alleles ≥ 4, PIC ≥ 0.387). Sixteen markers which were failed to amplify or 

monomorphic/ low-polymorphic were excluded from map construction. 

 

2.2.4. Multiplexing microsatellite markers 

 

To maximise efficiency, seven to nine markers were pooled into each multiplex set. Five 

multiplex sets for linkage mapping including 40 single markers were created using Multiplex 

Manager (Holleley and Geerts, 2009). The allele size range of each marker with 5-HEX, 

6-FAM or NED fluorescent labels (Operon) of the 5’ ends of the forward primers is shown in 

Table 2.2 and Table 2.3. All five multiplex microsatellite sets were found to amplify well.  
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Table 2.2. Characterisation and predicted genomic locations of 33 microsatellite loci of Gouldian finch. All the 33 characterised polymorphic loci were 

assigned to the zebra finch genome and included in the construction of the Gouldian finch linkage maps and further analysis. ID: name of locus. Clone: 

clone name. Chr: chromosome. Chr Loc: the location of each microsatellite sequence was assigned to the zebra finch as the high sequence similarity 

(December 2011, ENSEMBL Release 65; Dawson et al., 2006, 2007). Repeat motif: the motif and repeat number of each motif (subscripted). Fluoro: 

fluorescent label information. P: primers concentration (µM). S: multiplex set. ES: expected allele size (bp). OS: observed allele size range (bp). N: 

number of individuals amplified. A: number of alleles observed. PIC: polymorphic information content. HO: observed heterozygosity. HE: expected 

heterozygosity.  
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ID Clone Chr Chr Loc Repeat motif E-value Fluoro Primers sequence (5'-3') P S ES OS N A PIC Ho He 
 

EG015 
GFL 
52G04 1 6828225 

 
(TG)25 

 
3.00E-116 [6-FAM] F: TGACAGTCCAGTACTTCAAACCA 0.8 1 210 181-212 8 7 

 
0.806  0.71 0.89 

 
   

  
 

R: TCGATTCCCTTTGTGAACCT 
          

EG016 
GFL 
51B10 1A 55925730 

 
(AATCTA)12 

 
0.00E+00 [HEX] F: GTGCCTGCTTGTCCTTTCTC 0.05 3 231 230-278 8 8 

 
0.736  0.75 0.81 

 
   

  
 

R: CATGCAGGTAGCGTGGTTC 
          

EG017 
GFL 
58A01 2 27572704 

 
(ATCT)27 

 
4.00E-126 [HEX] F: TCAGCAGTATGCTCCACACAG 0.2 5 283 216-246 8 8 

 
0.843  0.75 0.92 

 
   

  
 

R: TTGCAACACCTTCCTTCCTC 
          

EG018 
GFL 
50H10 2 38238559 

 
(TAGA)22 

 
2.00E-143 [HEX] F: AAGGCAACAGTGAATGACCAG 0.1 1 321 257-320 11 8 

 
0.889  1.00 0.96 

 
   

  
 

R: CACTTGATTCATGGGTGGTG 
          

EG019 
GFL 
53F10 2 84249843 

 
(GT)21 

 
0.00E+00 [HEX] F: CTCAACTGCTGCTCTCTATTGC 0.4 3 336 320-344 7 8 

 
0.815  0.88 0.89 

 
   

  
 

R: TTTGTCATACTGTAGCTGGGTCTC 
          

EG020 
GFL 
50E06 2 112371989 

 
(TCTA)15 

 
0.00E+00 [NED] F: GCTAGATGTGCCACTGGTTG 0.1 4 260 217-279 10 8 

 
0.845  0.88 0.92 

 
   

  
 

R: TCTAATTGGAGATGACAGGATAATATG 
          

EG021 
GFL 
57C07 2 150206821 

 
(GT)24 

 
5.00E-155 [6-FAM] F: AGCAATCGTGGGATAACCTG 0.4 1 311 293-326 10 8 

 
0.871  0.88 0.94 

 
   

  
 

R: CTTTCCTCCCACCAAGGAG 
          

EG022 
GFL 
56B02 3 45845379 

 
(TAGA)16 

 
2.00E-153 [6-FAM] F: CAAAGGGTGAACAGGAAACTG 0.2 3 304 288-358 13 8 

 
0.899  0.75 0.97 

 
   

  
 

R: CTTGTTGACCTCTGGCTTCC 
          

EG023 
GFL 
60B06 4 11251339 

 
(TATC)18 

 
1.00E-151 [6-FAM] F: ACAGCAGCTGACTTTCTCCAG 0.2 4 283 266-295 8 8 

 
0.799  0.88 0.88 

 
   

  
 

R: TGCCTTGGAATGTGTAAGAGG 
          

EG024 
GFL 
51G12 4A 1237082 

 
(TG)32 

 
1.00E-55 [HEX] F: GATCAAAGGGAAAGACATGGAC 0.1 2 268 231-251 5 7 

 
0.689  0.43 0.79 

 
   

  
 

R: GATCTGTACTTATGTTTCAATACATTTTCC 
          

EG025 
GFL 
52F10 5 5291621 

 
(GT)19 

 
4.00E-75 [6-FAM] F: CAGGTCTCAGGGAGCCTTTAC 1.0 5 227 214-230 6 7 

 
0.731  1.00 0.82 

 
   

  
 

R: ATCTGTGGATTTGGGCATTC 
          

EG026 
GFL 
56G12 5 17210892 

 
(TG)20 

 
0.00E+00 [HEX] F: TCTGCAGGGACAGCAATAAC 0.4 3 188 176-203 9 8 

 
0.862  0.88 0.93 

 
   

  
 

R: CATTGGCAAACAAATTCAGC 
          

EG027 
GFL 
51D03 5 32440401 

 
(TG)19 

 
2.00E-90 [6-FAM] F: GCCATCAGTTCTGGCTTTG 0.6 3 182 174-208 11 8 

 
0.864  0.75 0.93 

 
   

  
 

R: CCATGTCACAGGTCCCATC 
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EG028 

GFL 
57F07 5 51035472 

 
(GT)23 

 
1.00E-134 [6-FAM] F: CTGGCTCACAGAAAAGTCCTG 0.2 4 233 206-235 7 8 

 
0.755  0.63 0.83 

 
   

  
 

R: ATAATCCCCTTCCCAACTGC 
          

EG029 
GFL 
57A03 6 1358746 

 
(GT)24 

 
0.00E+00 [HEX] F: GATCATTTGGCTCACAATCC 1.0 5 184 166-183 6 8 

 
0.785  0.88 0.87 

 
   

  
 

R: CCAATAATTTGATGCTGAACG 
          

EG030 
GFL 
61D01 6 20602611 

 
(GT)10 

 
0.00E+00 [6-FAM] F: GAAATGTGAGAAGGCAGTTGG 0.2 3 221 219-232 5 8 

 
0.708  0.75 0.80 

 
   

  
 

R: TGAGAAATACTGCAGCATGAAAC 
          

EG031 
GFL 
61A01 6 27381241 

 
(TG)22 

 
7.00E-169 [HEX] F: TTTATAATGCTCCCATTATGTGTATTC 0.2 1 185 155-185 6 8 

 
0.702  0.88 0.78 

 
   

  
 

R: TGACACCAGTGTTGCAGATG 
          

EG032 
GFL 
57G11 7 9804927 

 
(ATAG)18 

 
0.00E+00 [HEX] F: GAAGACATCTGCAGAGATGGTG 0.2 5 342 333-376 5 8 

 
0.679  0.88 0.78 

 
   

  
 

R: CAGTTGTCTGTTTGCTGGAATC 
          

EG033 
GFL 
58B12 7 24615928 

 
(AC)24 

 
5.00E-125 [6-FAM] F: ATGGTCCTAAGAGCCCAAGG 0.8 5 281 254-281 6 7 

 
0.605  0.57 0.68 

 
   

  
 

R: TTGCCCAGCTTGATTGTAGAG 
          

EG034 
GFL 
54F10 8 3584502 

 
(TG)12 

 
5.00E-109 [HEX] F: TTTCCTCATCACATTGATTGC 0.4 4 175 175-187 5 8 

 
0.737  1.00 0.83 

 
   

  
 

R: TTGCTTCAGTTTGGAGTTGC 
          

EG035 
GFL 
51B11 10 1312335 

 
(AC)29 

 
4.00E-112 [6-FAM] F: TTTGAAGGGAGAGAATCAATGTG 0.4 2 318 278-320 9 8 

 
0.791  0.88 0.87 

 
   

  
 

R: TGCAGCAAACGCTAACAAAG 
          

EG036 
GFL 
53D09 10 7625348 

 
(GT)11 

 
0.00E+00 [6-FAM] F: CAGCAGCTCTCATGTACTCAGG 0.2 2 350 338-353 8 8 

 
0.736  0.63 0.81 

 
   

  
 

R: TTGCAGTCAACAAGGCAAAC 
          

EG037 
GFL 
56H03 10 14121335 

 
(GGAT)18 

 
5.00E-54 [NED] F: CATCCAGATTTGAGGAGGAGAG 0.4 2 253 140-233 8 8 

 
0.824  0.63 0.90 

 
   

  
 

R: GAGAGGCATCATCAAACTAGGG 
          

EG038 
GFL 
52G03 11 3135544 

 
(TA)8 

 
6.00E-159 [HEX] F: TCAGATAGGCTCTGTGGAGATG 0.2 1 212 210-226 6 6 

 
0.760  0.83 0.86 

 
   

  
 

R: TCCAATTCATTGCCTGTTAGG 
          

EG039 
GFL 
61B03 11 18029936 

 
(TG)14 

 
0.00E+00 [HEX] F: GAAAGCTTGCTCGTTGTCTG 0.2 2 292 293-321 7 8 

 
0.770  1.00 0.85 

 
   

  
 

R: TAACGTGACAGGAGCAGAGG 
          

EG040 
GFL 
56D02 12 916788 

 
(CATT)12 

 
6.00E-131 [6-FAM] F: AGGTTAAGGTGGCTGCACTG 1.0 5 338 326-350 7 8 

 
0.770  0.75 0.85 

 
   

  
 

R: TGTCAGGTTGCATTGGTTTG 
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EG041 

GFL 
56E09 13 4571665 

 
(GAT)31 

 
2.00E-114 [NED] F: GGGTATTTCACTGGCAGAAGC 0.2 5 255 212-269 9 8 

 
0.853  0.88 0.93 

 
   

  
 

R: CCTGGGATTCATCTGGAAGTC 
          

EG042 
GFL 
50F06 14 13274951 

 
(TG)23 

 
3.00E-106 [6-FAM] F: GATCCTTCTGCAGGTTTGG 0.2 2 243 217-262 10 8 

 
0.871  1.00 0.94 

 
   

  
 

R: TGAAAGTCGATTTCCCTTTG 
          

EG043 
GFL 
51F02 18 10243236 

 
(AGAT)12 

 
9.00E-127 [6-FAM] F: CCTGGCTGAGATGAAGATTG 0.1 2 335 314-336 4 8 

 
0.387  0.25 0.44 

 
   

  
 

R: AAATTGGGTGCTACATAGGAGTAG 
          

EG044 
GFL 
50D01 22 1546346 

 
(TCAA)10 

 
2.00E-154 [6-FAM] F: GGAGGGAGGGCTTAGCTTT 0.2 1 347 339-351 4 8 

 
0.387  0.25 0.44 

 
   

  
 

R: TGAGGCCACATTTGTTGTGT 
          

EG045 
GFL 
51F05 24 3017845 

 
(TG)8 

 
0.00E+00 [HEX] F: GGGCTGGTGTCAGTAGATGG 0.2 2 191 191-202 5 8 

 
0.701  0.88 0.79 

 
   

  
 

R: GCAAATTATCTCCCTGCTTCC 
          

EG046 
GFL 
51C09 26 282394 

 
(TTGA)9 

 
1.00E-149 [6-FAM] F: TACAGCAATGGCTCCAAATG 0.2 2 190 188-200 5 8 

 
0.708  0.50 0.80 

 
   

  
 

R: ACGCAGAAGCAGGGACTG 
          

EG047 
GFL 
53G06 27 2547462 

 
(TG)14 

 
1.00E-89 [HEX] F: CCTGCTACACTTGATAATTTCCTTC 0.2 4 207 215-234 7 5 

 
0.820  1.00 0.93 

             R: ACTCCCATCCCTCCCATTAC                   
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2.2.5. Marker genotyping 

 

Two-microlitre Qiagen Multiplex PCR reactions were used to test the multiplexes and 

generate all genotyping data. Genotyping raw data were generated on the ABI 3730 48-well 

capillary sequencer (Applied Biosystems) using ROX500 size standards. The data were 

analysed, alleles scored, genotyped and error checked using GeneMapper v.3.7 software 

(Applied Biosystems). CERVUS 3.0 (Kalinowski et al., 2007) was used to check 

polymorphism, estimate null allele frequencies and calculate the observed and expected 

heterozygosities. 

 

2.2.6. Three-step error checking 

 

Due to random multiplex-PCR error, genotype scoring error, possible occasional mutations 

and pedigree information error, there is the potential for error in the raw genotyping data. 

Therefore, error checking was conducted in three steps: (1) General error checking. The most 

common genotyping error was a 1-bp binning mismatch, which could be caused by 

multiplex interactions. Missing scores due to overlapping allele size range bins in 

multiplexes also caused errors. Other errors, such as inherited null alleles and rare mutations 

could be detected and corrected manually by comparing pedigree information and genotype 

data. Several loci, for which null alleles could not be eliminated entirely, were excluded from 

further analysis. Only clearly segregated loci were included. (2) Error checking by 

CriMaker1.0 – a Perl program provided by K. W. Kim (2011). After minimising the general 

error, the GeneMapper export files were converted to CERVUS import files. Then, 

CriMaker1.0 was used to convert the genotype data into CRIMAP format and identify any 

outliers from expectation under the Mendelian inheritance of markers. During this step, the 

initial number of mismatches between parents and offspring was reduced from 4401 to 1639. 

Cases where the offspring from one family collectively had more than 4 alleles were reduced 
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from 729 to 290 by eliminating the markers with the highest error rate and individuals with 

high mismatch rates (implying that they had been misidentified). (3) Error checking in 

CRIMAP. Remaining random genotyping mismatches that were apparent from a single 

individual were corrected by reviewing raw data on GeneMapper. On the other hand, where 

an error was detected repeatedly in the same family, then it was likely that the family 

information was incorrect and the affected individuals were excluded from further analysis. 

 

2.2.7. Construction of autosomal chromosome genetic map 

 

After error-checking, the first Gouldian finch linkage map was constructed using CRIMAP 

(http://biobase.dk/Embnetut/Crimap/analyse1.html; Lander and Green, 1987; Green et al., 

1990), for 672 pedigreed individual DNA samples. The CRIMAP calculates two-point 

recombination fractions, provides logarithmic odds (LOD) scores for recombination 

estimates, and tests marker order. The ‘twopoint’ command was used to calculate the 

recombination fractions and LOD score between all pairs of markers. The ‘build’ command 

was used to generate the order and the interval of markers for each linkage group. Then, the 

most likely marker order of significantly linked loci was determined by the options ‘flipsn’ 

command and ‘fixed’ command. The initial threshold between linked markers was LOD = 

3.0. The groups of pairwise markers with LOD > 3.0 were considered to be linked. To 

improve the map, markers were considered to be linked if the LOD score was higher than 1.0, 

where there was also a priori support for the localisation, such as an expectation concerning 

the chromosomal location and linkage based on a BLAST search in zebra finch (Slate et al., 

2002; Dawson et al., 2006, 2007). All map distances are given in Kosambi centiMorgans 

(cM).  

