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SUMMARY 

 

Elucidating the factors driving population diversification and speciation has been a much debated 

and investigated topic since the time of Darwin. Genetic and environmental factors that underlie 

adaptive evolution are of particular interest in the study of evolutionary biology. Oceanic islands 

are ideal study systems because they offer ecological opportunities linked to their depauperate 

communities, new food sources, and low levels of competition, that frequently drive rapid 

adaptive radiations. 

 

The Nesospiza buntings that inhabit the South Atlantic Tristan da Cunha archipelago provide an 

excellent system for studying a simple adaptive radiation that has occurred in parallel on two of 

the islands. Speciation has occurred to completion on Nightingale Island, where a large-billed 

habitat specialist and a small-billed habitat generalist occur with no known interbreeding. On the 

larger Inaccessible Island, where habitat diversity is greater, the population structure is more 

complex and three sub-species have been identified based on morphology. An upland and a 

lowland morph of the small-billed habitat generalist, and a large-billed habitat specialist occur at 

different locations on the island according to the seed size distribution. There is extensive 

hybridisation between all three subspecies across the ecotone where a wide range of seed 

sizes are available. 

 

The purpose of this study is to resolve the fine-scale population structure on Inaccessible Island 

by incorporating morphological and geographic information with molecular data. The incomplete 

speciation with ongoing hybridisation on Inaccessible Island also provides an ideal system with 

which to investigate some of the factors underlying avian speciation, such as genes and traits 

under selection. I make use of neutral microsatellite and nuclear SNP loci in addition to bill-size 

and geographic sampling data to examine the fine-scale population structure on Inaccessible 

Island. Results show a weak association of bill-size with genetic variation, but no pattern of 

isolation by distance. Extensive gene flow between all sampling localities is likely to counteract 

divergent selection by homogenising genetic variation. 

 

I made use of the candidate gene approach to identify and investigate six genes that are likely 

to be under divergent selection in Nesospiza. No sequence variation was found within or between 

Nesospiza populations. This lack of variation may be due to functional constraint acting on the 

genes while phenotypic variation may be attributed to differences in gene expression or due to 

cis- and/or trans-acting elements, rather than DNA sequence variation in the coding regions of the 

genes. 

 

To further investigate selection on Inaccessible Island, MHC class II β genes were characterised 
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in Nesospiza buntings. Results suggest that there is little divergent selection on geographically 

separated populations. A low parasite load or the absence of strong mate preference may result 

in a lack of local population structure. This study finds evidence of fine-scale population structure 

of Nesospiza buntings at the Tristan da Cunha archipelago. On Inaccessible Island, the 

maintenance of genetic and morphological differentiation despite ongoing gene flow is likely due 

to divergent selection on morphological traits, such as bill-size, for optimal exploitation of the local 

seed size availability. 

 

 

Key words: Adaptive radiation, bill-size, candidate gene approach, divergent selection, 

ecological speciation, fine-scale population structure , MHC, Nesospiza buntings 
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General Introduction 

 

Biological diversity and its underlying processes are fundamental to the study of biology. 

However, there is still much to discover about the diversification and speciation of organisms. Ever 

since Darwin’s On the Origin of Species (1859), and Wallace’s Island Life (1881), the study of 

speciation has been associated with islands. Oceanic islands are ideal study systems since they 

are small, discrete entities that often show great diversity and endemism among their fauna and 

flora (Emerson 2002). The relatively small number of species that are able to colonise oceanic 

islands means that there are often many empty niches available. This promotes ecological 

adaptation to alleviate interspecific competition, which is one reason for high levels of island 

endemism (Schluter 2000). Oceanic islands present ideal opportunities to study the processes 

underlying diversification, specialisation, and speciation of founding populations from their 

continental progenitors (Vitousek 2002).  

 

The radiation of Nesospiza buntings at the South Atlantic Tristan da Cunha archipelago provides 

just such a situation. Nesospiza buntings (Dupetit Thouars 1811) have been extensively studied 

(Ryan 1992; Ryan et al. 1994; Ryan 2001; Ryan & Moloney 2002; Ryan et al. 2007; Ryan 2008) 

for two decades. Nightingale Island is home to two species of bunting (Nesospiza questi and 

Nesospiza wilkinsi) (Lowe 1923; Ryan 2008) that do not interbreed, while three ecomorphs 

(Nesospiza acunhae acunhae, Nesospiza acunhae fraseri, and Nesospiza acunhae dunnei) 

occur on Inaccessible Island (Cabanis 1873; Hagen 1952; Fraser & Briggs 1992; Ryan et al. 

1994, Ryan et al. 2007, Ryan 2008). Hybridisation occurs between all three ecomorphs which 

has resulted in a range of morphological intermediates found across the ecotone. This suggests 

that the Nesospiza buntings on Inaccessible Island are perhaps best treated as a single, 

polymorphic species (Ryan 2008). The purpose of this study is to identify and understand some 

of the factors underlying avian speciation, such as genes and traits under selection, by 

incorporating morphological and geographic information with molecular data.  

 

Species concepts  

 

Before the processes driving speciation can be investigated, the concept of a “species” needs 

to be clearly defined. A species concept should be applied in order to answer specific research 

questions. This could be to classify organisms systematically, to correspond to groups we 

identify in nature, to describe the largest possible number of organisms, to understand the 

factors underlying how these groups arise, or to determine the evolutionary history of an organism 

(Coyne & Orr 2004). As the debate surrounding species concepts continues, new concepts are 

being introduced yearly. Table 1.1 lists nine of the most well known concepts. This study 
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investigates the evolutionary and ecological factors that resulted in the extant fine-scale population 

structure of Nesospiza buntings. Here I make use of the Biological Species Concept (BSC), which 

proposes that there is no gene flow between species (Mayr 1995). In this way, the species and 

sub-species status of individuals on Inaccessible Island can be evaluated adequately. Of 

greater interest in the study of speciation is the different ways by which speciation may occur.  

 

Modes of speciation  

 

Modes of speciation have been classified according to the geographical position of the taxa 

involved. Allopatric species are geographically disjunct, removing the opportunity for gene flow. 

Non-allopatric species lack a geographic barrier to gene flow and can be further divided into 

parapatric and sympatric species (Futuyma & Mayer 1980). Populations living in parapatry may 

speciate in spatially segregated habitats with a narrow contact zone (Futuyma & Mayer 1980). 

Sympatric speciation occurs in a single geographic location, i.e. niches overlap and there is no 

geographical barrier preventing gene flow. All that is required for allopatric speciation is 

geographic isolation and sufficient time for differences to accumulate between genomes due to 

mutation, drift or selection. In contrast, non-allopatric speciation requires a specific balance of 

selective forces acting on the populations (Turelli et al. 2001). Gene flow may prevent speciation 

by breaking down genotypes under positive selection through recombination. If strong enough, 

sexual and divergent selection may result in assortative mating despite ongoing gene flow. In 

some cases the balance will be in favour of gene flow, but in other cases the effects of selection 

will override that of gene flow. For speciation to occur selection needs only to override gene 

flow, not counteract it completely (Templeton 1998).  