 

2.2.8. Genome coverage estimate 
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The mean marker spacing among linkage groups was calculated by dividing the total length 

of all linkage groups on the map by the number of intervals within these linkage groups. The 

coverage of this linkage map was estimated by calculating the sum of the position 

differences of the first and last interval in each linkage group in the zebra finch, then 

dividing this by the total length of the zebra finch genome (~1.2 Gb; Ensembl database 

http://www.ensembl.org/Taeniopygia_guttata/Info/Index ) 

 

 

2.3. Results 

 

In total, 59 genomic microsatellite primer pairs were tested for polymorphism (Figure 2.1). 

One locus was monomorphic, four had low to moderate polymorphism (0.11 ≤ PIC ≤ 0.34, A 

≤ 3) and 12 primer pairs failed to amplify products or amplified a faint/fuzzy product (Table 

2.3). A total of 42 high polymorphic microsatellite markers were identified (Table 2.2, 2.3). 

Forty markers were arranged to construct five multiplex microsatellite sets. For later linkage 

mapping and analysis, 672 DNA samples from 80 families were used. This genetic map 

includes 33 microsatellites distributed among six linkage groups. For each linkage group, 

two or more microsatellites were included to identify the genetic location and proceed to the 

linkage analysis. Eighteen of the 33 autosomal loci (54.5%) were linked to at least one other 

locus with a LOD value higher than 1.0. These linked autosomal loci were placed on six 

zebra finch chromosomes (Figure 2.2). This linkage map covered a total distance of 344.4 

cM, with an average marker spacing of 28.7 cM between loci (Figure 2.3). The length of 

each linkage group varied from 3.1 cM to 178.3 cM. After building the map, linkage analysis 

was performed for yellow-headed informative individuals within pedigreed samples to detect 

the probable genomic region of the Yellow gene. However, there was no positive association 

detected with 33 specific markers (LOD ≤ 1; Table 2.4).  
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Figure 2.1. Fifty-nine Gouldian finch microsatellite loci mapped onto 23 autosomal 

chromosomes in the zebra finch genome. Thirty-three loci distributed among 20 linkage 

groups were used for linkage mapping and further analysis (Underlined). An additional 10 

markers showed a relatively high degree of polymorphism, but were excluded from linkage 

mapping and further analysis (Bold). Four loci were moderately polymorphic or 

monomorphic (Italics) and 12 loci failed to amplify or amplified a faint/fizzy product (Plain 

text). Clone name are shown in the map.  
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Table 2.3. Twenty-six additional microsatellites with predicted chromosome locations tested but not include in linkage mapping and further analysis. 

Clone: clone name. Chr: chromosome. Chr Loc: The location of each microsatellite sequence was assigned to the zebra finch as the high sequence 

similarity (December 2011, ENSEMBL Release 65; Dawson et al., 2006, 2007). Repeat motif: the motif and repeat number of each motif (subscripted). 

Fluoro: fluorescent label information. P: primers concentration (µM). S: multiplex set. ES: expected allele size (bp). OS: observed allele size range (bp). 

A: number of alleles observed. N: number of individuals amplified. PIC: polymorphic information content. HO: observed heterozygosity. HE: expected 

heterozygosity. Status: the marker amplification and polymorphism status (High poly=high polymorphic, Moderate=low to moderate polymorphic, 

Mono=monomorphic, Failed= failed to amplify or amplified a faint/fuzzy product).  
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Clone  Chr Chr Loc Repeat 
motif E-value Fluoro  Primers sequence (5'-3') P S ES OS A N PIC Ho He Status 

GFL 
51D07 6 5439326 

 
(CTAT)15 

 
0.00E+00 NED F: TCAGAATTGAGGAAAACCTTAGA 0.2 1 

 
207 202-265 8 8 0.83 0.63 0.9 

High 
poly 

   
  

 
R: TGCATCTTGTCCATTAGCTG 

  
 

       GFL 
57E11 7 2696699 

 
(GATA)24 

 
1.00E-146 HEX F: GATCATCAAGTCACACCTTATATATTTT 0.04 5 

 
275 262-284 9 8 0.79 0.5 0.86 

High 
poly 

   
  

 
R: GTTGTTTCAGTGCCAGGTCT 

  
 

       GFL 
52D03 13 16792553 

 
(TTG)8 

 
2.00E-63 NED F: ATTGACAGGTGTGGGAGGAG 0.1 3 

 
247 171-258 7 7 0.77 1 0.86 

High 
poly 

   
  

 
R: AGCAAGAAGGGCTTCTACAGG 

  
 

       GFL 
52A04 14 6447196 

 
(AC)19 

 
8.00E-89 HEX F: CAGCAGCTCTCATGTACTCAGG 0.6 1 

 
350 345-360 9 8 0.85 0.5 0.93 

High 
poly 

   
  

 
R: TTGCAGTCAACAAGGCAAAC 

  
 

       GFL 
51E09 19 7078632 

 
 (AAAG)5 

 
3.00E-172 6-FAM F: TGGTTGAAATGGAAAGCAGA 0.2 1 

 
253 249-257 6 8 0.75 0.5 0.83 

High 
poly 

   
  

 
R: CAGCTGTAAAACCCCTCTGG 

  
 

       GFL 
51H09 1A 11377504 

 
(GGAA)15 

 
3.00E-71 HEX F: CATCCAGATTTGAGGAGGAGAG 0.2 4 

 
253 247-337 10 8 0.87 0.63 0.94 

High 
poly 

   
  

 
R: GAGAGGCATCATCAAACTAGGG 

  
 

       GFL 
50A02 1A 23764297 

 
(AGAT)12 

 
8.00E-163 6-FAM F: AGGCAATGCCAGTGTATGC 0.05 3 

 
270 257-269 4 6 0.67 0 0.79 

High 
poly 

   
  

 
R: TGCGACTGGTATTTGGACAG 

  
 

       GFL 
56G11 7 30612806 

 
(TG)23 

 
0.00E+00 - F: AGGGAGAGAGAGAGAAATCGAAG 0.2 - 

 
242 232-242 5 7 0.69 0.57 0.78 

High 
poly 

   
  

 
R: CCCTCCGTACACAAACCTACTC 

  
 

       GFL 
50G02 19 2316591 

 
(CA)14 

 
2.00E-117 - F: ATCCAGGGAGATAAAGGAGGAG 0.2 - 

 
234 231-246 7 8 0.81 1 0.88 

High 
poly 

   
  

 
R: CGCTAGAAGGAGGGAGCTG 

  
 

       GFL 
57D03 12 19128340 

 
(TG)11 

 
4.00E-150 - F: CCAGTCTGGGATTTCTGGTC 0.2 - 

 
296 295-297 2 8 0.34 0.38 0.46 Moderate  

   
  

 
R: TCCTCAGAACTGTAATTCTTCTGC 

  
 

       GFL 
53C10 4 60077744 

 
(AC)14 

 
0.00E+00 - F: CTCCACCTTGACAGCTGATG 0.2 - 

 
225 227-230 2 8 0.2 0.25 0.23 Moderate 

   
  

 
R: CAAGAGGCATTGGTGAGAGTC 

  
 

       GFL 
56D08 8 23123828 

 
(TAGA)10 

 
0.00E+00 - F: TTTGAAGGGAGAGAATCAATGTG 0.2 - 

 
318 301-322 3 8 0.29 0.38 0.34 Moderate  

   
  

 
R: TGCAGCAAACGCTAACAAAG 

  
 

       GFL 
60H12 11 7678406 

 
(AC)12 

 
0.00E+00 - F: AACCGTTGGGTCTGAATTTG 0.2 - 

 
187 179-181 2 8 0.11 0.13 0.13 Moderate  

   
  

 
R: CCTGAAGATGAAAGCAACCAG 

  
 

       



  Chapter 2 

38 
 

GFL 
54B07 3 101011470 

 
(ATCT)18 

 
4.00E-105 - F: CAAGAGGCCACCATCACTTC 0.2 - 

 
310 - 1 8 0 0 0 Mono 

   
  

 
R: CCCTCAGGGCAGATAAGAGTG 

  
 

       GFL 
50D07 3 74231714 

 
(TG)18 

 
2.00E-111 - F: ATCTAAGAGGTATCTGGAATGTATCTG 0.2 - 

 
185 - 0 0 0 0 0 Failed 

   
  

 
R: AAGTGCCAGGCCTATGAAG 

  
 

       GFL 
50D05 1 57489527 

 
(TG)22 

 
1.00E-116 - F: CTGCATTGCAAACTCTTTCG 0.2 - 

 
321 - - - - - - Failed 

   
  

 
R: GAAATTGCTACGGCAAGAGC 

  
 

       GFL 
51G01 1 37631804 

 
(TCTT)26 

 
3.00E-139 - F: TTCAAGAACATCTAATGTACAAAATGAA 0.2 - 

 
343 - - - - - - Failed 

   
  

 
R: TGAATGAGTTACTTTATTTACAGGCATT 

  
 

       GFL 
51H07 1 104797792 

 
(TCTA)18 

 
0.00E+00 - F: TTGTTGAAGCCAAACACTGC 0.2 - 

 
343 - - - - - - Failed 

   
  

 
R: AGGGTTCAGTTTCCTTCATCAG 

  
 

       GFL 
57A02 1 71952466 

 
(GAAAG)23 

 
9.00E-125 - F: AGGGATAACTAAGAAATAAGTCACTGAAG 0.2 - 

 
349 - - - - - - Failed 

   
  

 
R: GGCACATATCCTTCTATCCATTATC 

  
 

       GFL 
50A09 3 2816890 

 
(AC)16 

 
2.00E-134 - F: GAGCCTCCTTTGAGGAAGAC 0.2 - 

 
334 - - - - - - Failed 

   
  

 
R: TCCCATTTGAATATCAGCTTG 

  
 

       GFL 
51G06 3 88268573 

 
(TTCCC)13 

 
4.00E-78 - F: TGGAATGAAAGAATGAAATAACAA 0.2 - 

 
349 - - - - - - Failed 

   
  

 
R: AGGGAACTGTTTCAAAATAGAGATT 

  
 

       GFL 
56H04 4 50358705 

 
(CTAT)29 

 
0.00E+00 - F: CTGCATGGAAAGTCTCAGAGG 0.2 - 

 
238 - - - - - - Failed 

   
  

 
R: GAAACTTACCTGCCCTGGTG 

  
 

       GFL 
58A05 17 3941916 

 
(GAGAA)32 

 
2.00E-84 - F: ACCCTGCACCAAAATCTGAC 0.2 - 

 
317 - - - - - - Failed 

   
  

 
R: AGAAAATGACCGAAAAGATAGCTG 

  
 

       GFL 
51E08 17 5471043 

 
(AT)8 

 
1.00E-130 - F: AACAGCCTCTGGATGTTTCC 0.2 - 

 
324 - - - - - - Failed 

   
  

 
R: GATCCAGCATCCTATCTGAGC 

  
 

       GFL 
52A01 1A 72979953 

 
(AC)19 

 
1.00E-68 - F: CCCTGTTCCAAGAGTGGTTTAG 0.2 - 

 
165 - - - - - - Failed 

   
  

 
R: TTTCCCTCCCTTCCTCTCC 

  
 

       GFL 
51C07 LGE22 628034 

 
(GGATT)18 

 
2.00E-80 - F: AAGGAACTGCCTGTGGAAAG 0.2 - 

 
294 - - - - - - Failed 

            R: TTTCTTTGCCTCCAAACTCC                     
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Figure 2.2. First-generation sex-averaged linkage map of the Gouldian finch (Erythrura 

gouldiae) consisting of six linkage groups representing six chromosomes in the zebra finch. 

All map distances in the Gouldian finch genome, with positions, are given in Kosambi 

centiMorgans (cM). Loci assigned locations on zebra finch chromosomes with marker order 

supported by a LOD > 1.0 are presented. The yellow-headed morph locus was not found to 

be linked with any of these markers using ‘twopoint’ linkage. 
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Figure 2.3. Comparison of linkage groups in Gouldian finch and zebra finch. This linkage 

map included 18 microsatellite loci distributed among six linkage groups, which were found 

to be homologous to zebra finch chromosomes. The order of markers perfectly matches the 

physical map. The units are cM in the Gouldian finch and Mbp in the zebra finch. 
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Table 2.4. Association of genomic microsatellite loci with the yellow-headed colour trait. 

LOD ≥ 3 is the general threshold value considered to demonstrate a specific genotype–

phenotype association. Ten of nineteen markers with LOD > 0 are shown. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Marker ID  Morph  Recombination fraction  LOD  

EG017 Yellow  0.13 0.72 
EG036 Yellow  0 0.6 
EG016 Yellow  0.2 0.54 
EG039 Yellow  0.22 0.27 
EG028 Yellow  0.21 0.27 
EG037 Yellow  0.15 0.23 
EG024 Yellow  0.15 0.23 
EG038 Yellow  0.26 0.13 
EG042 Yellow  0.2 0.07 
EG041 Yellow  0.39 0.02 
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2.4. Discussion 

 

In this chapter, 59 new Gouldian finch microsatellite markers were developed and tested 

based on the zebra finch genome. Of the 59 markers, 47 amplified and 42 markers were 

usefully polymorphic and readily scored. Forty polymorphic markers were organized into 

five multiplex microsatellite sets for autosomal chromosome linkage mapping. The first 

partial microsatellite-based sex-averaged linkage map of the Gouldian finch was constructed 

using 672 pedigreed captive individuals from 80 families. This linkage map included 18 

microsatellites distributed among six linkage groups (Ego2, Ego5, Ego6, Ego7, Ego10, and 

Ego11), which are homologous to zebra finch chromosomes. The order of markers perfectly 

matched the physical map predicted from zebra finch, though the marker interval was 

relatively large and further study is required (Figure 2.3). The comparative 

microsatellite-based map demonstrated a high degree of synteny and marker order 

conservation between zebra finch and Gouldian finch. The stability between the genomes of 

the two species is typical of birds but also reflects the close evolutionary relationship 

between the two species. 

 

The proportion of the genetic length of the Gouldian finch genome covered by the map 

is more difficult to estimate. The genetic coverage should be less than the physical coverage 

estimated above due to the absence of markers for some chromosomes and the high 

recombination rate typically observed towards the telomeres. To estimate the coverage of the 

Gouldian finch genome, the physical information from the zebra finch genome has been used. 

The zebra finch and the Gouldian finch share 217.6 Mb (or 18.1% of the total, as the zebra 

finch autosomal genome is about 1.2 Gb). More sequence could be considered to be 

encompassed by the Gouldian finch map, considering the exclusion of the 15 highly 

polymorphic but unlinked single markers and the flanking sequence associated with the end 

markers in each linkage group. Assuming the estimated genome size of Gouldian finch is 
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similar to the zebra finch, the physical map described in this chapter is expected to cover 

20-25% of the Gouldian finch genome.  

 

To detect linkage between marker loci and the phenotype at the yellow head colour 

locus, informative individuals within the pedigreed samples were used. However, no locus 

was significantly associated with the yellow-headed trait. This might be either because the 

Yellow gene was located outside of these linkage groups or because of the relatively low 

density of microsatellite coverage. The Gouldian finch is expected to have the typical 

passerine chromosome set of 2n ~ 78-80 (Shetty et al., 1999), yet we only defined seven 

linkage groups on six chromosomes with LOD score higher than 3.0. Two linkage groups 

(corresponding to chromosome 2) could be integrated into one linkage group by reducing the 

required LOD score threshold from 3.0 to 1.0, to anchor with shared linked microsatellite 

loci; each of the six linkage groups then corresponded to a different chromosome. Further 

research will be required to expand the linkage map. Polymorphic markers can be used in 

comparative analysis on passerine or other avian genomes. This preliminary linkage map and 

future high-resolution maps will contribute to different aspects of evolutionary biology 

research, such as comparative genomic studies, parentage analysis, adaptive population 

divergence, and identifying the genetic mechanisms underlying fitness traits. 

 

In brief, the linkage map developed here includes six linkage groups covering 344.4 cM 

of the Gouldian finch genome. This is the first autosomal genomic linkage map of the 

Gouldian finch. Even though the density of the map is relatively low, it is still potentially 

valuable for mapping phenotypic loci, as demonstrated in previous mapping research (Miwa 

et al., 2006). This map is also an initial step for further mapping and is a potential resource 

for locating genes underlying important functional fitness traits in the Gouldian finch, as 

well as quantitative trait loci. 
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CHAPTER THREE: A genome-wide association study of head 

colour polymorphism in Gouldian finches (Erythrura gouldiae) 

 

 

Abstract 

 

The Gouldian finch (Erythrura gouldiae) is considered to be a species with one of the most 

fascinating plumage polymorphisms, with three distinctive colour morphs controlled by two 

separate loci. Research to identify the genetic basis of the Red locus has achieved definite 

progress in recent years (Kim, 2011); however, the genetic basis of the Yellow locus is still 

undetermined. To identify the genetic variants that might contribute to the red- / 

yellow-headed polymorphism controlled by this locus, we used a genome-wide association 

study. Sixty-three Gouldian finch samples, including both red and yellow morphs, were 

genotyped by RAD-sequencing, in which 63,833 single-nucleotide polymorphisms (SNPs) 

were identified. We attempted to identify markers with a significant difference in genotype 

frequency between the red and yellow morphs using the Stacks program. We found several 

candidate SNPs, and in particular, a broad peak in FST between the morphs on chromosome 8 

that coincided with multiple SNPs that showed significant allele frequency differences. The 

region on chromosome 8 should be considered as a candidate region until further 

investigations are done. These RAD data represent a valuable resource in this species with a 

relatively unknown genome. By sequencing more Gouldian finches in further studies, 

combined with other analyses, a more definitive association might be identified. 
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3.1. Introduction 

 

3.1.1. Restriction-site associated DNA 

 

The development of genetic tools and technologies in the last decade, such as microarrays 

and next-generation sequencing (NGS), has greatly improved studies on the genetic basis of 

important traits (Ekblom and Galindo, 2011; Gheyas and Burt, 2013). Sequencing of the 

entire genome has provided the opportunity to identify abundant genetic variants. 

 

Restriction-site associated DNA (RAD) tags are short flanking DNA sequences adjacent 

to restriction sites, after the DNA has been digested by the respective restriction enzyme 

(Miller et al., 2007b; Baird et al., 2008). DNA sequence polymorphisms (e.g. single 

nucleotide polymorphisms) can be identified by comparing the same set of RAD tags among 

individuals. The polymorphisms so identified are called RAD markers, and can be useful for 

association mapping, and in ecological genetics. The core mechanism of RAD-tag isolation 

includes digesting DNA with a restriction enzyme, ligating adapters to the overhangs, 

shearing the DNA into small fragments, and isolating the small fragments or amplifying 

fragments containing adapters using PCR. The method used to isolate RAD tags was initially 

by hybridising to microarrays (Lewis et al., 2007; Miller et al., 2007a), but then adapted for 

ultra-high-throughput DNA sequencing (Baird et al., 2008; Hohenlohe et al., 2010; RAD tag 

sequencing, RAD-sequencing, or RAD-seq). For example, the latest Illumina HiSeq 2500 

system can be used to sequence entire genomes of vertebrates (i.e. gigabases) within a few 

days (http://www.illumina.com/systems/hiseq_2500_1500.ilmn). Whole-genome sequencing 

of large sample sizes is currently prohibitively expensive. RAD sequencing is an example of 

reduced representational sequencing, which is designed to obtain the same subset of genome 

sequence, usually randomly distributed, from many locations distributed across the whole 

genome. RAD sequencing can generate a high density of genetic markers, at a lower error 
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rate, and be made more useful still by using paired-end sequencing (Shendure and Ji, 2008; 

Davey et al., 2011). Using RAD sequencing, a pooled library of tens or hundreds of samples 

enables the cost of sequencing to be reduced, and massively parallelised sequencing 

significantly increases efficiency by producing millions of short DNA fragment reads (up to 

125-bp single-end and 250-bp paired-end using the HiSeq) (Metzker, 2010).  

 

SNPs (Single Nucleotide Polymorphisms) are the most common type of DNA sequence 

variation between related sequences (Suh and Vijg, 2005). SNP markers, with their 

properties of massive quantity, stable inheritance through generations and enabling 

high-resolution mapping to linked traits (Thomas et al., 2011), are important genetic markers 

in molecular genetic studies (Berger et al., 2001; Stickney et al., 2002). Therefore, SNP 

markers have been applied in many aspects of genomics (Subodh et al., 2014).  However, 

discovering high-density SNPs was, previously, costly and time-consuming using classic 

genotyping platforms. The rapid developments of high-throughput next-generation 

sequencing, which is a prerequisite for whole-genome association tests (Schena et al., 1995), 

makes discovering massive numbers of SNPs in a shorter time for a lower cost a reality, so 

enabling the genome-wide analysis of polymorphisms.   

 

3.1.2. Genome-wide association studies 

 

Genome wide association analysis among individuals within a species is a crucial tool for 

understanding the genetic basis of phenotypic polymorphisms. A genome-wide association 

study (GWAS) is used to examine whether specific genetic variants (e.g. SNPs) between 

different individuals are associated with a specific trait (Klein et al., 2005). The GWAS 

normally includes two groups with different traits or phenotypes (cases and controls). The 

theoretical basis is: if an allele of a SNP is statistically more frequent in the case group than 

in the control group, than this SNP is considered to be associated with the trait of interest 
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(Clarke et al., 2011). This provides the location of a genomic region that may influence the 

trait or phenotype (Ikram et al., 2010). One of the benefits of this approach is that GWAS 

does not rely on candidate genes or chromosomes but investigates the entire genome. This 

approach is statistically more powerful than linkage studies for detecting genetic effects 

(Risch and Merikangas, 1996). It should be noted here that an associated variant does not 

necessarily correspond to the causal loci (e.g. false positives) (Pearson and Manolio, 2008; 

Manolio et al., 2010).  

 

3.1.3 Stacks 

 

A massive number of polymorphisms can be identified by RAD-seq, which can be used to 

generate ultra-dense genetic linkage maps, providing a powerful genomic resource in 

otherwise little-known species (Amores et al., 2011). A set of efficient and easy-to-use 

software tools is then essential for exploiting the millions of genotypic data points in genetic 

mapping or population genomic studies. Stacks is a useful software platform for the analysis 

of such short-read sequencing data and genotyping a large number of loci in each different 

individual, either with respect to a reference genome or de novo. This program uses a 

maximum-likelihood approach to distinguish sequence polymorphisms from sequencing 

errors (Catchen et al., 2013). Stacks can be widely used to contribute to most aspects of 

genomic analysis, such as high-density linkage mapping, reference genome assembly, 

population genomics and phylogeography.  

 

Stacks is a C++ and Perl based modular program operating in a Unix-like environment 

and relies on OpenMP libraries with parallelised algorithms. The core component programs 

of Stacks include five main parts: process_radtags.pl (demultiplexing and cleaning up 

Illumina raw reads), ustacks/pstacks (using cleaned FASTA/FASTQ files to identify loci and 

detect haplotypes), cstacks (merging loci and creating a catalogue), sstacks (matching to the 
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catalogue), and populations/genotypes (population genomics analysis or genetic mapping, 

depending on the aim of the study). The easiest way to run Stacks is via packaged programs: 

(1) using the denovo_map.pl program without a reference genome, combining ustacks, 

cstacks, and sstacks, calling markers with markers.pl, and indexing the database with the 

index_radtags.pl program; (2) using the ref_map.pl program with a reference genome, 

combining the pstacks, cstacks, sstacks, marker.pl and index_radtags.pl programs. The 

workflow of Stacks has been summarised by Catchen et al. (2013) and restated in Figure 3.1.  

 

As mentioned in chapter one, the red- / yellow-headed colour trait in the Gouldian finch is 

believed to be controlled mainly by a single Mendelian locus, the Yellow allele, which is 

recessive. The objective of this chapter is to use RAD markers in GWAS to identify 

candidate RAD-tags which might be associated with the red- / yellow-headed polymorphism. 

In order to map the Gouldian finch Yellow locus, genome-wide association analysis was 

undertaken using the Illumina Hi-seq.  
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Figure 3.1. Flowchart for the Stacks program. There are five main steps in the Stacks pipeline. 

The process_radtags program demultiplexes the data, checks the average quality of the reads, 

and cleans up the Illumina raw data. The ustacks/pstacks program identifies unique loci in 

each individual from cleaned short sequencing reads. The cstacks program merges loci from 

different individuals and creates a catalogue. The sstacks program matches loci in the 

catalogue. The populations or genotypes program analyses the loci using different input files. 

The populations program analyses the loci within and among populations and gives an 

output of calculated population genetic statistics with different formats. The genotypes 

program maps haplotypes, records genotypes, and formats genotypes for different uses. 

(Catchen et al., 2013) 

 



  Chapter 3 

50 
 

3.2. Methods 

 

Sixty-three individually labelled genomic DNA samples were analysed. The sample set 

involved yellow- and red-headed birds, comprising two captive families segregating for 

yellow, in addition to 11 yellow-headed captive birds from different families, and 12 putative 

yellow-headed wild birds from Wyndham, Australia. The genomic DNA samples were 

prepared using the phenol/chloroform method (Bruford et al., 1998). The quality and 

quantity of DNA samples was assessed by gel electrophoresis and the NanoDrop 

spectrophotometer (Figure 3.2 and Table 3.1). The minimum quantity and appropriate 

concentration of the genomic DNA samples was 2 µg and 50-100 ng/µl, respectively. The 

concentrated original DNA samples (>100 ng/µl) were diluted to 50-100 ng/µl. All the 

samples were of good quality with high molecular weight, with very limited degradation and 

only a trace of RNA in few samples, which would not affect the sequencing. 

 

 

Figure 3.2. The gel electrophoresis of 63 DNA samples of the Gouldian finch that were used 

in RAD-Seq (same order with sample data in Table 3.1 from first row left to second row 

right). The mass of the 1-kb standard is 125 ng/µl for the brightest band. 
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Table 3.1. The RAD-sequencing quantity and quality control, and RAD library information of Gouldian finches. The OD260:280 ratio of pure DNA is 

around1.8. The appropriate concentration of the genomic DNA is 50-100 ng/µl. The minimum quantity of the total genomic DNA amount is 2µg.  

 

Sample ID Father Mother Head Beak Library MID OD 260:280 Concentration(ng/µl) Volume(µl) Total amount(µg) Buffer 
735   Red  1 ACACTGAC 1.82 75 51 3.8 TE 
1216   Red  1 ACGTAGCA 1.94 79 29 2.3 TE 
902 638 322 Black yellow 1 CACACAGT 1.85 75 44 3.3 TE 
990 638 322 Black  1 CAGTCTCA 1.93 70 29 2.0 TE 
991 638 322 Black  1 GTACTCGT 1.83 75 32 2.4 TE 
992 638 322 Black  1 GTCATGTG 1.73 75 52 3.9 TE 
1015 638 735 Yellow  1 TGCATCGT 1.86 75 37 2.8 TE 
1092 638 735 Black red 1 TGTGACTG 1.82 75 53 4.0 TE 
2122 638 1216 Black  1 ACACGACA 1.66 47 44 2.1 TE 
2123 638 1216   1 ACGTCTAC 1.73 36 59 2.1 TE 
2124 638 1216 Black  1 CAGTGTGT 1.84 67 34 2.3 TE 
2167 638 1216 Yellow  1 CATGATCA 1.94 25 84 2.1 TE 
2168 638 1216 Red  1 GTACGCTG 1.82 52 39 2.0 TE 
2169 638 1216 Black yellow 1 GTCAGTGT 1.89 31 69 2.1 TE 
2170 638 1216 Yellow  1 TGTGTGAC 2.05 30 69 2.0 TE 
2171 638 1216 Black yellow 1 TGTGCAGT 1.91 51 44 2.2 TE 
817   Black yellow 2 ACGTGCTG 1.83 75 51 3.8 TE 
898 407 789 Black red 2 ACTGATAC 1.86 75 51 3.8 TE 
862 310 25 Red  2 CATGCGAC 1.85 75 50 3.8 TE 
853 664 202 Red  2 CGATACTA 2.04 75 42 3.1 TE 
957 664 202 Black  2 GTACATCA 1.83 75 51 3.9 TE 



  Chapter 3 

52 
 

1151 817 898 Black yellow 2 GTGTACTG 1.82 75 50 3.8 TE 
1128 862 853 Red  2 TATATGCG 1.87 75 39 2.9 TE 
1129 862 853 Red  2 TGCACTAC 2.01 75 37 2.8 TE 
1493 862 957 Red  2 ACTGCTCA 1.83 75 41 3.1 TE 
1494 862 957 Red  2 ACTGTGTG 1.84 75 34 2.5 TE 
1495 862 957 Red  2 CATGTCGT 1.84 75 37 2.8 TE 
1496 862 957 Yellow  2 CGATCAGC 1.82 75 30 2.2 TE 
1531 862 1151 Red  2 GTCACTCA 1.85 75 36 2.7 TE 
1532 862 1151 Yellow  2 GTGTCAGT 1.85 75 48 3.6 TE 
1533 862 1151 Red  2 TATAGCAT 1.81 75 51 3.8 TE 
2203 862 1151   2 TGCAGCTG 1.89 65 34 2.2 TE 
2204 862 1151   3 AGAGCTAG 1.88 81 29 2.4 TE 
2205 862 1151 Yellow  3 AGCTGTGA 1.84 75 31 2.4 TE 
2206 862 1151 Yellow  3 CTCTGCTC 1.90 75 29 2.2 TE 
1460 116 735 Yellow  3 CTGACATC 1.96 75 51 3.8 TE 
1204 657 739 Yellow  3 GATCTGTC 1.81 78 29 2.3 TE 
1299 793 738 Yellow  3 GATCATAG 1.82 75 50 3.8 TE 
2187 865 1087 Yellow  3 TCAGCATC 1.81 78 29 2.3 TE 
1487 902 1032 Yellow  3 TCGATGTC 1.98 47 44 2.1 TE 
2294 950 1256 Yellow  3 AGAGTCGA 1.79 47 44 2.1 TE 
1529 1043 939 Yellow  3 AGCTATAG 1.84 75 31 2.3 TE 
1277 1077 936 Yellow  3 CTCTCTAG 1.85 75 34 2.6 TE 
2141 1085 1080 Yellow  3 CTGAGCAG 1.70 54 39 2.1 TE 
2212 1085 1080 Yellow  3 GAGAGCTC 1.84 32 69 2.2 TE 
1352 1122 857 Yellow  3 GATCGTGA 1.87 75 31 2.3 TE 
2258 1234 818 Yellow  3 TCAGTGCT 1.82 43 49 2.1 TE 
2271 1244 1266 Yellow  3 TCGACTCT 2.00 50 44 2.2 TE 
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1364   Yellow  4 AGCTCTCT 1.87 75 41 3.1 TE 
1366   Yellow  4 AGTCGCAG 1.83 75 35 2.6 TE 
2233   Yellow  4 CTAGTGTC 1.85 75 29 2.2 TE 
61046   Black yellow 4 CTAGATAG 1.84 75 47 3.6 TE 
61045   Black yellow 4 GACTACGA 1.87 75 40 3.0 TE 
61079   Black yellow 4 GCTACAGC 1.85 75 34 2.5 TE 
61211   Black yellow 4 TAGCGACG 1.88 75 28 2.1 TE 
61210   Black yellow 4 TCGAGTGA 1.85 75 31 2.3 TE 
61280   Black yellow 4 AGTCACGA 1.84 75 37 2.8 TE 
61428   Black yellow 4 AGTCTGCT 1.90 75 29 2.2 TE 
61245   Black yellow 4 CTAGCTCT 1.84 75 39 3.0 TE 
61499   Black yellow 4 CTGATGCT 1.79 75 29 2.2 TE 
61212   Black yellow 4 GACTCATC 1.85 75 33 2.5 TE 
61273   Black yellow 4 GCTAGACG 1.81 75 43 3.2 TE 
61278     Black yellow 4 TAGCTGAT 1.82 75 39 2.9 TE 
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The RAD-sequencing was completed by the GenePool in NBAF-Edinburgh on the 

Illumina HiSeq platform (Project 2012135). The Illumina HiSeq 2000 platform was able to 

provide 150M 100-base paired-end sequences per lane. Assessing the required marker 

density, the sample size and the budget, the SbfI restriction enzyme was used with the 

respective linkers, aiming to have 10x coverage. Paired-end 100-bp sequences were obtained 

to improve the efficiency of sequence alignment. Fifty-one red and yellow morphs from 

captive populations and twelve wild yellow birds were pooled together to make four libraries. 