 

Alternative methods by which species are classified focus on the initial cause of reproductive 

isolation (Via 2001). These include ecological speciation, speciation by divergence under 

uniform selection, speciation by genetic drift, and speciation by polyploidy (Via 2001; Schluter 

2001). The classic scenario of ecological speciation suggests that populations living in different 

environments accumulate adaptations to their specific environment. Thus, reproductive isolation 

starts to develop while the two populations are in allopatry. If there is subsequent contact 

between the species, premating isolation may develop between the two populations, now with 

sympatric distribution, through reinforcement (Butlin 1987; Crow et al. 2010). The timing of 

secondary contact between these populations may vary. Populations evolve completely in 

allopatry if there is no secondary contact or if contact occurs after reproductive isolation is 

complete. Conversely, there may be no allopatric phase, with reproductive isolation developing 
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Table 1.1 Table of selected species concepts (adapted from Coyne & Orr 2004). 

Concept  Definition Reference 

Biological Species Concept 
(BSC) 

Species are groups of interbreeding natural populations that are reproductively isolated from other 
such group.  

Mayr 1995 

Genotypic Cluster Species 
Concept (GCSC) 

A species is a (morphologically or genetically) distinguishable group that has few or no intermediates 
when in contact with other such clusters. 

Mallet 1995 

Recognition Species 
Concept (RSC) 

A species is that most inclusive population of individual biparental organisms which share a common 
fertilisation system. 

Paterson 
1985 

Cohesion Species Concept 
(CSC) 

A species is the most inclusive population of individuals having the potential for phenotypic cohesion 
through intrinsic cohesion mechanisms. 

Templeton 
1989 

Ecological Species Concept 
(EcSC) 

A species is a lineage (or closely related set of lineages) which occupies an adaptive zone minimally 
different from that of any other lineage in its range and which evolves separately from all other 
lineages outside its range. 

van Valen 
1976 

Evolutionary Species 
Concept (EvSC) 

A species is a single lineage of ancestral descendant populations or organisms which maintains its 
identity from other such lineages and which has its own evolutionary tendencies and historical fate.  

Wiley 1978, 
modified 
from 
Simpson 
1961 

Phylogenetic Species 
Concept 1 (PSC1) 

A phylogenetic species is an irreducible (basal) cluster of organisms that is diagnosably distinct from 
other such clusters, and within which there is a paternal pattern of ancestry and descent. 

Cracraft 
1981 

Phylogenetic Species 
Concept 2 (PSC2) 

A species is the smallest (exclusive) monophyletic group of common ancestry. de Queiroz 
& 
Donoghue 
1988 

Phylogenetic Species 
Concept 3 (PSC3) or 
Genealogical Species 
Concept (GSC) 

A species is a basal, exclusive group of organisms all of whose genes coalesce more recently with 
each other than with those of any organism outside the group, and that contains no exclusive group 
within it. 

Baum & 
Donoghue 
1995; Shaw 
1998 

 

 

 

 
 
 



5 
 

completely in sympatry (Via 2001). The latter scenario is more likely to occur after an island 

colonisation. Interspecific competition will force individuals to exploit new niches. Selection will 

act on the population favouring certain traits in one environment and others in a second 

environment. The Nesospiza buntings on Inaccessible Island present an excellent example of 

ecological speciation, perhaps occurring in sympatry (Ryan et al. 2007). In this dissertation I aim 

to identify and characterise the factors driving ecological speciation in the Nesospiza system. 

 

Ecological speciation 

 

Adaptive radiations result from speciation and adaptation to available ecological niches (Losos & 

Ricklefs 2009). After the colonisation of a species-poor environment, such as an oceanic island, 

colonisers proliferate. With an increase in population size, there is an increase in competition for 

available resources, and individuals are forced to exploit new habitats or niches, thus favouring 

adaptations that decrease competition. Certain individuals in a population may possess traits that 

enable them to perform better in a particular environment, and thus have a better survival rate or 

higher fecundity. If these traits are heritable, they will be preferentially passed on to the next 

generation. The characteristics of a population gradually alter through natural selection to adapt 

to their environment. Environments differ from region to region, thus populations from different 

regions will gradually diverge from one another (Newton 2003). For example, beak size and shape 

in Darwin’s finches are under divergent selection for efficient exploitation of different food 

sources. It also acts as a premating isolation strategy (Ratcliffe & Grant 1983). A change in 

song is associated with the variation in beak size and shape. This may be used to discriminate 

between potential mates (Podos 2001). In Nesospiza buntings, bill-size has been shown to be 

highly heritable (Ryan 1992) and is likely to be under divergent selection during ecological 

adaptation to the available resources on Tristan da Cunha. 

 

Some of the most spectacular examples of adaptive radiations come from islands, such as the 

Anolis lizards, Hawaiian honeycreepers, and Darwin’s finches (Grant 1986; Freed et al. 1987; 

Losos 2009). Passerines are good colonisers, as seen by the many passerine endemics on 

islands. This can partly be attributed to their extroadinary adaptability to different ecological 

niches, such as through variation in bill-size and shape. Exploitation of resource polymorphism is 

promoted by a relaxation of interspecific competition and the availability of open niches. Often the 

initial populations exploit a variety of different food sources as habitat generalists. Interspecific 

competition due to proliferation drives adaptation to new ecological niches giving rise to habitat 

specialists (Grant 1972; Dayan & Simberloff 2005; Dieckmann et al. 2004). This is probably the 

case with Nesospiza, and is supported by the small number habitat specialists compared to 

generalists. 
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When similar divergent traits leading to reproductive isolation develop in two similar 

environments, it is called parallel speciation (Schluter & Nagel 1995; Rundle et al. 2000) and is 

a good indicator of ecological speciation (Schluter 2001). For example, limnetic and benthic 

species of the three-spine stickleback Gasterosteus aculeatus have speciated independently in at 

least four separate lakes (Thompson et al. 1997; Taylor & McPhail 2000). Interspecific 

hybridisation within each lake is rare, while individuals of the same ecotype from different lakes 

mate readily. This is indicative of parallel ecological speciation where the same traits are 

selected for under similar environmental conditions (Rundle et al. 2000), thus implicating natural 

selection as a driving force behind speciation (Schluter & Nagel 1995). However, if reproductive 

isolation is not complete, allopatric divergence with secondary contact and hybridisation remains a 

possible explanation. Monophyly of the diverging populations can then be explained by recent 

introgression rather than common ancestry (Johannesson 2001). 