The zebra finch genome was used as a reference genome for locating the RAD sequencing 

reads. The sequencing reads could be identified as orthologues to the zebra finch genome 

(which is ~1.2 Gb) (Warren et al., 2010). In a previous study, ten individually labelled 

samples each of red- and black-headed; wild-caught Gouldian finches were RAD-sequenced 

to narrow down the location of the Red candidate region (Kim, 2011). Two RAD-tags were 

statistically associated (p<10-10) with the Red locus. Using the Illumina HiSeq at 

NBAF-Edinburgh, each individual was expected to generate approximately 69,000 

SNP-containing sequences, and thus we generated raw Illumina reads to a depth of 17x 

coverage per locus based on this estimate. Each forward sequence contained a 5-basepair 

MID (molecular identifier) that allowed reads to be assigned to a specific individual, 

followed by 8 bases of the SbfI restriction enzyme footpoint (CCTGCAGG), leaving 87 

locus-specific bases per read. The interval between markers was expected to average 

approximately 18 kb (57 sites/megabase). The RAD-seq parameters and expected restriction 

site count are shown in Table 3.2.   
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Table 3.2. RAD-Seq parameters and restriction site count in the zebra finch reference genome 

used to predict the expected number of RAD tags in the Gouldian finch.  

 

 

Note: Sites/Mb: no. of restriction sites per megabase. No. of tags: no. of sites in the genome in 

double strands. No. sequences for coverage: no. of tags in genome multiplied by coverage. 

Coverage: how many times each site is expected to be read for inclusion in the double-stranded 

contig. Plexity: how many samples can be pooled for sequencing. Sequence per pool: no. 

sequences for coverage multiplied by plexity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Read length 100-bp 
Read type Paired end 
Enzyme SbfI 
Overhang TGCA 
Motif CCTGCAGG 
No. of sites in genome 69,041 
Sites/Mb 57 
No. of tags 138,082 
No. sequences for coverage 2,347,394 
Genome Size (bp) 1,221,622,102 
GC contents 0.46 
Coverage 17 
Plexity 63 
No. reads per lane on HiSeq  150,000,000 
Sequences per pool 147,885,822 
Does the pool fit in one lane? Yes 
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Basic bioinformatics analysis, such as quality control and base calling were processed 

by GenePool. Stacks was then used to analyse the Illumina reads and extract RAD-tags. 

Within Stacks, the process_radtags program was called first to check the Illumina raw reads, 

which were converted to FASTQ format with the correct barcodes and RAD cut sites, and to 

demultiplex the pooled data (Kelley et al., 2010). The process_radtags.pl discarded the 

problematic reads caused by various sequencing errors, such as a prolonged drop in sequence 

quality, wrong or non-existent barcodes, insufficient restriction enzyme cutting sites, and 

skipped nucleotides. However, the program can correct isolated errors in reads or occasional 

errors in barcodes (Catchen et al., 2011). The data were called as gzipped, paired-end, 

Illumina HiSeq data by specifying the input file with different parameters. The output of the 

process_radtags gave two reads, one single-end and paired-end per barcode, in a FASTQ file. 

 

Quality-checked sequence reads in FASTQ format were aligned to the zebra finch 

genome using SeqMan NGen 4.0 to produce a BAM file then processed with SAMtools (Li 

et al., 2009). SAMtools is a software used to process short sequence alignments in different 

formats, such as SAM, BAM, and CRAM. The BAM (Binary Alignment/Map) format is a 

binary alignment file used to store the read alignments based on reference sequences and for 

use in downstream analysis.  

 

The ref_map.pl pipeline used the BAM file to build loci (pstacks), create a catalogue 

(cstacks) and match each sample against the catalogue (ustacks). The output files of ref_map 

were in TSV format. Three files were generated by pstacks for each individual on each 

chromosome: xxx.tags.tsv, xxx.snps.tsv, and xxx.alleles.tsv. The xxx.tags.tsv files mainly 

included the aligned reference chromosome and location, each primary read and a consensus 

sequence, locus information and the raw sequence reads. The xxx.snps.tsv files included the 

positions of the SNPs within the locus and nucleotide types. The xxx.alleles.tsv files were 

composed of the haplotypes of the called SNPs at each locus together with the percentages 
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and raw numbers of reads for each haplotype. The cstacks generated three similar files for 

each chromosome:  batch_x.catalog.tags.tsv, batch_x.catalog.snps.tsv, and 

batch_x.catalog.alleles.tsv. These files also contained information such as consensus 

sequence, identified SNPs and observed alleles for each locus, respectively. The sstacks 

program outputted the xxx.matches.tsv files for each individual within each chromosome. 

The xxx.matches.tsv files included the locus matched to the catalogue – the matching 

haplotype. 

 

A Perl program ‘population.pl’ was employed to do population genomic analysis, and to 

compute the population genetic statistics, such as expected heterozygosity, observed 

heterozygosity, nucleotide diversity estimation and population differentiation (FST). To 

prepare the population map, the sample set was split into two populations: red- and 

yellow-headed morphs. The FST per site was calculated for pairwise red–yellow populations. 

The output files of the populations program were in TSV format, and included SNP locations 

and population genetic statistics. The batch_x.sumstats.tsv files included a set of SNP 

information and population genetic statistics (e.g. observed heterozygosity, observed 

homozygosity, expected heterozygosity, expected homozygosity). The 

batch_x.sumstats-summary.tsv files compared the summary of population genetic statistics 

between two populations. The batch_x.fst_1-2.tsv files calculated the FST, P values for 

Fisher’s exact test and LOD score. The population program also exported the 

batch_x.haplotypes.tsv file and batch_x.markers.tsv file, which contained the haplotype 

information for each individual and marker information. DNASTAR's SeqMan NGen 

program (NGen) was used for contig assembly (Madison, 

http://www.dnastar.com/t-products-seqman-ngen.aspx). A repeat masked version of the zebra 

finch reference assembly was used for mapping. Plots from the STACKS output to compare 

the red vs. yellow populations were generated from the RAD data using modifying scripts in 

R (K-W Kim, unpublished). 

http://www.dnastar.com/t-products-seqman-ngen.aspx
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3.3. Results   

 

Four RAD libraries were sequenced in a single Illumina HiSeq lane to produce 150M 100-bp 

paired-end sequences. A total of 201,303,018 bp in Illumina raw reads were generated for the 

Gouldian finch samples, of which 172,268,208 raw reads were retained and used in 

downstream analysis after data filtering. The population program was used to compare two 

populations: the captive red with the captive yellow individuals. The analysis included 23 

captive yellow and 12 captive red individuals.  

 

The genome-wide mean FST value, including all SNPs in each analysis, was 0.017 in the 

yellow vs. red individuals within the same captive population. This is a moderate level of 

genetic differentiation between the two subpopulations being compared. FST values higher 

than the 99.9th percentile of all FST values were considered to represent extreme 

differentiation (Figure 3.3). Figures 3.3 (a) and (b) show FST value and P-values for Fisher’s 

exact tests for SNPs samples across the genome and within chromosome 8, respectively. 

Raw FST values were smoothed using a kernel smoothing algorithm. P-values for Fisher’s 

exact test were corrected for false discovery rate using Benjamini & Hochberg’s (1995) 

method. Several contigs were found to have SNPs showing significantly high FST 

(chromosomes 1, 1A, 4, 8 and Z) or P-values (chromosomes 2, 4, 8, 13, 18 and 20). 

However, only SNPs on chromosome 8 showed both high FST and P-values that 

corresponded to the same region. The position of the maximally significant point within 

these RAD contigs is at around the 25 Mb position. 
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Figure 3.3. FST and (b) P-values for Fisher’s exact test (a) across the genome and (b) on chromosome 8, respectively. FST: raw FST values were 

smoothed using a kernel smoothing algorithm. The blue horizontal line shows the 99.9th percentile of all FST values. P-values for Fisher’s exact test 

were corrected for false discovery rate by using Benjamini & Hochberg’s (1995) method. The red horizontal line indicates P = 0.001. (Figure prepared 

by K-W Kim) 

 

(a) 
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(b) 
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3.4. Discussion 

 

In an attempt to identify the genetic variants that contribute to the Yellow polymorphism, we 

undertook a genome-wide association study in 63 Gouldian finch samples including red and 

yellow morphs, genotyped by RAD-sequencing, and identified 63,833 single-nucleotide 

polymorphisms. The probability of each observed difference in genotype frequencies 

between the red and yellow morphs was calculated in a Stacks analysis.  

 

The threshold level is subjective as we used 0.001 in this study, there would be more 

significant SNPs at a less stringent threshold if we use 0.05 instead. We used a significance 

level of P = 0.001 to indicate SNPs with significant frequency differences between the two 

morphs and that were therefore potentially in linkage disequilibrium (LD) with the causative 

locus. Figure 3.3 shows that much broader FST peak on chromosome 8 than observed on 

other chromosomes. This is the only peak where the allelic differentiation detected by FST is 

apparently coincident with significant P values calculated using Fisher’s exact test. As the 

samples in this study are from small families in a restricted captive population, in which 

individuals are typically separated by just a few generations, the implied high extent of the 

LD is not unexpected. 

 

Through focused sequencing or higher-density SNP analysis in this region, ideally in a 

larger sample of wild-caught Gouldian finches, the association might be confirmed and more 

precisely localised. A RAD protocol could be used in which a more frequent restriction site 

(e.g. PstI) is used to generate a higher density of RAD tags, or indeed whole genomes could 

be compared. 

 

In conclusion, we have used GWAS via RAD-seq to discover a region of chromosome 8 

that is potentially associated with the Yellow locus that causes the red- / yellow-headed 
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polymorphism in Gouldian finches. The results are a reminder of the potentially limiting 

effects of sample size and LD on our ability to use GWAS to discover the genetic variants 

determining a specific trait. There is no firm evidence for implicating chromosome 8 or 

rejecting other regions. However, we should treat the region on chromosome 8 around the 

25-MB position as a potential candidate region until further investigations are done. Overall, 

the sample size of SNPs and individuals used here was too small to enable the gene to be 

pinpointed. 
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CHAPTER FOUR: A genetic mapping and candidate gene approach 

of the yellow-headed colour trait in the Gouldian finch, Erythrura 

gouldiae 

 

 

Abstract 

 

Carotenoids are a major class of pigment colouration in birds and are responsible for the 

bright yellow, orange or red appearance of the plumage in many avian species. However, 

little is known about the molecular genetic basis of carotenoid-based plumage 

polymorphisms in birds. This chapter aims to identify the candidate genomic region 

responsible for carotenoid-based plumage differences in the Gouldian finch by using a 

combination of mapping and candidate gene approaches.  

 

The linkage map of Gouldian finch chromosome 8 was constructed using 13 

microsatellite markers isolated from the Gouldian finch but assigned to zebra finch 

chromosome 8 based on sequence similarity. The pedigree included 672 individuals from 80 

captive families. The linkage group is homologous to the zebra finch (Taeniopygia guttata) 

chromosome Tgu8 / Tgu 8_random. This linkage group covered a distance of 102.8 cM, with 

an average marker spacing of 12.85 cM, which increased the length of mapped Gouldian 

finch genome to 447.2 cM when combined with the map of chapter 2. This map length could 

be an underestimate, as four genotyped segments remain unassigned at a LOD threshold of 

3.0. No intra-chromosomal rearrangement was apparent when comparing the homologous 

loci between the zebra finch and Gouldian finch. This result further confirms the high degree 

of synteny between these two Estrilid species. Two loci with relatively high LOD values for 

an association with Yellow are GF08_21 (LOD=1.63) and GF08_08 (LOD=1.20), which are 



  Chapter 4 

64 
 

in the region 20.2-23.1 Mb on zebra finch chromosome 8. This suggests that the Yellow gene 

might be close to this region.  

 

A CYP2J2 gene, which is close to this potential region (24.6 Mb in zebra finch), has 

been implicated in carotenoid colouration in the zebra finch (N Mundy, pers comm). 

Therefore, based on the position of FST peak found in chapter 3 and candidate causal gene in 

zebra finch, we tested for an association between the CYP2J2 gene and the Yellow locus 

involved in carotenoid colouration in the Gouldian finch. The CYP2J2-2 gene intron 2 was 

amplified and sequenced in captive, pedigreed Gouldian finches. Ten SNPs were identified 

in 627 bp of intron 2, and five different haplotype blocks were constructed. After analysing 

the SNPs, CYP2J2-2 haplotypes were found to be associated with different phenotypes 

(LOD=2.71). Of five haplotypes, one was consistently associated with the red allele and the 

other four haplotypes co-segregated consistently with the yellow allele, except for 2 SNPs in 

one individual. This co-segregation suggests that the CYP2J2-2 gene is likely to be 

associated with Yellow. However, due to the limited available family size, insufficient data 

were available to provide strong statistical support for this association. More phenotyped 

birds need to be genotyped as a priority. 
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4.1. Introduction 

 

4.1.1. Candidate genes for carotenoid colouration in the Gouldian finch 

 

The Gouldian finch head colour polymorphism is a stable, genetically determined feature of 

natural populations of the species (Franklin and Dostine, 2000). The different head colours, 

whether red, yellow or black, are associated with their behaviour, personality, and the choice 

of mates and sex allocation in offspring (Pryke and Griffith, 2009; Williams et al., 2012). As 

discussed in chapter one, birds cannot synthesise carotenoids in vivo (Goodwin, 1984; 

Schiedt, 1990). Carotenoids are taken up in food and deposited in different tissues (such as 

skin, plumage, beak, claw and viscera) via alternative pathways (Stradi, 1998; Andersson et 

al., 2007; Prager et al., 2009). The yellow-headed Gouldian finch (with a yellow-tipped bill) 

probably lacks the capacity to convert the dietary yellow into a derived red ketocarotenoid 

(Brush and Seifried, 1968). In another example, in the house finch (Haemorhous mexicanus), 

which varies in colour from yellow to red, it has been shown that the pigmentary basis of 

plumage colouration between red and yellow is that the carotenoid in the red plumage is 

3-hydroxy-echinenone and in yellow feathers is lutein (Inouye et al., 2001).  