 

Hybrid zones  

 

Hybrid zones are of great interest in the study of evolution and speciation since they represent 

the time before speciation is completed between diverging populations, or the reconnection of 

previously separated lineages (Price 2008). Hybridisation may decrease trait divergence through 

increased gene flow between populations. It could also play a creative role in speciation by 

generating novel genotypes that may drive adaptive variation (Anderson et al. 1949; Lewontin & 

Birch 1966). If hybrids are less fit than their parental populations they may be selected against. 

This limits or stops gene flow and drives divergence between parental populations. Conversely, 

where hybrids are of a higher fitness than either parental (e.g. due to changing environments), 

positive selection may favour the introgression of hybrid genotypes back into one or both parental 

populations (Barton 2001). The latter scenario may lead to a decrease in interpopulation 

differentiation.  

 

Recently diverged taxa and those undergoing adaptive radiation often hybridise as a 

consequence of their sympatric distributions (Seehausen 2004) and the lack of differentiation 

between diverging species. Darwin’s finches from the Galápagos Islands form a classic, well-

studied avian system of ecological diversification (Podos 2001; Petren et al. 2005; Grant & Grant 

2006; Hendry et al. 2009; Herrel et al. 2009). This makes them a good system against which the 

diversification of Nesospiza on Tristan da Cunha can be compared. Darwin’s finches from the 

same island have been shown to have higher genetic relatedness to each other than to species 

from different islands (Grant et al. 2005). This was attributed to hybridisation between co-occurring 

species. Where different species of Darwin’s finches live in sympatry, species integrity is 

maintained by assortative mating and ecological differentiation. Darwin’s finch species differ most 

in morphology (body size, and bill-size and shape) and song, but have similar plumage 
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characteristics (Grant & Grant 1996). In classic allospecies that have differentiated while 

geographically isolated, differences usually appear in plumage and song (Price 2008). It follows 

that hybrid zones between closely related allopatric species are usually identified based on 

colour or song differences between taxa (Price 2008). Population differentiation and 

hybridisation occurring on islands is of particular interest in the study of speciation. Several 

examples of avian adaptive radiations have been found on islands, including Darwin’s finches 

(Geospizine) from the Galápagos Islands (e.g. Grant & Grant 2008), Hawaiian honeycreepers 

(Drepanidine) of the Hawaiian Islands (e.g. Lovette et al. 2002), Nesospiza buntings at Tristan da 

Cunha archipelago (e.g. Ryan et al. 2007), white-eyes (Zosteropidae) from the Gulf of Guinea (e.g. 

Melo et al. 2011), and Malagasy vangids (Vangidae) (e.g. Johansson et al. 2008). 

 

Speciation in island birds  

 

Islands are small and have distinct boundaries. Their simplified, isolated environments make 

observation, interpretation of evolutionary processes, and sampling easier than on the mainland. 

Groups of islands are useful as ecological replicates, thus unique evolutionary events can be 

distinguished from general patterns (Losos & Ricklefs 2009). New colonists to an island are often 

exposed to a large number of empty niches and untapped resources that they can exploit. This 

leads to diversification of species in novel directions. Due to the different dispersal abilities 

between species, some species tend to colonise islands more readily than others. This means 

that niches on an island are often filled by adaptive radiations rather than multiple colonisations 

(Carlquist 1974). Due to their isolation and low rates of colonisation, evolution on most islands are 

independent of events elsewhere and are thus ideal to study evolutionary processes (Wallace 

1881; Carlquist 1974; Leigh et al. 2007).  

 

Islands can be used as small, isolated study models for processes that occur at larger spatial 

scales on continents (Blondel 2000). They provide the ideal setting for independent evolution so 

that, over time, species diverge from the original colonists to become distinctive endemic forms, 

subspecies, species, or genera (Newton 2003). Colonists in a new environment can diverge 

rapidly from their continental progenitor due to the selective pressures and genetic drift acting on a 

small founding population, thus resulting in island endemics (Blondel 2000). Despite their small 

size, islands often contain a diversity of habitats that can be exploited by founding populations of 

colonists (Emerson 2002). It is often the case that a small island will be inhabited by lineages that 

have diverged from the same original colonist, either through allopatric speciation due to the 

distance from the colonists, or through adaptation to exploit the different ecological niches 

available (Newton 2003), or a combination of these factors. Ecological speciation occurs 

through an adaptative radiation and the proliferation of a species from the initial colonising 

ancestor. Debate surrounds the question whether speciation precedes ecological adaptation, or 
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whether adaptation drives speciation (Rundell & Price 2009).  

 

Speciation of Nesospiza buntings  

 

Speciation of Nesospiza buntings at the Tristan da Cunha archipelago has probably been 

driven by variation in seed sizes on the island (Ryan et al. 2007). The large-billed buntings 

exploit the large, woody fruits of Phylica arborea trees while small-billed buntings eat the smaller 

seeds of grasses and sedges. An allopatric model of speciation proposes that the small- and 

large-billed species of Nesospiza evolved isolated from each other, probably on different islands. 

Under the ecological mode of speciation, small- and large-billed species evolved in sympatry in 

parallel through the exploitation of different ecological niches. Mitochondrial sequence data and 

microsatellite distance estimates from a recent study (Ryan et al. 2007) suggest that speciation 

occurred in parallel on both islands, thus supporting the ecological mode of speciation. 

 

Since Darwin’s On the Origin of Species (Darwin 1859) the concept of sympatric speciation and 

its viability in nature has been debated. Although many models have shown that sympatric 

speciation is theoretically possible (e.g. Kawecki 2004), many of the proposed cases could be 

attributed to allopatric speciation. Most examples remain questionable due to insufficient outgroup 

sampling, small sample sizes or the exclusive use of mitochondrial DNA (mtDNA) (Bensasson et 

al. 2001).The results of Ryan et al. (2007) should therefore be verified by additional nuclear 

markers. 

 

Tristan da Cunha archipelago 

 

In 1506, the Tristan da Cunha archipelago (Fig. 1.1) was named after its discoverer, Portuguese 

Admiral Tristão d’Acunha (Munch & Marske 1981). Tristan, Inaccessible, and Nightingale Island 

are the main islands of the archipelago. Two islets, Alex (sometimes called Middle) and 

Stoltenhoff, are located just north of Nightingale Island. The Tristan da Cunha group lies east of 

the Mid-Atlantic Ridge in the South Atlantic Ocean at 37° 05' S, 12° 17' W (Fig. 1.1), approximately 

midway between South Africa and Argentina (Baker et al. 1964; McDougall & Ollier 1982). The 

islands were formed by oceanic volcanoes and were never joined to each other or to a continent 

(Baker et al. 1964). 

 

At 96 km2 Tristan is the largest of the islands. It is the only island of the group permanently 

inhabited by people. After it was settled in the early 1800s, several alien animal and plant 

species were introduced (Wace & Holdgate 1976). These species, together with anthropogenic 

disturbance, such as agriculture, caused damage to and depletion of the natural fauna and flora. 
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The last volcanic eruption on Tristan occurred in 1961-62 and the island is still considered an 

active volcano (Baker et al. 1964). Nightingale and Inaccessible are still relatively pristine with 

limited human interference and no permanent inhabitants. Only a few alien plant and animal 

species have been introduced to the islands, and have had a limited impact on the islands’ 

ecosystems (Wace & Holdgate 1976; Ryan & Glass 2001). Inaccessible (14 km2) and Nightingale 

(4 km2) islands are much smaller than Tristan Island. Potassium-Argon dating estimates Tristan 

Island to be approximately 200,000 years old, Inaccessible 3 million years (MY) old (Preece et al. 

1986) and Nightingale 18 MY (Ollier 1984) (Table 1.2). 

 

Gough Island lies ~380 km SSE of Tristan Island at 40° 32'S, 09° 95'W (Baker et al. 1964). 

Although not officially a member of the Tristan da Cunha archipelago, Gough Island was formed 

from the same volcanic ridge and is approximately 3 MY old. Gough Island is 65 km2 and is 

surrounded by several volcanic stacks, most of which lie within 100 m of the main island (Ryan 

2007). 

 

The climate across the Tristan and Gough island groups is cool-temperate with little daily or 

seasonal variation. Tristan da Cunha has a mean temperature of 15°C ( range 2 to 25°C) at sea 

level, and that of Gough Island is 12°C (range -3 t o 25°C) (Ryan 2007) . Although Gough Island 

has a far higher annual rainfall (3000 mm) than Tristan (1670 mm) (Ryan 2007), similar vegetation 

is found on both island groups. A relatively low diversity of plants is found with a large incidence of 

ferns. Tussock grassland (Spartina arundinacea and Parodiochloa flabellata) dominates in the 

coastal regions. Fern bush (Histiopteris incisa and Blechnum palmiforme) is found at higher 

altitudes of 300-500 m on the Tristan archipelago and near sea level on Gough Island, with 

interspersed Phylica arborea trees (Table 1.2). At higher elevations an array of fern species, 

sedges, grasses, angiosperms and mosses are found in wet heaths (Ryan 2007). Fewer 

vegetation types are found on Nightingale and Inaccessible Island, which lack volcanic peaks as 

on Tristan and have lower maximum altitudes. Vegetation on Nightingale Island consists 

predominantly of tussock grass. Inaccessible has tussock grass, fern bush and a few freshwater 

bogs (Ryan 2007) (Fig. 1.2). 

 

Colonisation of Tristan da Cunha by Nesospiza buntings 

 

Nesospiza is an avian genus found only in the Tristan da Cunha archipelago and is a good model 

of a simple adaptive radiation (Lack 1947). Rowettia goughensis is the only endemic bunting 

species found on Gough Island and is thought to be Nesospiza’s closest relative (Rand 1955). 

Both Rowettia and Nesospiza evolved from finch-tanagers (Thraupini) originally from South 

America (Rand 1955; Ryan 2007) and are of the order Passeriformes (perching birds) (Barker et 

al. 2004). Phylogenetic studies should be conducted to determine if the South American genus 
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Melanodera may be Nesospiza’s closest continental relative (Rand 1955). There are two 

suggested routes of colonisation of these islands: Separate events of each island with subsequent 

speciation, or a single colonisation of either island with subsequent movement between the islands 

(Ryan et al. 2007). Resolution of this question would go some way to determining whether the two 

genera should be retained or treated as a single entity (e.g. Abbott 1978). 

 

The Tristan Islands were most likely colonised by ancestors of Nesospiza carried to the islands 

from South America by the prevailing westerly winds (Lack 1947). Previously it was believed that 

Nesospiza underwent an adaptive radiation on Tristan da Cunha similar to that of Darwin’s finches 

(Grant 1986) and the Hawaiian honeycreepers (Raikow 1976; Olsen & James 1982). Molecular 

data from a recent study (Ryan et al. 2007) suggest that Nesospiza buntings underwent ecological 

speciation in parallel on Inaccessible and Nightingale Island. The diversification gave rise to two 

morphologically defined species, which are significantly different in size (Ryan et al. 2007). The 

Tristan Bunting (N. acunhae) is a small-billed habitat generalist, while the Wilkins’ Bunting (N. 

wilkinsi) is a scarce, large-billed, habitat specialist feeding mostly on the seeds of the only endemic 

island tree, Phylica arborea (Lowe 1923; Hagen 1952; Elliott 1957; Collar & Stuart 1985). 

 

 

 

Fig. 1.1 Tristan da Cunha archipelago comprised of (A) Tristan, (B) Inaccessible, and (C) 

Nightingale islands, and its location along the Mid-Atlantic ridge (insert). Gough Island lies 

approximately 380 km SSE of the archipelago (downloaded from Google Earth 5.1).

Inaccessible  

Nightingale  

Tristan  
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Table 1.2 Age and size of the islands with description and distribution of four species of flora found on the Tristan da Cunha and Gough islands 

(Ryan 2007). 

 Island  Size 
(km 2) 

Age 
(MY) 

Maximum 
elevation 

Flora      

       (m) Name Description  Distributio n 

Tristan 96 0.2 2060 Phylica 
arborea 

Common native tree. Up to 7-8 m. Often 
shorter, forming dense, impenetrable thickets 

Up to 800 m altitude and scattered copses 
among Spartina tussock. 

    Spartina 
arundinacea 

Large grass up to 2.5 m high. Usually in large 
clumps or tussocks. 

Mainly along the coastal scarps up to 500 m. 
Depleted on Tristan due to grazing and 
burning. 

    Blechum 
palmiforme 

Large cycad-like fern. Stems up to 1.6m tall 
and 30 cm in diameter.  

From sea level to 800m. Abundant in fern 
bush. Often form dominant stands. 

Inaccessible 14 3 511 Phylica 
arborea 

 Up to 800 m and scattered copses among 
Spartina tussock. 

    Spartina 
arundinacea 

 Mainly along the coastal scarps up to 500 m. 

    Blechum 
palmiforme 

 From sea level to 800 m. Abundant in fern 
bush. Often form dominant stands. 

Nightingale 4 18 337 Phylica 
arborea 

 Up to 800m and scattered copses among 
Spartina tussock. 

    Spartina 
arundinacea 

 Dominates most of Nightingale. 

       

    Blechum 
palmiforme 

 From sea level to 800 m. Abundant in fern 
bush. Often form dominant stands. 

Gough 65 3 910 Phylica 
arborea 

 Up to 500 m and scattered copses among 
Spartina tussock. 

    Spartina 
arundinacea 

 Less abundant. Dense stands restricted to 
coastal cliffs.  