 

The CYP2J2 gene belongs to cytochrome P450, family 2, subfamily J, polypeptide 2. 

This gene is a protein-coding gene that encodes an enzyme from the cytochrome P450 

superfamily. The cytochrome P450 (CYP) proteins are haemoproteins and monooxygenases, 

which use various kinds of substrates in enzymatic reactions to catalyse reactions such as 

drug metabolism, synthesis of cholesterol, steroids and other lipids (Capdevila et al., 1995). 

The CYP2J2 protein is an epoxygenase that catalyses the formation of epoxide with a 

carbon-carbon double bond (Berlin et al., 2010). In birds, four CYP candidate genes have 

been discovered on chromosome 8 so far. The CYP2J2 gene includes 9 exons and 8 introns, 

like other CYP2 genes (King et al., 2002). The latest RNA-seq data from zebra finch 
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demonstrated that three of the four genes were expressed in red bill tissue (N. Mundy, pers. 

comm.). CYP2J2-1 and CYP2J2-2 are arranged in tandem in the zebra finch genome. 

CYP2J2-1 and CYP4X were strongly expressed in both wild type (red-billed) and 

yellow-billed zebra finches in beak, liver and retina tissues. CYP2J2-2 was strongly 

expressed in the wild type beak, but was not (or was only weakly) expressed in yellow bills. 

These expression results suggest that a regulatory mutation affects the tissue-specific 

expression of CYP2J2-2. CYP2J2-2 was localised to chromosome 8 random 34,138–43,936 

bp in zebra finch.  

 

To date, there is only one example of a genomic sequence being associated with a 

specific phenotypic variant in the Gouldian finch – the genetic basis of the melanin-based 

polymorphism at the Red locus (Kim, 2011). Here, we tested the hypothesis that CYP2J2 

was the causative gene for the carotenoid-based polymorphism in the Gouldian finch. We 

included the mapping of markers close to the CYP2J2 gene region and tested these for 

cosegregation with Yellow, as this could provide further support for an association. 

 

4.1.2. The candidate gene approach 

 

The candidate gene approach is widely used to identify genetic factors for specific traits 

(Hubbard et al., 2010). This research technique effectively detects genetic variants in a 

potentially causal gene that is known to contribute to a specific function or phenotypic trait 

in another species (usually a laboratory model). If the frequencies of the single nucleotide 

polymorphisms (SNPs)/haplotypes in the candidate region differ significantly between 

morphs, then this SNP/haplotype is considered to be associated with the specific trait. The 

haplotype is a set of tightly linked alleles on one chromosome from either parent and 

inherited as a unit (Clark, 2004). As the rapid development of genome-wide association 

studies (GWAS) over the past few years, a massive amount of genes have been detected and 
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identified by the high-throughput genotyping platforms (Wilkening et al., 2009). However, 

the coverage of the genome, the available study population, or the budget could restrict the 

performance of GWAS. Therefore, classic candidate gene approaches are still valuable, 

particularly for detecting polymorphisms with low allele frequencies, incomplete GWAS 

datasets, and post-GWAS to identify the actual causative variants. 

 

In our case, given the low allele frequency of the yellow head phase, the low density of 

genomic markers, and the limited extent of the available pedigree data, the whole-genome 

association study in chapter three did not discover a genetic difference associated with the 

different morphs. Therefore, this study aimed to explore the molecular basis of plumage 

colour polymorphism in the Gouldian finch, using the candidate gene approach via 

chromosome linkage mapping and sequencing of a specific gene. The genomic region of 

interest was the CYP2J2 gene. If the locus proves to be associated with the yellow head 

colour in the Gouldian finch, then the candidate gene approach could be further utilized to 

test whether this gene also accounts for carotenoid-based phenotypes in other avian species.  

 

 

4.2. Materials and methods 

 

4.2.1. Chromosome 8 mapping and linkage analysis 

 

Mapping population and genomic DNA extraction 

 

The study population was the same as the population used in chapter 2. Six hundred and 

seventy-two blood samples of pedigreed Gouldian finch obtained from an Australian captive 

population (Pryke and Griffith, 2006) were included in this study. The samples were blood 

samples stored in absolute ethanol, DNA extracted using ammonium acetate and quantified 
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and diluted for PCR following the methods described in Chapter 2. 

 

Microsatellite marker development 

 

Microsatellite markers had previously been developed using traditional cloning followed by 

Sanger sequencing (Kim et al., 2015). The SciRoKo33 software was used to assess 

microsatellite quality (Kofler et al., 2007). All the Gouldian finch microsatellite markers 

were assigned to chromosome locations on the zebra finch genome based on their sequence 

similarity (Dawson et al., 2006) and were selected to ensure adequate coverage of markers 

on chromosome 8. The locations of the Gouldian finch microsatellite sequences in the zebra 

finch genome were identified using a standalone BLAST 

(http://www.ncbi.nlm.nih.gov/blast/download.shtml) based on an e value < 1 × e-10 as the 

filter threshold. Twenty-eight microsatellite sequences assigned to zebra finch chromosome 8 

were selected and tested for use in linkage mapping. 

 

Marker amplification and polymorphism 

 

Primer sets were designed based on zebra finch sequence alignments using online Primer3 

v0.4.0 (Rozen and Skaletsky, 2000) with default parameters. PCR reactions were completed 

using a DNA Engine Tetrad PTC-225 Peltier thermal cycler in a 2-μl Qiagen multiplex 

system consisting of 2 μl template DNA at ~10 ng/μl, and dried by evaporation at room 

temperature for 30 minutes, followed by the addition of 1 μl of Qiagen HotStar PCR Master 

Mix (Qiagen Inc., Kenta et al., 2008), 1 μl of primer mix (all primers are at 0.2 μM with the 

forward fluorescently labelled) and a drop of oil to prevent evaporation. The PCR program 

used for all the successful amplification was: 15 min of initial denaturation at 95°C, then 30 

cycles of 30 s at 94°C, 90 s at an annealing temperature at 60°C and 60 s at 72°C, followed 

by a 30-min extension phase at 60°C. The PCR reaction ended with a final minute at 15°C. 
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PCR amplification was checked by electrophoresing PCR product on a 1.5% agarose gel 

stained with SYBR safe and photographed using GeneSnap. Two Gouldian finch individuals 

were used initially to test amplification, then eight individuals were used to test for 

polymorphism in the loci that amplified successfully. These individuals were the same as 

those used for testing the microsatellite markers in chapter 2. To increase efficiency, four to 

five markers were pooled into each multiplex set. The multiplex sets used for linkage 

mapping were created using Multiplex Manager (Holleley and Geerts, 2009). Two-microlitre 

Qiagen Multiplex PCR reactions were used to test the multiplexes.  

 

Genotyping and error checking 

 

Raw genotypic data were generated on the ABI 3730 48-well Capillary Sequencer (Applied 

Biosystems) using ROX500 size standards. Genotypic data were analysed, alleles scored, 

and error checked using GeneMapper v.3.7 software (Applied Biosystems). CERVUS 3.0 

(Kalinowski et al., 2007) was used to check polymorphism, estimate null allele frequencies 

and calculate the observed and expected heterozygosities. 

 

Error checking was conducted by: (1) General error checking. Single-basepair binning 

mismatches caused by multiplex interactions, inherited null alleles and rare mutations could 

be detected and corrected manually by comparing pedigree information and genotypic data. 

(2) Error checking by CriMaker1.0 – a Perl program provided by K. W. Kim (2011). The 

GeneMapper export files were converted to CERVUS import files. Then, CriMaker1.0 was 

used to convert CERVUS format file into CRIMAP format. Any outliers from expectation 

under the Mendelian inheritance of markers, such as the offspring from one family having 

more than 4 alleles were identified and corrected by running the CRIMAP Prepare program.  
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Construction of chromosome genetic map 

 

The Gouldian finch chromosome 8 genetic map was constructed using CRIMAP 

(http://biobase.dk/Embnetut/Crimap/analyse1.html; Lander and Green, 1987; Green et al., 

1990). The CRIMAP ‘twopoint’ program was used to calculate the LOD score between each 

pair of markers. The ‘build’ command was used to calculate the order and the interval of 

markers. The threshold for linkage was a LOD value of 3.0. Groups of pairwise markers with 

LOD scores higher than 3.0 were considered to be linked. All map distances are given in 

Kosambi centiMorgans (cM).  

 

4.2.2. Candidate gene approach: the CYP2J2-2 gene 

 

Sample population and pedigrees of families 

 

Sixty-three pedigree individuals, which were the same as the individuals analysed using 

RAD sequencing (chapter three), were Sanger-sequenced with a single read to identify any 

SNPs. These individuals included two captive families segregating for yellow (including red 

and yellow birds) and 23 yellow-headed birds. The pedigrees are shown in Figure 4.1. These 

two families included 29 individuals with known phenotypes and zygosity (heterozygote or 

homozygote), or in which phenotypes and zygosity could be identified from parent-offspring 

information.  
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Figure 4.1. Pedigree of the families involved in the CYP2J2-2 intron 2 haplotype analyses. 

Solid red symbols indicate homozygous red individuals, based on phenotype and 

parent-offspring analysis where available. Yellow symbols indicated homozygous yellow 

individuals (all yellow phenotypes are homozygotes). The half red and half yellow symbols 

represent heterozygous red individuals, while half blank indicates unknown heterozygosity 

(if the other half is red) or unknown phenotype (if the other half is yellow). Below each 

symbol is the individual ID. Males are represented by square symbols, females with circular 

symbols. 
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Primer design and testing 

 

Owing to the more rapid evolution of introns than exons in most genes, we focused initially 

on variation in the candidate gene intron sequences. The respective sequences were 

downloaded from the ENSEMBL zebra finch chromosome 8 random, on the assumption that 

there would be high homology between zebra finch and Gouldian finch. The CYP2J2-2 gene 

is 9.8 kb in length, and consists of 9 exons and 8 introns. The length of selected region 

CYP2J2-2 intron 2 was 627 bp, which ensured the adequate single-end sequencing of the 

PCR products and that there would be sufficient sequence to enable the PCR of a fragment of 

useful length after primer design. Primer3 v0.4.0 online was used to design two pairs of 

primers for CYP2J2-2 intron 2. Two primer pairs were designed for intron 2 (627 bp) of 

CYP2J2-2 gene were designed. To test primer amplification and specificity, two individuals 

(one black, one red) were tested with four primer pair combinations. The concentration of the 

DNA templates used in amplification testing was 20 ng/µl. The primers were diluted to 5 

µM using 1x low TE buffer. The PCR amplification reaction was performed in a 20-µl PCR 

mix using a DNA Engine Tetrad PTC-225 Peltier thermal cycler. The PCR mix consisted of 

2 µl of 10x PCR buffer (Bioline), 0.8 µl of 50 mM MgCl2, 2 µl of 2 mM each dNTP, 0.1 µl 

of Biotaq Taq DNA polymerase (Bioline), 2 µl of 5 µM forward and reverse primers each, 1 

µl of 20 ng/µl DNA template, and 10.1 µl ultrapure H2O. The PCR profile was initially 

denatured at 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, an annealing 

temperature of 60°C for 30 s, 72°C for 60 s, and then a final extension at 72°C for 5 min. 

The PCR reaction was terminated with a final minute at 15°C. The quantity of PCR 

product were checked by electrophoresis using a 1% agarose gel which was run at 130 volts 

for 30 min and DNA visualised using SYBR® Safe.  The concentration of DNA in PCR 

products was checked using a NanoDrop spectrophotometer. The primer combination that 

produced a specific product of the expected size and a high DNA concentration was selected 
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after primer testing.   

 

Amplification and sequencing 

 

The high-concentration products were diluted before sequencing. For products that included 

non-specific amplification fragments, the QIAquick Gel Extraction Kit (QIAGEN) was used 

to obtain purified DNA product. The amplified products were cleaned up with ExoSAP-IT 

(USB). Sanger sequencing was completed using the BigDye Terminator v 3.1 cycle 

sequencing kit (Applied Biosystems). The sequencing program was 96°C for 60 s, then 94°C 

for 10 s, 50°C for 5 s, 60°C for 4 min for 30 cycles, followed by 15°C for 5 min. The 

BigDye system included 1 µl of BigDye v 3.1, 1.5 µl of Seq-buffer, and 0.32 µl of 5 µM 

forward primer, 2 µl of PCR product and 3.7µl of H2O. The precipitation used the 

ethanol/EDTA method and the products were separated on an ABI 3730 DNA Analyser. 

 

SNP identification and analysis 

 

CodonCode Aligner v. 2.0.6 (CodonCode Corporation) and BioEdit were used to call the raw 

sequence bases and align to consensus contigs. High-quality sequences were obtained for 

most samples, with adequate polymorphic nucleotide sites. Low-quality single-read 

sequences were excluded from analysis. Sequence variations from each aligned contig were 

evaluated by manual inspection. Haplotypes were constructed using the SNP genotypes of 

individuals in pedigreed families. The CRIMAP ‘twopoint’ program was used to calculate 

the LOD score between each marker with individuals’ genotype. The threshold for linkage 

was a LOD value of 3.0.  
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4.3. Results 

 

4.3.1. Construction of chromosome map and linkage analysis 

 

In this chapter, 28 microsatellite loci were tested for linkage mapping (Figure 4.2). After 

testing and analysing, 23 of 28 markers amplified, 13 of which were polymorphic (k=2–12; 

PIC=0.164–0.778) (Table 4.1). The mean number of alleles per locus was 5.62. The average 

polymorphic information content (PIC) was 0.41. Nine loci were monomorphic and six 

primers failed to amplify products (Table 4.2). These fifteen markers were excluded from 

map construction. Thirteen polymorphic markers were arranged into three multiplex 

microsatellite sets. All markers in the three multiplex microsatellite sets amplified well. For 

subsequent linkage mapping and analysis, 672 individuals from 80 families were typed. This 

genetic map includes nine microsatellites distributed across chromosome 8 (Figure 4.3). 

Marker GF08_15, which physically located on chromosome 8 random in zebra finch, was 

aligned to telomere of chromosome 8 in the Gouldian finch by linkage analysis using 

CRIMAP. This chromosomal map covered a total length of 102.8 cM, with an average 

marker spacing of 12.85 cM between loci. After building the map, linkage analysis was 

performed for yellow-headed informative individuals within pedigreed individuals to detect 

the probable genomic region of the Yellow gene. No statistically significant association with 

colour was detected with any of the 13 microsatellite markers. However, the loci with a 

highest LOD score were GF08_21 and GF08_08, in the region 20.2-23.1 Mb on 

chromosome 8 (Figure 4.4). The highest LOD was 1.63 with locus GF08_21, for both the 

head and beak trait information included, followed by 1.20 with GF08_08, and 1.16 with 

GF08_21 for the head trait only. This suggests that the Yellow candidate region is probably 

close to this region. 