    Parodiochkia 
flabellata 

Large tussock grass forming dense clumps, 
40-120 cm high.  

Abundant on coastal cliffs up to 300 m. Form 
dense stands that largely replace Spartina. 

        Blechum 
palmiforme 

  From sea level to 500 m. Abundant in fern 
bush. Often form dominant stands. 
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Tristan Buntings once inhabited the main island of Tristan, but became extinct after human 

colonisation in the nineteenth century and the introduction of mice (Hagen 1952). Large- and 

small- billed Nesospiza buntings inhabit both Nightingale and Inaccessible islands (Fig. 1.3) (Lowe 

1923; Hagen 1952). The two species on Nightingale Island (N. wilkinsi, and N. questi) co-occur 

with little interbreeding. This is thought to be due to the availability of strongly bimodal seed sizes 

in a single habitat. Inaccessible Island has three lineages of buntings: Large-billed N. a. dunnei, 

and an upland (N. a. fraseri) and lowland (N. a. acunhae) form of the small-billed morph (Fig. 1.3) 

(Ryan 2008). Hybridisation occurs between all three forms across the ecotone on the eastern 

plateau of Inaccessible Island. This is probably due to a lower density of seeds, which favours 

greater diversity in bill-sizes. In most of the eastern plateau, birds are either small-billed (in open 

woodland areas where Phylica fruits are scarce) or large-billed (in the closed woodland with 

abundant Phylica fruits) (Ryan et al. 1994). Hybrids are fully fertile and have the same breeding 

success as pure N. a. acunhae (Ryan et al. 1994). 

 

 

 

Fig. 1.2 Distribution of vegetation on Nightingale and Inaccessible Island. Phylica arborea 

woodland (dark shading) is the preferred habitat of the large-billed buntings, namely Wilkins’ 

Bunting N. wilkinsi on Nightingale and N. a. dunnei on Inaccessible Island. Grey shading indicate 

Spartina tussock and grey shading with dark spots show tussock grassland with patches of Phylica 

trees. White areas on Nightingale Island are the four ponds. The dashed lines indicate contours of 

approximately 150 m (Roux et al. 1992; Ryan 2008). 
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Fig. 1.3 Relationship between bill-depth and wing length of Nesospiza buntings on Inaccessible 

(light grey) and Nightingale Island (dark grey). Photographs of each subspecies or morph are 

shown to indicate plumage and size variation. (Graph adapted from Ryan et al. 2007, photographs 

of heads of buntings inserted on graph by P.G. Ryan). 

 

 

Colour variation 

 

Nesospiza buntings are all green-brown in colour on their backs, with pale yellow underparts. They 

often have a green colouring on their flanks (Hagen 1952; Fraser & Briggs 1992; Ryan et al. 

1994). Upland Tristan Buntings from the Inaccessible Island plateau (N. a. fraseri) are more 

brightly coloured than their lowland counterparts from the lower slopes of the island (N. a. 

acunhae, Fraser 1983; Fraser & Briggs 1992; Ryan et al. 1994). Plumage variation is present from 

birth. There is no overlap in colouration between upland chicks, which have chrome orange skin, 

and lowland chicks, which appear more pink. Both morphs have greyish down (Ryan et al. 1994). 

Colour variation in plumage is the result of differences in concentration and interaction between 

carotenoid (yellow) and melanin (dark brown) deposition in the feathers (Brush 1990), with up to 

three times higher carotenoid concentrations in upland morphs compared to lowland morphs 

(Ryan et al. 1994). These differences have been attributed to the increased dietary intake of 

Nertera fruit, a source of carotenoids, by upland morphs (Ryan et al. 1994). Even though the 
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plumage differences are most likely attributable to environmental sources, this colour dimorphism 

could lead to assortative mating. 

 

Breeding habits  

 

Most adult Nesospiza buntings are very limited in their movement. Ryan et al. (1994) found 

movement of banded adults within and between years to be not more than 400 m from their 

banding site. Immature birds have a larger dispersal range of up to 1.6 km (Ryan et al. 1994). 

Breeding season is probably November to January (Elliott 1957), but eggs have been found as 

late as January, and fledglings as early as November. Clutch size is usually two eggs (Ryan & 

Moloney 2002). The upland and lowland Tristan Buntings have almost no overlap in their breeding 

ranges, with a stepped cline at the border of their habitats (Ryan et al. 1990). 

 

Mitochondrial data and nuclear microsatellites suggest a larger difference between island 

populations of Nesospiza buntings than between the large- and small-billed forms on each island 

(Fig. 1.4) (Ryan et al. 2007). Contrary to previous assumptions, this suggests that large- and 

small- billed species developed independently on each island through parallel ecological 

speciation (Ryan et al. 2007). However, it could also be the consequence of hybridisation and 

introgression masking deeper phylogenetic relationships. To resolve the finer radiation that has 

occurred between and within islands, the speciation process needs to be elucidated. Here I 

increase the genetic resolution previously obtained by making use of additional neutral and non-

neutral markers implemented in a landscape genetic approach. 

 

Landscape genetics 

 

Landscape genetics is an integrated discipline that aims to understand the interaction of 

microevolutionary processes (e.g. gene flow, genetic drift, and selection) and landscape features, 

and their effect on population dynamics (Turner et al. 2001; Manel et al. 2003). It is useful for 

resolving population substructure at fine taxonomic levels across different geographic scales 

(Smouse & Peakall 1999). Landscape genetics can be used to identify cryptic barriers to gene 

flow, or secondary contact between previously isolated populations. This is extremely useful in 

the case of Nesospiza, which has a complex distribution on Inaccessible Island with diverging 

populations due to assortative mating, as well as hybridisation between all groups. 

 

For fine-scale studies, the landscape genetic approach requires the collection of genetic material 

from many individuals with exact geographic information for each one (Manel et al. 2003). 

Genetic and statistical tools are then applied to determine the spatial genetic pattern and 
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correlations with environmental features. This study uses a holistic approach of genetic markers 

and statistical methods to elucidate the fine-scale population structure of Nesospiza buntings 

and the genes that potentially underlie the traits under selection. 

 

 

Fig. 1.4 Results of population genetic analyses by Ryan et al. (2007). (A) An unrooted dendogram 

based on Nei’s D calculated using four microsatellite loci, showing the genetic distance between 

and within islands. Bayesian individual assignments, as implemented in the program 

STRUCTURE, of (B) individuals from Nightingale, Inaccessible, and Gough Island based on four 

microsatellite loci, and (C) individuals from Inaccessible Island, based on seven microsatellite loci. 