 

 



  Chapter 4 

75 
 

Figure 4.2. Twenty-eight Gouldian finch microsatellite loci mapped onto chromosomes 8 and 

six on 8_random in the zebra finch genome. Thirteen loci were used for linkage mapping and 

further analysis (underlined). Nine loci were monomorphic (Bold) and six loci failed to 

amplify (Italics). Marker names are shown in the map.  
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Table 4.1. Characterization and predicted genomic locations of 13 microsatellite loci of Gouldian finch Erythrura gouldiae on chromosome 8. All the 13 

characterized polymorphic loci were assigned to the zebra finch genome and included in the construction of the Gouldian finch linkage maps and 

further analysis. Locus: name of locus. Chr: zebra finch chromosome. Chr Loc: The location of each microsatellite sequence was assigned to the zebra 

finch as the high sequence similarity (December 2011, ENSEMBL Release 65; Dawson et al., 2006, 2007). Repeat motif: the motif and repeat number 

of each motif (subscripted). Fluoro-label: fluorescent label information. A: number of alleles observed. N: number of individuals amplified. PIC: 

polymorphic information content. HO: observed heterozygosity. HE: expected heterozygosity. 
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Marker Chr Chr Loc Repeat 
motif E-value Fluoro 

label Primers sequence (5'-3') 
Primers 
conc. 
(µM) 

Multiplex 
set 

Exp 
allele 
size 
(bp) 

Obs 
allele 
size 
(bp) 

A PIC HO HE 

GF08_07 8 22128537 (CA)9 2.00E-129 [6-FAM] F: CTGACACCCCATCCACTCAA 0.2 1 192 186-206 9 0.778 0.712 0.805 

     
 

R: TGGGTAGTATTGTTGCACTTGG 0.2        
GF08_08 8 23123325 (TAGA)9 0.00E+00 [HEX] F: CAGGTCACCAGATGATGCAG 0.2 2 193 174-266 12 0.364 0.384 0.379 

     
 

R: CATAGTGGGCCCTCTGGTC 0.2        
GF08_09 8 16583559 (AT)5 6.00E-83 [6-FAM] F: CAGCCCATCCCAAGATTCTA 0.2 2 202 198-223 4 0.259 0.1 0.279 

     
 

R: AAGCTGGTGAAAGGAGAGGA 0.2        
GF08_11 8 25172353 (CA)5 1.00E-111 [6-FAM] F: GAGCCTTGGAAGGGCTTT 0.2 3 207 204-213 4 0.02 0.02 0.02 

     
 

R: AGCAGCGAGCAGACTAATCC 0.2        
GF08_14 8 16343819 (TG)12 8.00E-58 [HEX] F: AGTGGTTGGATGGCTTGTCT 0.2 3 243 229-248 8 0.41 0.314 0.447 

     
 

R: CCCCTTTTATTCCCAGCTCT 0.2        
GF08_15 8_random 3882877 (CA)6 2.00E-114 [6-FAM] F: GCATCATTCCAAAAGGCAGT 0.2 1 261 256-262 4 0.164 0.158 0.17 

     
 

R: GTGATGTGCAGTTTGGCTGT 0.2        
GF08_16 8 26516706 (TG)5 2.00E-80 [HEX] F: GGAGCACCTGGGACAGAG 0.2 3 280 280-286 4 0.437 0.262 0.508 

     
 

R: TGCTCCATCTCCACTTGGTT 0.2        
GF08_18 8 24417788 (AG)8 9.00E-135 [HEX] F: AGAAATCCCTCATTTTCCCTTC 0.2 2 282 272-282 5 0.676 0.232 0.725 

     
 

R: AACGTTCCCAACTGCTATATTCA 0.2        
GF08_19 8 16825358 (AC)8 3.00E-116 [6-FAM] F: CCAACAGCCTCTGAAAAGGA 0.2 3 293 287-291 3 0.257 0.243 0.302 

     
 

R: AGGCAGGAGTCCCATATGAA 0.2        
GF08_21 8 20218173 (AC)10 0.00E+00 [6-FAM] F: GTTTGGCCTCTCAAATCTTCC 0.2 1 329 322-335 8 0.576 0.611 0.643 

     
 

R: TGATGGATGTAGCCTGAAAGG 0.2        
GF08_22 8 7605662 (GA)6 2.00E-167 [HEX] F: TGGGAATTCTCAGGAAAGGA 0.2 2 345 344-346 2 0.362 0.437 0.475 

     
 

R: TTTTCTAGCAGCCCATCACC 0.2        
GF08_26 8 2197380 (GA)5 1.00E-128 [HEX] F: AGCTGGCATCACAAGGAAGT 0.2 1 365 364-367 4 0.404 0.492 0.492 

      R: TGGCCCCTCTAAGCAGATAA 0.2        

GF08_27 8 15932143 (CAA)6 7.00E-81 [6-FAM] F: ATCTTGGCAATGATGACCTG 0.2 3 369 366-376 6 0.612 0.546 0.639 
            R: AGCTCTGGCACGAGACAAAC 0.2        
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Table 4.2. Fifteen additional microsatellites with predicted chromosome locations tested but not include in linkage mapping and further analysis. Locus: 

name of locus. Chr: chromosome. Chr Loc: The location of each microsatellite sequence was assigned to the zebra finch as the high sequence similarity 

(December 2011, ENSEMBL Release 65; Dawson et al., 2006, 2007). Repeat motif: the motif and repeat number of each motif (subscripted). 

Fluoro-label: fluorescent label information. A: number of alleles observed. N: number of individuals amplified. PIC: polymorphic information content. 

HO: observed heterozygosity. HE: expected heterozygosity. Status: the marker amplification and polymorphism status (Mono=monomorphic, Failed= 

failed to amplify or amplified a faint/fuzzy product). 
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Marker Chr Chr Loc Repeat motif E-value Fluoro label Primers sequence (5'-3') Primers conc. (µM) Exp allele size (bp) Status 

GF08_01 8 19177111 (AG)5 1.00E-146 [6-FAM] F: CAGGAGTGGGACTCATGGTT 0.2 86 Mono 

      R: GGGAACTGGAGAGTGTAAAAGC 0.2   
GF08_02 8 19478038 (CA)5 3.00E-119 [HEX] F: TTTTGCAGCAAGAGCCTACA 0.2 91 Failed 

      R: GGAGGTAGTTTGGGTGGGTA 0.2   
GF08_03 8_random 4389227 (TC)6 7.00E-53 [6-FAM] F: GAGAATGAGTTTCTCTGTGTATCAGTG 0.2 93 Mono 

      R: AGCCTCGTATCTCTGGGCTA 0.2   
GF08_04 8 14422356 (AG)5 4.00E-78 [HEX] F: GCTCAGCTAACCTTGGTTTTG 0.2 99 Mono 

      R: TGTTCCTGTGTGCCTACATCA 0.2   
GF08_05 8 924573 (AT)5 4.00E-58 [6-FAM] F: TAGGCTCCCTGGATTCATTG 0.2 145 Mono 

      R: TTATGGATGGCACACCTGAC 0.2   
GF08_06 8 17278868 (CA)5 1.00E-73 [HEX] F: GGAATGCACTGAACTTCAACC 0.2 163 Mono 

      R: CCTTCTCTTCCATCCACTGC 0.2   
GF08_10 8_random 2019002 (GA)10 2.00E-95 [HEX] F: GGTCTTCAGCTGGGACAAAA 0.2 202 Mono 

      R: TTACCATATTGGAACCCCAAA 0.2   
GF08_12 8_random 3068294 (AG)5 5.00E-96 [HEX] F: AAAATATGCAGAGTTTTGCTAGAAT 0.2 209 Failed 

      R: AGGATGATTTTGATGTTTGTTTTG 0.2   
GF08_13 8_random 4558578 (AT)5 6.00E-124 [6-FAM] F: TGGAATAGCAGATGGGGAAC 0.2 238 Mono 

      R: TTGTGTTGCCACTTTTGGAA 0.2   
GF08_17 8_random 1378246 (GA)6 6.00E-78 [6-FAM] F: TTTGTTTGGAAATGTCCCTTG 0.2 281 Failed 

      R: GAAACACAAGAAGCGTGCAG 0.2   
GF08_20 8 19987689 (CT)6 5.00E-115 [HEX] F: TTGGGTTTTCAAGGGGATTA 0.2 308 Failed 

      R: CTCTGTGCAGGGAGAGCTG 0.2   
GF08_23 8 27986419 (A)12 6.00E-150 [6-FAM] F: CCACAGAAACACCCAGGTTC 0.2 348 Mono 

     
 

R: TGGGTTTGAGGTAGTGTCCTG 0.2   
GF08_24 8 18998035 (TG)5 5.00E-177 [HEX] F: GTTTGTGTGCGGTTTGTGAG 0.2 350 Mono 

      R: CCTGCTTAATTCTGTGCCTGA 0.2   
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GF08_25 8 20936435 (AC)6 0 [6-FAM] F: GCTGCCAAATAGCCATTCTT 0.2 362 Failed 

      R: ACTTTTGAGCAATTTGAGAAGAGA 0.2   
GF08_28 8 9734003 (TG)6 1.00E-171 [HEX] F: GGTGGGAGGTGTGTATGCTT 0.2 437 Failed 

            R: CATTTTTGGTCTGCATCGTG 0.2     
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Figure 4.3. Sex-averaged linkage map of Gouldian finch chromosome 8 (left). Nine 

microsatellite loci with assigned locations on zebra finch chromosomes that were supported 

by a LOD > 3.0 are presented. Linkage group 8 is compared between Gouldian finch and 

zebra finch.  All the loci were found to be homologous to zebra finch except locus 

GF08_15, which was on chromosome 8 random in zebra finch. All map distances in the 

Gouldian finch genome, with positions, are given in Kosambi centiMorgans (cM). 
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Figure 4.4. Association analysis of chromosome 8 microsatellite loci with the yellow-headed 

colour trait. Data are shown for the three loci with highest LOD scores. Blue bars show the 

LOD score with head colour (yellow); red bars show the LOD score using both head and 

beak colour (yellow head or black head with yellow beak).  
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4.3.2. Construction of haplotypes and genetic analysis of the CYP2J2-2 gene 

  

There were 10 genetic variants between sites 93–268 of the CYP2J2-2 gene intron 2 across 

the 63 sequenced individuals (Table 4.3). Five haplotypes were constructed using the SNP 

genotypes of individuals in two pedigreed families. Among the five haplotypes, one 

haplotype almost perfectly cosegregated with the red allele and the other four haplotypes 

co-segregated consistently with the yellow allele. The five haplotype blocks in CYP2J2-2 

intron 2 are shown in Table 4.4, which includes 22 individuals from two pedigreed families 

for which we had sequence data, and four additional sequenced yellow phase individuals. 

The genotypes of family 638 comprised 3 haplotypes, and family 862 included 5 haplotypes. 

Only one red haplotype was identified (GTTATGGGCA), while yellow haplotypes included 

four different types: TGTGTGGCTA, TGCGAACGCG, GGTATGGGCG, and 

GGTATGGGCA. The genetic haplotypes were perfectly consistent with the phenotypes 

shown in Figure 4.1, except for two SNPs at sites 93 and 133 in sample 2168 (Table 4.4). For 

linkage analysis, 29 individuals from 2 families were analysed between 10 SNPs and the 

Yellow-headed trait using CRIMAP ‘twopoint’. Eight SNPs (except sites 93 and 133) 

showed the same LOD score which was 2.71. The correlated co-segregation indicates that 

the CYP2J2-2 gene is likely to be associated with the carotenoid-based head colour 

polymorphism in the Gouldian finch.  
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Table 4.3. Single nucleotide polymorphisms identified in the CYP2J2-2 gene. 1=Allele 1, 

2=Allele 2, MAF means minor allele frequency. This frequency estimate based on 26 

samples, which included two pedigreed families and 4 additional yellow individuals. 

 

  
 

    Genotype frequency   
Gene SNP (bp) Allele 1 Allele 2 1/1 1/2 2/2 MAF 
CYP2J2-2   93 G T 0.15 0.50 0.35 0.39 (G) 
Intron2 133 G T 0.65 0.35 0.00 0.18 (T) 

 
134 C T 0.00 0.31 0.69 0.16 (C) 

 
140 A G 0.15 0.54 0.31 0.42 (A) 

 
222 A T 0.00 0.31 0.69 0.16 (A) 

 
230 A G 0.00 0.31 0.69 0.16 (A) 

 
236 C G 0.00 0.31 0.69 0.16 (C) 

 
249 C G 0.15 0.54 0.31 0.42 (C) 

 
250 C T 0.31 0.54 0.15 0.42 (T) 

  268 A G 0.42 0.50 0.08 0.33 (G) 
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Table 4.4. CYP2J2-2 intron 2 haplotypes correlated with red or yellow alleles. Genetic variants are shown. The different colours represent different 

haplotype. Red haplotype is GTTATGGGCA (Red), yellow haplotype 1 is TGTGTGGCTA (Orange), yellow haplotype 2 is TGCGAACGCG (Green), 

and yellow haplotype 3 is GGTATGGGCG (Blue), yellow haplotype 4 is GGTATGGGCA (Purple). The genetic haplotypes correlated almost perfectly 

with red or yellow alleles; except for two SNPs at sites 93 and 133 in sample 2168 (Italic).  

 

ID Father Mother Pheno Single nucleotide polymorphism genotype position 

        93 133 134 140 222  230 236 249 250 268 

Family 638 

1216   red G T T G T T A G T T G G G G G C C T A A 
2168 638 1216 red T T G G T T A G T T G G G G G C C T A A 
2169 638 1216 yellow T T G G C T G G A T A G C G G C C T G A 
2171 638 1216 yellow T T G G C T G G A T A G C G G C C T G A 
2167 638 1216 yellow T T G G C T G G A T A G C G G C C T G A 
2170 638 1216 yellow T T G G C T G G A T A G C G G C C T G A 
Family 862 

862 310 25 red G G T G T T A A T T G G G G G G C C A G 
864 310 25 red G G T G T T A A T T G G G G G G C C A G 
851 664 202 red G T T G T T A G T T G G G G G C C T A A 
953 664 202 red G T T G T T A G T T G G G G G C C T A A 
956 664 202 red G T T G T T A G T T G G G G G C C T A A 

1493 862 957 red G T T G T T A G T T G G G G G C C T A A 
1494 862 957 red G T T G T T A G T T G G G G G C C T A A 
1531 862 1151 red G T T G T C A G T A G A G C G G C C A G 
957 664 202 yellow T T G G T T G G T T G G G G C C T T A A 
852 664 202 yellow T T G G T T G G T T G G G G C C T T A A 
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955 664 202 yellow T T G G T T G G T T G G G G C C T T A A 
1151 817 898 yellow G T G G T C A G T A G A G C G G C C A G 
2206 862 1151 yellow G T G G T C A G T A G A G C G G C C G G 
1496 862 957 yellow G T G G T T A G T T G G G G G C C T G A 
1532 862 1151 yellow G G G G T T A A T T G G G G G G C C G A 
2205 862 1151 yellow G G G G T T A A T T G G G G G G C C G A 
Additional yellows 

1366   yellow G T G G T C A G T A G A G C G G C C G G 
1299 793 738 yellow T T G G T T G G T T G G G G C C T T A A 
2187 865 1087 yellow G T G G T T A G T T G G G G G C C T G A 

2233     yellow G T G G T T A G T T G G G G G C C T G A 
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4.4. Discussion 

 

In chromosomal mapping, 28 new Gouldian finch microsatellite markers were developed 

and tested, based on the zebra finch genome. Twenty-two of 28 markers were amplified and 

13 markers were polymorphic. A microsatellite-based sex-averaged linkage map of the 

Gouldian finch chromosome 8 was constructed using 672 pedigreed captive individuals from 

80 families. This linkage map included 9 loci that are homologous to zebra finch 

chromosome 8. The linkage order of the markers completely matched the physical map 

predicted from the zebra finch, except for locus GF08_15, which was on chromosome 8 

random in zebra finch (Figure 4.2) and located near to the telomeric region of chromosome 8 

in the Gouldian finch. This suggests the location where the section of GF08_15 on 

chromosome 8 random actually belongs. The comparative microsatellite-based map 

demonstrated a high degree of synteny between zebra finch and Gouldian finch, which is not 

unexpected since these two species are members of the same family, but is consistent with 

the results in chapter 2.  