(D) A mitochondrial haplotype network for Tristan da Cunha and Gough Island. (All figures 

modified from Ryan et al. 2007). 
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Genetic markers 

 

The predictable manner by which genetic material is transmitted from parents to offspring, make 

molecular markers extremely useful in the inference of genetic relationships and population 

structure (Freeland 2005). Genetic resource polymorphisms (i.e. genetic variation underlying 

phenotypic traits associated with resource exploitation) have been strongly associated with 

ecological speciation (Smith & Skúlason 1996). Some are controlled by single genes, which 

produce a large phenotypic difference, such as the gene determining the handedness of mouth 

openings of a scale-eating cichlid from Lake Tanganyika (Perissodus microlepis) (Hori 1993) or 

the protein associated with bill-size and shape in Darwin’s finches (Abzhanov et al. 2004). Habitat 

and resource preference may be controlled by a few alleles at a single locus, the interaction of 

many loci (Jaenike & Holt 1991), or a major locus with modifiers (Carson & Ohta 1981; Jaenike & 

Holt 1991; Hori 1993). All these factors can be addressed by making use of different molecular 

markers. Molecular studies can be used to determine population dynamics and processes 

underlying speciation at a temporal scale (Blondel 2000). In this study I made use of several 

nuclear markers to determine Nesospiza population structure and diversification at the Tristan da 

Cunha archipelago. 

 

The most common markers used for landscape genetics are neutral hypervariable markers (e.g. 

AFLPs and microsatellites) (Storfer et al. 2010). Microsatellites are genomic regions that contain 

a number of tandem repeats (e.g. a dinucleotide repeat (GC)6 will have the sequence 

GCGCGCGCGCGC) (Tautz 1993). Strand slippage and mispairing during DNA replication may 

result in an increase or decrease in the number of repeats, resulting in the formation of new 

alleles (Eisen 1999). Microsatellite allele lengths may increase or decrease by only one repeat per 

generation under the Stepwise Mutation Model (SMM; Kimura & Ohta 1978). Under the Infinite 

Alleles Model (IAM) multiple repeats are simultaneously gained or lost and each new repeat has 

never been encountered before (Kimura & Crow 1964). Recently more complex models of 

microsatellite evolution have been suggested to account for the occurrence of single and multi-

step changes in allele sizes (Bhargava & Fuentes 2010). Microsatellites that are selectively 

neutral, are extremely useful as markers in population studies. Allele frequencies in most 

genetic analyses are assumed to conform to Hardy-Weinberg equilibrium (HWE) (Hardy 1908; 

Weinberg 1908) and thus deviations from HWE can be used to make inferences about population 

dynamics. Previous work based on microsatellite markers was able to identify the two species 

on Nightingale Island as well as three lineages on Inaccessible Island together with a hybrid 

zone between them (Ryan et al. 2007). The current study aims to elucidate the finer scale 

diversification that is ongoing on Inaccessible Island with the inclusion of additional microsatellite 

markers.  
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Another nuclear marker that is becoming increasingly popular to use in population genetic 

studies with the advent of genomics, is single nucleotide polymorphisms (SNPs). SNPs are 

polymorphisms at a single base pair between sequences of individuals. Most SNPs are biallelic 

and widespread across the genome. Studies conducted on multiple taxa, including birds, 

suggest that SNPs can be found every 200 - 500 bp in non-coding sequence, and every 500 – 

1000 bp in coding DNA (Brumfield et al. 2003). The process of SNP discovery is made easier by 

the high frequency of these polymorphisms since the initial search is a random process.  

 

The mutation rate of SNPs is estimated at 10-8 to 10-9 substitutions per base per generation 

(Brumfield et al. 2003), which is lower than that of other markers such as microsatellites 

(mutation rates of 10-2 – 10-6, Bhargava & Fuentes 2010). They are useful for resolving processes 

at a timescale intermediate to mitochondrial DNA (distant past) and microsatellites (recent 

events). As more SNPs are discovered and characterised, they are becoming useful markers in 

applications from relatedness studies to population level variation (Morin et al. 2004). I use SNPs 

found in introns sequenced throughout the Nesospiza genome to assess the complex population 

structure on Inaccessible Island and compare the resolution with that found using 

microsatellites. Microsatellites and SNPs are useful when studying neutral population variation. 

Speciation, however, ultimately depends on speciation genes; i.e. genes under selection (Wang et 

al. 1999; Ting et al. 2000). One of the aims of this study is to identify genes under selection, and 

thus possible speciation genes, in the Nesospiza buntings. The candidate gene approach exploits 

the fact that gene function is usually conserved between species. Genes identified as coding for 

a trait under selection in a species, is likely to be under selection in a second species under similar 

circumstances (Schluter & Nagel 1995). A few avian candidate genes identified due to variation 

associated with sequence variation and differential expression include Melanocortin Receptors 

(MC1R, MC3R and MC4R) (Kerje et al. 2003) associated with colour variation, and the Forkhead 

Box P2 genes associated with vocal learning (FoxP2-1, FoxP2-2 and FoxP2-3) (Haesler et al. 

2004). Another group of candidate genes, the Bone Morphometric Proteins (BMP genes), has 

been shown to have differential expression related to size and breadth of the beak in both 

jungle fowl and Darwin’s finches (Abzhanov et al. 2004; Wu et al. 2004). 

 

One highly variable gene family that has been shown to be under selection in most vertebrate 

species in the major histocompatibility complex (MHC). The major histocompatibility complex 

(MHC) is a highly variable gene family. It contains many genes that are involved with the 

immune response in vertebrates (Klein 1986) and as such is under balancing selection. MHC 

molecules collect peptides found in the cell and present them to T-cells, which initiates a cell-

mediated immune response (Klein 1986). The peptide binding region (PBR) is highly polymorphic 

to ensure the binding of a large number of conformationally different peptides (Klein 1986). 

 

 
 
 



18 
 

MHC genes are the most polymorphic genes known in vertebrates, with the highest level of 

genetic diversity and amino acid polymorphism (Geraghty et al. 2002; Bernatchez & Landry 

2003; Klein et al. 2007). Balancing selection ensures the maintenance of a large number of 

alleles in a population ensuring the observed high levels of genetic diversity (Doherty & 

Zinkernagel 1975; Apanius et al. 1997; Hughes & Yeager 1998; Hess & Edwards 2002; Penn et 

al. 2002). Additionally, MHC genes are prone to gene duplication and loss (e.g. Miller & Lambert 

2004). Individual fitness may be linked to variation in MHC due to its function in the immune 

system (Hill et al. 1991; Brown et al. 1993; Carrington & O’Brien 2003). Additionally MHC allelic 

variation may be maintained in a population through MHC-dependant sexual selection (Piertney 

& Oliver 2006). This may also affect mate choice since This implies that MHC variation is an 

adaptation in response to local natural and sexual selection pressures. These properties make 

MHC one of the best gene families for studying population adaptation in vertebrates (Hedrick 

1996). 
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Study aim, objectives, and research questions 

 

Aim 

 

This study aims to resolve the fine-scale diversification of the Nesospiza buntings. It also 

addresses the speciation of Nesospiza by assessing previous results and searching for genes 

under selection and possibly associated with speciation. 