 

To identify the candidate region, i.e. the location of the Yellow gene in the Gouldian 

finch genome, the linkage analysis was performed using the genotyping data for informative 

yellow morph individuals within the pedigree. The loci with relatively high LOD values 

were GF08_21 and GF08_08, which are in the region 20.2-23.1 Mb on chromosome 8. Even 

though no locus was found to be significantly associated with the yellow-headed trait (LOD > 

3) using CRIMAP ‘twopoint’ analysis within 13 markers, this evidence suggests that the 

Yellow candidate gene might be close to this region. LOD ≥ 3 is the general threshold 

value considered to demonstrate a specific genotype–phenotype association. However, the 

LOD scores were limited by the marker coverage and by having only a few informative 

families, and in which not all individuals were fully informative (i.e. potential mis-score 
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yellow beak in black-headed birds). Therefore, LOD > 1 provides suggestive evidence for a 

candidate region (Slate et al., 2002; Dawson et al., 2006, 2007). The CYP2J2-1 gene is 

located at 24.6 Mb on chromosome 8 in zebra finch. In our marker map, GF08_18 is the 

closest locus to the candidate region if the CYP2J2-1 gene is located in the same position in 

the Gouldian finch and zebra finch. However, the quality of the genotyping data for 

GF08_18 was not very high, and some of the informative data were missed. This might 

explain why no association could be detected with the GF08_18 locus. Alternatively, there 

may be interspecific chromosomal differences between zebra finch and Gouldian finch.  

 

Ten SNPs identified in CYP2J2-2 intron 2 were analysed as a candidate gene SNP set. 

The single nucleotide diversity frequency was 15.95 SNP/kb in the Gouldian finch 

CYP2J2-2 intron 2. Five haplotypes were identified in the pedigreed individuals, three of 

which were also present in additional individuals screened (Table 4.4), which indicates the 

stable co-segregation of these haplotypes. The genetic haplotypes were perfectly consistent 

with the phenotypes, except for two SNPs at sites 93 and 133 in one sample (LOD=2.71). 

These data suggest that the CYP2J2-2 gene could be involved in determining the 

carotenoid-based head colour polymorphism in the Gouldian finch. 

 

To sum up, the CYP2J2 gene can be considered to be a candidate gene associated with 

carotenoid-based head colour polymorphism in the Gouldian finch; however, the position of 

the Yellow gene in Gouldian finch remains uncertain. To further test this hypothesis, or to 

identify an alternative locus, more pedigreed individuals need to be screened for the CYP2J2 

gene and included in the linkage analysis on chromosome 8 in the Gouldian finch.  
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CHAPTER FIVE: An extended study of melanin-based head colour 

plumage polymorphism in the Gouldian finch 

 

 

Abstract 

 

Variation in melanin pigmentation of the plumage in birds has received the attention of many 

biologists. The biosynthetic pathways and the functions of melanin pigmentation variation 

have been investigated in several different avian species, although the genetic basis for a 

number of melanin-based phenotypes has not yet been determined. The aim of this chapter is 

to review and update the information on the gene controlling the melanin-based head colour 

polymorphism in the Gouldian finch. A hypothesis has been proposed in a previous study 

that a polymorphism within a potential inversion, the Red core region on the Z chromosome, 

leads to differentiation between the red- and black-headed morphs in the Gouldian finch. 

Therefore, in this chapter, 22 loci in the Red core region and its flanking region have been 

amplified in 16 wild Gouldian finches using long-range PCR to investigate further the causal 

factor of this differentiation between morphs. A 3-kilobase insertion in the Ego165 locus was 

identified; however, no break point or inversion within the Red core region was discovered. 

For further study, MiSeq sequencing was planned to discover the cause of the differentiation 

between the red- and black-headed morphs and the selection mechanism maintaining this 

polymorphism. 
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5.1 Introduction 

 

Feathers are a distinguishing feature of birds. The pattern and colour of plumage varies 

remarkably between species, age classes, sexes and seasons. This is one of the reasons why 

birds have been extensively used as models in behavioural and ecological studies. The 

Gouldian finch (Erythrura gouldiae) is a colourful songbird with green back, blue and black 

tails, yellow abdomen, and a purple breast with a black outline and blue border (see Figure 

1.1). But what has most interested biologists is the head colour polymorphism in wild 

Gouldian finch populations: with three different head colour morphs, red, black and yellow. 

Red and yellow heads are due to carotenoid-based colouration, while the black morph 

expresses eumelanin pigmentation. The morphs differ in the structure of the head feathers, as 

well as in pigment composition (Brush and Seifried, 1968). Black-headed feathers are 

covered with barbules on each barb, as well as containing heavy deposits of eumelanin; in 

contrast, red and yellow-headed feathers are flattened and lack barbules on the barbs in the 

areas of carotenoid deposition (Figure 5.1). A similar feather structure was found in the red 

and yellow morphs. However, the pigment composition in red and yellow is different. The 

type of carotenoid in red feathers is β-carotene, while the yellow-headed feathers contain 

α-carotene derived from dietary lutein (Figure 5.2). 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 5 

91 
 

Figure 5.1. The structure of cheek feathers from three colour morphs of the Gouldian finch. 

a, black-headed, barbs with barbules; b and c, barbs of red- and yellow-headed, respectively; 

no barbules on barbs in the latter two colour morphs (Brush and Seifried, 1968). 

 

        
 

 

 

Figure 5.2. Structural formulae of carotenoid pigments partly responsible for colouration in 

the Gouldian finch. There are separate chemical structures for the α- and β-carotene 

backbones (Brush and Seifried, 1968). 
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5.1.1. Melanin-based colouration 

 

Melanin is the most widely used pigment in animal integuments and tissues (Jimbow et al., 

1976). Melanin produces a variety of tones and patterns of black, grey and brown colours. 

There are two different types of melanin in the feathers of birds: phaeomelanin and 

eumelanin, which produce brown to buff and black to grey colours, respectively. Melanin 

occurs in all types of integumentary tissues (e.g. skin, scale, feathers) in birds. Melanin also 

plays many roles in biochemistry and physiology, such as antioxidant (Lozano, 1994), cation 

chelator (Riley, 1997), tissue strengthener (Riley, 1992), antimicrobial (Shawkey et al., 

2003) or photoprotectant (Ortonne, 2002). Melanins can be synthesized endogenously by 

birds in peripheral tissues. There are a variety of factors regulating the synthesis and 

accumulation of melanins. Besides season, sex, and integumentary tissue type, a key factor 

controlling the synthesis of melanin in birds is strong genetic control, such as by 

Melanocortin-1 Receptor (MC1R). MC1R has been shown to be involved in regulating 

colour polymorphism in the integument in chicken and other avian species (Takeuchi et al., 

1996; Theron et al., 2001; Kerje et al., 2003; Ling et al., 2003). 

 

5.1.2. Melanin-based head colour polymorphism in the Gouldian finch 

 

As described above, the head-colour polymorphism exists in three distinct colour morphs in 

the Gouldian finch: red, black, and yellow. The Yellow locus controls the carotenoid-based 

head colour polymorphism, whereas, the Red locus is involved in the melanin-based 

polymorphism. These two genes are involved in an epistatic interaction codetermining the 

head and bill colour of Gouldian finch. The Red locus is sex-linked and located on the 

Z chromosome. Red colour is due to a dominant red allele (ZR) while the black allele is 

recessive (Zr) (Southern, 1945). The sex chromosome is considered to play an important role 

in the speciation process (Qvarnström and Bailey, 2008). In a series of papers, Pryke and 
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Griffith (2007, 2009a, 2009b) showed that the Red locus is associated with nonrandom 

mating, pre- and post-mating isolation, and incompatibility between the red and black 

morphs. As these are important fitness effects, restricted recombination may promote the 

adaptive evolution of the head colour morph because of the interactions between the Red 

gene and genes involved in genetic incompatibility. The position of the Red gene on the Z 

chromosome might have contributed to determining the local recombination rate and to 

increasing linkage disequilibrium between genes that contribute to the phenotype.  

 

5.1.3. Recent research progress 

 

Previous research identified the genomic region of the Red locus and a candidate gene that 

was significantly associated with melanin-based head colour polymorphism in the Gouldian 

finch. Kim (2011) demonstrated the region between 34.3 cM to 37.9 cM on the Z 

chromosome (mapped in the zebra finch genome) was associated with the Red locus, 

showing high LD by linkage mapping. This increased LD was possibly caused by an 

inversion within this region, providing a possible route of genetic differentiation by reducing 

the fitness of heterozygotes or gene flow (Rieseberg, 2001). Therefore, in the Gouldian 

finch, the association between the melanin-based plumage polymorphism and social 

behaviour and other characteristics seems likely to be due to local LD and, possibly, 

suppressed recombination (Thomas et al., 2008; Huynh et al., 2011). This candidate region 

has been narrowed down to 66 kb by RAD-seq, with highly significant LD (K.-W. Kim, 

unpublished data). This region was close to two genes: the molybdenum cofactor synthesis 2 

MOCS2 and Follistatin FST, but closer to the upstream region of FST.  The FST gene is an 

antagonist of the TGF-β superfamily that regulates the development of hair follicles in 

mammals (McDowall et al., 2008). Therefore, the dynamic expression of FST during feather 

development (Ohyama et al., 2001), and its function in regulating the TGF-β superfamily, 

might both contribute to the head and bill colour polymorphism in the Gouldian finch. In 
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particular, the Red core region is 33.8-42.9 kb upstream of the FST gene. Within this region, 

there was a high level of sequence differentiation between the red and black morphs (Figure 

5.3). Most of the loci sequenced within the region showed significant genetic differentiation 

between morphs. On the other hand, there was no significant difference in the flanking 

regions and in other genomic regions between the two morphs. Inversion may be an 

important mechanism for enabling genetic isolation (Rieseberg, 2001; Navarro and Barton, 

2003). We therefore hypothesised that the Red core region might be inside an inversion. An 

alternative hypothesis, for which there is no direct evidence, is the introgression of a 

chromosomal fragment from another species (Kim, 2011). 

 

 

Figure 5.3. Genetic differentiation between black and red morphs in the Red core region 

(measured by KST). The shaded region indicated the Red core region. The positions of the 

molybdenum cofactor synthesis 2 (MOCS2) and Follistatin (FST) genes are indicated at the 

top (Kim, 2011). Position indicates orthologous locations on zebra finch chromosome 8. 
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However, it remains unclear whether the genetic differentiation within the Red locus, and the 

evolution and maintenance of this plumage polymorphism, was caused by inversion, 

introgression or some other factor. In this chapter, I amplified the whole Red core region to 

attempt to identify any inversion breakpoints or other characteristics of this locus.  

 

 

5.2. Materials and Methods 

 

5.2.1. Samples 

 

To test for the presence of an inversion in the Red core region, sixteen Gouldian finch blood 

samples were randomly selected from a wild population collected by Pryke and Griffith 

(2008) in Kimberley, Australia. These included eight red and eight black-headed females, 

females were chosen because in birds females are hemizygous for the Z chromosome, on 

which Red locus is located.  

 

5.2.2. Amplification of the Red core region and extended region 

 

A 66-kb region upstream of the FST gene was found to be associated with the melanin-based 

colour trait, and showed significant linkage disequilibrium (Kim, 2011). To amplify the 

whole Red core region and extended flanking regions, sixteen loci covering the Red core 

region and six flanking loci were selected for long-range PCR amplification. The long-range 

PCR primers (Table 5.1) were designed on Primer 3.0 online (Rozen and Skaletsky, 2000). 

All PCR primers were designed to amplify overlapping region to ensure that the amplified 

fragments are linearly connected. The PCR fragment size and high specificity required by 

long-range PCR were considered when adjusting the primer parameters to fit the appropriate 

PCR product size. The system used in long-range PCR amplification was 20-µl reactions 
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using QIAGEN LongRange PCR Kit, consisting of 2 µl LongRange PCR buffer (+Mg2+), 1 

µl dNTP mix (10 mM each), 1.6 µl each of forward and reverse primer (5 µM), 0.16 µl of 

Taq, 1 µl of DNA template (100ng/µl) and 12.6 µl of ultrapure water. The PCR reactions 

were completed using a DNA Engine Tetrad PTC-225 Peltier thermal cycler (MJ Research). 

The PCR program used for all the successful amplification was 3 min of initial denaturation 

at 93°C, then 38 cycles of 15 s at 93°C, 30 s at 56°C, and 15 min annealing at 68°C, 

followed by 60 s at 15°C. PCR amplification was checked by electrophoresing PCR products 

on a 0.7% agarose gel stained with SYBR safe, photographing using GeneSnap, and 

quantifying using a NanoDrop spectrophotometer and Fluostar OPTIMA-fluorometer.  
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Table 5.1. Primers for amplification and sequencing of upstream regions of FST (the Red 

core region). (a) Primers designed by K.-W. Kim (unpublished data). (b) Primers designed in 

this study using Primer 3.0. The positions indicate the distance from the end of PCR product 

to the first exon of FST. The minus number means the locus is located upstream of FST. 

 

(a) 

Loci Target Position (kb) Forward primers (5'─3') Reverse primers (5'─3') 

Ego190 Intergenic -106.3 CAGTGAGGGGACAGCAAATC GCACTGCAGGAGTGTGGTAA 

Ego191 Intergenic -101.2 GCAGCATGTAAATCAGCATCA CAGAACAATGCTGGGATCAA 

Ego192 Intergenic -95.2 TGGTTCACAAGCTGCATTTC GGCACGTAAAAGGGTTTTTG 

Ego193 Core -91.0 CGCCCAATGAGTTATTGACA CTCTGTGCCAGCCATATGAA 

Ego173 Core -81.6 CAACTTAGGACTGGAACAACTCA CCCTCCACAAGAATGCAAAT 

Ego195 Core -76.2 CAGGCTGGACAAATCAGGTT TGCCATGTGGGGTTTTTATT 

Ego196 Core -71.7 GCCTGCTATTGATTTTACATTCC AATGCCTGAAAGCAGTTTGAA 

Ego197 Core -67.2 GGTGGGTGTCAGGCTGTATT GCCATGCTCTGTCCCTAAAC 

Ego198 Core -62.1 TCGTGTACCTCCACCATTCA TGCTGCTAGTTCCACGAGAG 

Ego176 Core -53.4 AACACTCAAGTATTGTGCAAGAAAA CCCTGGAGGTTCCACAAGTA 

Ego165 Core -42.9 TCCTTCCTGCTGTCCTTGAC TGGATGAGGCCTTCTACAGG 

Ego166 Core -38.9 ACCACCTTGTTCCCCAAATC AGCTTCATTCCTCTGGGGTTA 

Ego178 Core -33.8 CGAGGGCAAGTCAGGTTATT CCCTGATTTGTGGAGACACC 

Ego181 Core -21.2 TGTGATTTGAGGTGTTCCAAA GCCACAAAAGAAATCTGTCCA 

Ego183 Intergenic -9.7 GCACAGGAACAAACTGCAAA AAGCCAAATGCATTCAGTCC 

Ego184 Intergenic -3.2 CAGGAATTTGCTTGTTTTTCAC GGCTGGCCTCTGAATAAAAT 

 

(b) 

Loci Target Position (kb) Forward primers (5'─3') Reverse primers (5'─3') 

Ego194 Core -85.9 TTGGTGGCTTAGTGGTGTATTG ACTTCCACCAAAACAGATGTCT 

Ego175 Core -57.0 TGCTTTATTCTGGAGTTTGAACC TCCACTCTTACCTCTGGACTTC 

Ego177 Core -46.9 GGGCTAGAAACATGGCAAAG GTCATTGCAGCTGTGTTGGA 

Ego179 Core -29.6 AACACCACCCAAGAAAATGC AAGAAACCTGTTTGATTTCTGGA 

Ego180 Core -25.6 GGAAGACCCTGGAGAAAAACTT AAGGAGTTACCCAGATGTGCT 

Ego182 Intergenic -15.8 TACCTGGGCTTGTGACAACA ACATGTACTTGTGGGATAGTTGA 
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5.2.3. Confirmation of the identity and size of amplified products 

 

In order to confirm that the amplified products were target regions, the long-range PCR 

products were sequenced by 454 sequencing. The thermal cycling program using the BigDye 

Terminator v3.1 cycle sequencing kit (Applied Biosystems) was 60 s at 96°C, then 30 cycles 

of 10 s at 94°C, 5 s at 50°C, 4 min at 60°C, followed by 5 min at 15°C. The BigDye v3.1 

system included 1 µl BigDye v 3.1, 1.5 µl Seq-buffer, 0.32 µl forward primer (5 µM), 2 µl 

PCR product and 3.7 µl water for each reaction. Following precipitation using the 

ethanol/EDTA method, raw sequence data were generated on the ABI 3730 48-well capillary 

sequencer (Applied Biosystems). Sequence data were analysed by CodonCode Aligner 

v.2.0.6 (CodonCode Corporation). 