 

Objectives 

 

1. To identify genetic regions under selection that may underlie the speciation process in 

Nesospiza. 

 

2. To determine the factors, both historic and recent, that resulted in the current genotypic 

distribution of Nesospiza buntings on Tristan da Cunha. 

 

 

Key research questions 

 

1. Are the nuclear genes associated with bill-size (Bone Morphometric Protein Genes), 

plumage variation (Melanocortin Receptor Protein Genes), and song development (Forkhead 

Box P2 genes) under selection and involved in the speciation of Nesospiza buntings? 

 

2. What phylogeographic processes have led to the current genotypic distribution of 

Nesospiza buntings on the Tristan Islands? 

 

3. What finer scale diversification has Nesospiza undergone on the Tristan da Cunha 

archipelago? 

 

4. What recent events have occurred at the population level on each island? 
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Dissertation outline 

 

Chapter 1: General Introduction 

 

This chapter provides a short synthesis of the relevant literature and outlines the study aim and 

objectives. 

 

Chapter 2: Ecological divergence with gene flow and fine-scale population structure of 

Nesospiza buntings from Tristan da Cunha 

 

This chapter aims to characterise the fine-scale population structure of Nesospiza buntings on 

Inaccessible Island. Gene flow counteracts population differentiation resulting from divergent 

selection. Here, I use a landscape genetic approach to estimate the relative roles of gene flow and 

selection on local population structure. Correlations are made between genetic data, geographic, 

and morphological information for each individual to determine the overall pattern in the 

distribution of individuals from different populations. 

 

Chapter 3: No evidence of sequence variation at selected candidate genes within the 

Nesospiza bunting species complex 

 

In this chapter a candidate gene approach is used to identify genes that may be under divergent 

selection between populations, and thus involved in the process of ecological speciation. This 

approach is useful in recently diverged populations or in cases of ongoing speciation, since most 

of the genome is still exchanged, but these regions are expected to be fixed in the populations. 

The genes tested in this chapter have been associated with traits under selection in other avian 

species (e.g. bill-size, body size, colour, and song development). 

 

Chapter 4: Ancestral polymorphism and weak selection characterise MHC class II ß genes 

in Nesospiza buntings 

 

This chapter focuses on a gene family that is known to be under selection in most vertebrates; the 

major histocompatibility complex (MHC). MHC is under balancing selection and is maintained by 

host-parasite interactions and/or sexual selection. If there are local differences, this may result in 

rapid divergence between populations. The aim of this chapter is to characterise MHC variation 

across all Nesospiza populations to determine if local selection pressures are driving 

differentiation. 
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General notes 

Each of these chapters has been written as an independent manuscript, thus some repetition is 

unavoidable and is meant to enhance the readability of each chapter. The dissertation follows the 

formatting prescribed for the journal Molecular Ecology. 
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Ecological divergence with gene flow and fine-scale population structure of Nesospiza 

buntings from Tristan da Cunha 

 

 

Abstract  

 

Island radiations have long been considered good systems in the study of speciation. During 

the process of species differentiation, gene flow counteracts adaptive divergence by increasing 

genetic heterogeneity in a population. However, some models of ecological speciation suggest 

that population differentiation can be maintained despite ongoing gene flow. This study 

assesses the fine-scale population structure of the seed-eating Nesospiza bunting complex that is 

undergoing an adaptive radiation at the Tristan da Cunha archipelago in response to 

differences in seed size availability. On Nightingale Island Nesospiza has speciated completely 

with large- and small-billed species that co-occur without interbreeding. Three sub-species have 

been described from Inaccessible Island based on bill-size and plumage differentiation with 

hybridisation between all three forms, mainly at the ecotone between habitat types. I compare 

genetic divergence and geographic population structure based on neutral nuclear microsatellite 

and single nucleotide polymorphism (SNP) markers with divergence in bill-size, a selectively 

important morphological trait in this adaptive radiation. Results show strong separation between 

species on Nightingale Island and between the two islands. On Inaccessible Island deviation 

from Hardy-Weinberg Equilibrium (HWE) when all individuals are assessed together suggests fine-

scale population structure. F-statistic measures show significant divergence between all 

sampling locations with the exception of individuals found across the ecotone. Bayesian-based 

analyses of population structure identified two clusters largely associated with bill-size, a pattern 

that is reinforced with the addition of SNP data. Mantel tests show that genetic variation is 

correlated with bill-depth, but not with geographic distance. No pattern of isolation by distance 

(IBD) could be identified by spatial autocorrelation tests. From these results I conclude that the 

fine-scale population structure on Inaccessible Island is associated with adaptation to available 

food sources. Despite ongoing gene flow between geographic locations, population integrity is 

maintained through assortative mating and selection against individuals with less than optimal bill-

sizes as determined by the local seed size availability.  

 

Keywords : adaptation, bill-size, ecological speciation, fine-scale differentiation, selection  
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Introduction 

 

One of the central concerns of evolutionary biology is to understand the generation and 

maintenance of biological diversity. Biological diversity also incorporates genetic diversity (Noss 

1990), which is influenced by the evolutionary forces of migration, genetic drift, gene flow, and 

selection. Gene flow has long been assumed to have a homogenising effect between 

populations. Wright (1931) suggested that as little as one migrant per generation can be enough 

to impede divergence. However, adaptive divergence may be generated and maintained by 

divergent and disruptive selection despite ongoing gene flow, and may even lead to speciation 

(Doebeli et al. 2005; Moore & Hendry 2005; Rueffler et al. 2006; Huber et al. 2007; Räsänen & 

Hendry 2008; Gavrilets & Losos 2009; Hendry et al. 2009; Nosil 2009). 

 

Gene flow plays an important evolutionary role by linking processes acting at a geographic 

scale. Several models exist for predicting the connectivity between populations over a given 

landscape, for example, the isolation by distance (IBD) models of gene flow based on the 

reasonable assumption that gene flow will decrease as the geographic distance between 

populations increase (Wright 1943; Pogson et al. 2001). Similarly, the isolation by barrier model 

(Wright 1943), predicts that gene flow will be affected by geographic (e.g. rivers, or mountains), or 

man-made barriers (e.g. roads) (Keller & Largiadèr 2003; Lindsay et al. 2008). The landscape 

genetic model aims to determine the effects of geography, ecology, demography, or morphology 

on micro-evolutionary processes such as gene flow (Manel et al. 2003; Petren et al. 2005; 

Pavlacky et al. 2009; Desrochers 2010). 