 

 

5.3. Results 

 

In this test, all 22 loci in the Red core region and flanking region were amplified successfully 

(Table 5.2). Although not every sample amplified at every locus, probably due to the limited 

available amount of DNA template or the intrinsic difficulty of long-range PCR, the fact that 

both black and red alleles amplified successfully in each case indicates that neither haplotype 

included a rearrangement, that is the possibility of an inversion can be excluded. Each black 

and red sample was sequenced and aligned to the zebra finch reference sequence to confirm 

the identity of the targeted fragment. A three-kb insertion in the Ego165 locus (Table 5.3) 

was identified. But the fragment was found to be present in both haplotypes; therefore, it 

seems not to be related to the significant differentiation between the alleles. So far, there is 

no break point within the Red core region.   
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Table 5.2. Long-range PCR amplification of sixteen loci covering the Red core region, and 

six loci in the flanking region, in16 wild-caught Gouldian finch samples. NS: non-specific 

band. 

 

Sample Morph Amplified core region markers 

    Ego193 Ego194 Ego173 Ego195 Ego196 Ego197 Ego198 Ego175 

F101 Black Yes Yes -- -- -- -- -- Yes 
F102 Black Yes Yes Yes Yes Yes Yes Yes Yes 
F103 Black Yes Yes Yes Yes Yes Yes Yes NS Yes 
F104 Black Yes -- -- Yes Yes Yes Yes Yes 
F105 Black Yes Weak Yes Yes Yes Yes Yes Yes 
F106 Black Yes Yes Weak Yes Yes Yes Yes Yes 
F107 Black Yes Yes -- -- -- -- -- Yes 
F108 Black Yes Yes Yes Yes Yes Yes Yes Yes 
F121 Red Yes -- -- -- -- -- -- Yes 
F125 Red Yes Yes Yes Yes Yes Yes Yes Yes 
F140 Red -- -- Yes Yes Yes Yes Yes Yes 
F146 Red Yes Yes -- -- -- -- -- Yes 
F168 Red Yes Yes Yes Yes Yes Yes Yes Yes 
F169 Red Yes Yes Yes Yes Yes Yes Yes Yes 
F170 Red Yes No Yes Yes Yes Yes Yes Yes 
F171 Red Yes Yes Yes Yes Yes Yes Yes Yes 

 

Sample Morph Amplified core region markers 

    Ego176 Ego177 Ego165 Ego166 Ego178 Ego179 Ego180 Ego181 

F101 Black -- Faint -- -- -- Yes -- -- 
F102 Black Yes Yes Yes Yes Weak Yes Yes Yes 
F103 Black Yes Yes Yes Yes Yes Yes -- Yes 
F104 Black Yes Yes Weak No Weak -- -- Weak 
F105 Black Yes Yes Yes Yes Yes Weak Yes Yes 
F106 Black Yes Yes Yes Yes Yes Weak -- Yes 
F107 Black -- Yes -- -- -- Weak Yes -- 
F108 Black Yes Yes Yes Yes Yes -- Yes Yes 
F121 Red -- -- -- -- -- -- Yes -- 
F125 Red Yes Yes Yes Yes Yes Yes Yes Yes 
F140 Red Yes -- Yes Yes Yes Weak Yes Yes 
F146 Red -- Yes -- -- -- Yes Yes -- 
F168 Red Yes Yes Yes Yes Yes -- Yes Yes 
F169 Red Yes Yes Yes Yes Yes Yes Yes Yes 
F170 Red Yes Yes Yes Yes Yes -- Yes Yes 
F171 Red Yes Yes Yes Yes Yes Yes Yes Yes 
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Sample Morph Amplified flanking region markers 

    Ego190 Ego191 Ego192   Ego182 Ego183 Ego184   

F101 Black -- NS Yes  Yes NS -- Weak  
F102 Black Weak Yes NS Yes  Yes NS Yes --  
F103 Black Yes Yes NS Yes  Yes NS Yes Yes  
F104 Black Yes Yes NS Yes  Yes NS Yes Yes  
F105 Black Yes Yes NS Yes  Yes NS Weak Yes  
F106 Black Yes Yes NS Yes  Yes NS Yes Yes  
F107 Black Yes Yes NS Yes  Yes Yes Yes  
F108 Black Yes Yes Yes  Yes NS Yes Yes  
F121 Red Yes Weak Yes  Yes NS -- Yes  
F125 Red Yes Yes NS Yes  Yes NS Yes Yes  
F140 Red Yes Yes NS Yes  Yes NS Yes Yes  
F146 Red Yes Yes NS Yes  Yes NS Yes Yes  
F168 Red Yes Yes NS Yes  Yes NS Yes Yes  
F169 Red Yes Yes NS Yes  Yes NS Yes Yes  
F170 Red Yes Weak NS Yes  Yes NS Weak Yes  
F171 Red Yes Yes NS Yes   Yes NS Yes Yes   
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Table 5.3. Summary of the amplified loci, comparing observed with expected amplicon sizes 

based on the zebra finch genome. Cases where they did not match are indicated in bold.  

 

Locus Target Position (kb) Amplification Expected size (kb) Observed size (kb) 

Ego190 Intergenic -106.3 Yes 5.9 5.9 
Ego191 Intergenic -101.2 Yes NS 5.1 5.1 
Ego192 Intergenic -95.2 Yes 6.0 6.0 

Ego193 Core -91.0 Yes 4.2 4.2 
Ego194 Core -85.9 Yes 5.1 5.1 
Ego173 Core -81.6 Yes 5.4 5.4 
Ego195 Core -76.2 Yes 6.6 6.6 
Ego196 Core -71.7 Yes 5.5 5.5 
Ego197 Core -67.2 Yes 5.5 5.5 
Ego198 Core -62.1 Yes 6.0 6.0 
Ego175 Core -57.0 Yes 6.0 6.0 
Ego176 Core -53.4 Yes 4.6 4.6 
Ego177 Core -46.9 Yes 7.9 7.9 
Ego165 Core -42.9 Yes 4.4 4.4 
Ego166 Core -38.9 Yes 4.9 7.9 
Ego178 Core -33.8 Yes 5.9 5.9 
Ego179 Core -29.6 Yes 4.5 4.5 
Ego180 Core -25.6 Yes 4.0 4.0 
Ego181 Core -21.2 Yes 5.8 5.8 
Ego182 Intergenic -15.8 Yes NS 5.4 5.4 
Ego183 Intergenic -9.7 Yes 6.1 6.1 
Ego184 Intergenic -3.2 Yes 6.5 6.5 
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5.4. Discussion 

 

Long-range PCR is an efficient and economical method to amplify a relatively long region. 

However, as the target fragment gets larger, several factors need extra consideration. First, to 

run a long-range PCR, highly-fidelity DNA polymerases are an important requirement to 

increase the rate of target amplification. Second, long-range PCR requires a high quality and 

quantity of DNA template. Here, the concentration of the DNA samples was 5-10 times 

higher (100 ng/µl) than in normal PCR (10-20 ng/µl). The long extension time (15 min) is 

also important, as insufficient time for extension could lead to the incomplete amplification 

of the target fragment. 

 

A previous study showed a high level of fixed polymorphism and linkage disequilibrium 

in the core region between loci Ego194 and Ego181. Here, we tested for the presence or 

absence of inversion break points between these markers. Using long-range PCR 

amplification, we were able to fill all the gaps around the Red core region extending to the 

flanking region for both morphs, to discover the potential inversion that may cause the 

reduced recombination and the significant linkage disequilibrium. If there had been a 

paracentric inversion, then the corresponding region could not have been amplified within 

the affected haplotype using the 5’-3’ primers that we designed on the assumption that the 

sequence was contiguous. However, no inversion was detected in the core region. 

 

Although no inversion was found in this assay, the PCR products could be used for 

further study, i.e. sequencing, to investigate the origins of the differentiation, and identify the 

selection mechanism maintaining this polymorphism.  
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CHAPTER SIX: General discussion 
 

 

6.1. Carotenoid-based colouration 

 

The carotenoid-based polymorphism in the Gouldian finch is probably controlled by a locus 

that controls the conversion of dietary yellow to derived red ketocarotenoids, though it might 

alternatively control a pathway that deposits different carotenoids in the plumage and bill. 

Previous genetic studies on plumage colour polymorphism in the Gouldian finch have been 

focused on the control of melanin-based colouration. Because the candidate gene related to 

melanin-based polymorphism is located on the Z chromosome, before this study only Z 

chromosome genetic markers and sporadic autosomal markers were available (Kim, 2011).  

 

In this thesis, 81 new microsatellite markers distributed across the autosomal 

chromosomes, and nearly 64,000 unique SNPs discovered by RAD sequencing, were 

developed as valuable genetic resources for further studies of population genetics, linkage 

mapping, and association analysis in the Gouldian finch. These microsatellite markers are 

also now available for morphological and behavioural studies, such as for mapping the 

several plumage colour patterning mutations maintained in aviarists’ collections of Gouldian 

finches (see 100 Gouldian finch mutations and modifications on www.gouldianfinch.gr) and 

for studying the mating system in this and related species. 

 

Additionally, I present a linkage map of the Gouldian finch from which the 

microsatellite markers were designed, based on sequence similarity between Gouldian finch 

and zebra finch orthologues. This first autosomal genomic linkage map of Gouldian finch 

included 42 microsatellite markers in total, representing 7 linkage groups. The linkage map 
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covered a total distance of 447.2 cM. Even though the density of the map is relatively low, it 

is still potentially valuable for mapping phenotypic loci, as demonstrated in previous 

mapping research (Miwa et al., 2006). This map represents an initial step for further 

mapping and is a potential resource for locating genes underlying important functional 

fitness traits in the Gouldian finch. In this study, no interchromosomal rearrangements were 

detected between Gouldian finch and zebra finch microsatellite loci. This result is consistent 

with the high degree of synteny and relatively conserved marker order among avian species 

(Stapley et al., 2008).   

 

It has been shown that the genetic control of the head morph variation, consisting of 

three distinct morphs, is attributable to an epistatic two-locus model (Southern, 1946; Murray, 

1963), which involves one melanin-based and one carotenoid-based locus; these genes might 

be regulatory, e.g. regulating the expression of a gene in the integumentary tissue (Walsh et 

al., 2011), or structural, e.g. coding for a carotenoid-binding protein, as has been 

demonstrated in invertebrate species (Keen et al., 1991). I attempted to map the position of 

the carotenoid-based plumage colour locus in the Gouldian finch through linkage mapping, 

RAD-sequencing and a candidate-gene approach. There was no statistically significant 

association between the specific trait and any SNP, probably due to the relatively low density 

of the map and the small informative population size. However, there was a region on 

chromosome 8 around the 25-Mb position showed notable FST and P-value that should be 

considered as a potential candidate region. Additionally, the SNPs used in the GWAS and 

discovered using RAD tags are a valuable resource for further investigating plumage and 

behaviour polymorphisms in the Gouldian finch.  

 

According to the evidence from chapter 3 and candidate Yellow gene tested in zebra 

finch, by chromosome 8 linkage mapping, I identified the possible chromosome location of 

Yellow in the Gouldian finch, a 2.9-cM region from 20.2 cM to 23.1 cM on chromosome 8. 
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Due to the limited size of the study population and the complexity of the plumage colour 

variation in this species, it was not possible to define the location of the gene more precisely 

or to identify the causal gene. However, the study agreed that the carotenoid-based 

polymorphism is determined by a recessive autosomal allele, distinct from the 

melanin-determining polymorphic Red locus located in the upstream region of follistatin 

(FST).  

 

Further study is needed to identify the causative region and gene. This might be 

achieved by: (1) Candidate region fine-mapping in a larger pedigree, and/or (2) A higher 

density genome-wide association study in a larger sample of wild birds. 

 

6.2. Melanin-based colouration 

 

Melanins are a major and abundant class of pigments in animals; in this case they are 

synthesized in vivo. Melanins play many roles in biochemistry and physiology, from being 

antioxidants (Lozano, 1994), cation chelators (Riley, 1997), to affect the strength of feathers 

(Riley, 1992), antimicrobial deterrents (Shawkey et al., 2003), and photoprotectants (Ortonne, 

2002). Melanins can be synthesized endogenously by birds in their peripheral tissues (Mason 

and Frost-Mason, 2000). A variety of factors regulate the synthesis and accumulation of 

melanins besides season, sex, and integumentary forms. Tyrosinase activity, and thus 

melanin synthesis, is under strong genetic control (Takeuchi et al., 1996) in birds.  

 

Recently, the genetic control of melanin pigmentation in avian plumage has received the 

attention of many biologists (Takeuchi et al., 1996; Ito et al., 2000; Hill and McGraw, 2006). 

The biosynthetic pathways and functions of melanin have also been demonstrated in birds 

(McGraw, 2008). Kim (2011) identified a genomic region of the Red locus that was 

significantly associated with the melanin-based head colour polymorphism in the Gouldian 
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finch. However, it is unknown yet how the genetic differentiation within the Red locus arose 

and how this locus affects the expression of the genes involved in melanin deposition. 

 

Therefore, I amplified and sequenced 22 loci in the Red core and flanking regions, using 

long-range PCR, in order to further characterise the causal basis of the differentiation 

between the red black morphs as identified in previous research (Kim, 2011). In particular, 

this work aimed to discover if the high degree of differentiation observed between the red 

and black haplotypes was due to an inversion, as has been seen following reduced 

recombination in a 700-kb inversion polymorphism in Heliconius butterflies (Merrill et al., 

2011). However, no break point or inversion that included the Red core region was detected, 

which suggests that the strong differentiation described previously (Kim, 2011) is maintained 

by selection, rather than by an inversion. Further study of the origins and selection 

mechanisms maintaining this highly differentiated polymorphism will require in-depth 

new-generation sequencing of the region. 
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