 

Patterns of genotypic and phenotypic variation of populations over different spatial scales may 

be used to elucidate the processes driving population differentiation or speciation (Schluter 2000; 

Coyne & Orr 2004). The relative roles of natural selection and gene flow determine the 

maintenance of population differentiation. Population or species integrity may be maintained 

through natural or disruptive selection, and barriers to gene flow (Haldane 1948; Ehrlich & 

Raven 1969; Endler 1977; Hendry & Taylor 2004; Ribera & Vogler 2004; Wilson et al. 2004; 

Knowles & Richards 2005; Nosil et al. 2005; Crispo et al. 2006; Via 2009). Alternatively, divergent 

natural selection acting on a population in a specific environment may impede gene flow to the 

extent that neighbouring populations differentiate, a process referred to as ecological speciation 

(Schluter 2000; McKinnon et al. 2004). Morphological variation along an ecological gradient, 

however, may result in differentiation, but will not necessarily lead to speciation (Magurran 

1998) unless there is a sufficient reduction in gene flow between diverging populations (Orr & 

Smith 1998; Schluter 1998). These principles also apply when disruptive selection acting on 

individuals with a sympatric distribution may lead to population differentiation and speciation. In 

order to differentiate between IBD and ecological speciation, a comparison can be made between 
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the amount of genetic differentiation that can associated with some variable under natural 

selection (e.g. morphology), and the genetic differentiation attributable to the lack of gene flow 

(Hendry & Taylor 2004; Wilson et al. 2004).  

 

This study evaluates the effect of gene flow and natural selection on the fine-scale population 

structure of a passerine adaptive radiation at an isolated oceanic archipelago. Nesospiza 

buntings are endemic to the South Atlantic Tristan da Cunha archipelago (Fig. 2.1). They used 

to inhabit all of the islands, but went extinct on the main island of Tristan shortly after it was 

colonised in the 19th century (von Willemöes-Suhm 1876; Moseley 1892). They are now confined 

to Inaccessible and Nightingale Island. The sister species of Nesospiza, Rowettia goughensis 

(Abbott 1978), inhabits Gough Island, approximately 380km south east of the Tristan da Cunha 

archipelago. Nesospiza have undergone an adaptive radiation, most likely in response to seed 

size availability. This situation has given rise to a large-billed habitat specialist feeding mostly 

on the large, woody seeds of the island tree Phylica arborea, and a small-billed habitat generalist 

feeding on the smaller seeds of sedges, Spartina and other grasses, fruits and invertebrates 

(Ryan 2007). Two non-interbreeding species, namely the small-billed N. questi and large-billed 

N. wilkinsi, co-occur on Nightingale Island (Fig. 2.1 C), which has a strongly bimodal seed size 

distribution. The vegetation on Inaccessible is more heterogeneous which has given rise to a 

large-billed N. acunhae dunnei and an upland (N. a. fraseri) and lowland (N. a. acunhae) morph 

of the small-billed bunting (Fig. 2.1 B).  

 

There are four main study areas on Inaccessible (see Fig. 2.2 and refer to the Materials and 

Methods section for a map of these areas): (1) The western coast is an area of Spartina 

arundinacea tussock grass with patchy Phylica trees, (2) the western plateau at 450 m elevation 

consists largely of bog fern heath with Blechnum palmiforme and wet heath, (3) an ecotone 

between the tussock and Phylica woodland occurs on the eastern plateau, and (4) the eastern 

coast mainly has Spartina tussock and fewer patches of Phylica trees (Ryan 2007). The two 

small-billed morphs have largely parapatric distributions with N. a. acunhae restricted to the 

Spartina tussock grassland along the coastal slopes and N. a. fraseri occurring mostly in the 

Blechnum palmiforme and wet heath on the western plateau. The large-billed N. a. dunnei 

occur mostly along the coastal slopes of Inaccessible Island where there are scattered Phylica 

trees and tussock grassland, similar to the habitat on Nightingale Island. Individuals occurring at 

the ecotone on the eastern plateau represent a complete range of intermediate sizes between 

N. a. acunhae, N. a. fraseri, and N. a. dunnei. Pairs breeding in this area comprise all 

combinations of phenotypes, indicating the occurrence of hybridisation between all the 

subspecies (Ryan et al. 1994). Adult Nesospiza buntings show strong site fidelity (dispersal (≤ 

400 m) although the dispersal of immature birds may be greater (up to 1.6km).,  
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Fig. 2.1 The location of the Tristan da Cunha archipelago in the South Atlantic Ocean with the 

three main islands: Tristan, Inaccessible, and Nightingale. The vegetational composition (see 

key), and occurring species and morpho-types of Nesospiza buntings (taxon abbreviations in 

brackets) are shown for Inaccessible and Nightingale islands (adapted from Ryan et al. 2007 

and Google Maps). 

B: Inaccessible 

C: Nightingale 

A: Tristan 
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(Ryan et al 1994). dispersal distances are significant when considering the small size of the 

islands (Inaccessible 14 km2; Nightingale 4 km2). 

 

These behavioural and demographic considerations suggest that there may be fine-scale genetic 

subdivision between small- and large-billed populations on Inaccessible Island. Ryan et al. (2007) 

reported that Bayesian assignment tests of Nesospiza buntings and R. goughensis based on four 

microsatellite loci identified five lineages: R. goughensis from Gough Island, N. a. questi and N. a. 

wilkinsi from Nightingale Island, and two lineages from Inaccessible Island (Fig. 1.4). Buntings 

from Inaccessible Island showed little structure when all individuals were analysed together, but 

analysis of Inaccessible Island buntings only, using seven microsatellite markers, identified three 

potential lineages roughly correlating to N. a. fraseri, N. a. acunhae, and N. a. dunnei and their 

hybrids (Fig. 1.4; Ryan et al. 2007). Analysis of the mitochondrial gene cytochrome b (cyt b) 

identified island-specific haplotypes, which supports the inter-island variation found with the 

microsatellites (Fig. 1.4 D; Ryan et al. 2007). The intra-island variation, however, was not so 

distinct when assessing the mitochondrial haplotypes. Only two haplotypes were found on Gough 

Island, one on Nightingale, and two on Inaccessible Island (Ryan et al. 2007). A single individual 

from Nightingale Island with the phenotype of a bird from Inaccessible Island shared the most 

common cyt b haplotype found on Inaccessible Island, which suggests that there is occasional 

migration between the islands. The extant phenotypic distribution of Nesospiza was attributed to 

independent ecological radiations on both Nightingale and Inaccessible islands (Ryan et al. 2007).  

 

In this study I make use of eight additional microsatellite markers and SNPs to determine the fine-

scale differentiation of Nesospiza. Using a landscape genetics approach, I examine gene flow 

within and between Nesospiza populations from Inaccessible Island defined according to sampling 

locality, bill-depth, or taxonomic classifications. I also test the hypothesis that the intermediate 

individuals described as hybrids (Ryan 2008) represent phenotypic variation in a single population 

rather than hybridisation between diverging populations. Thereafter I compare the genetic and 

morphological variation in a geographical context to examine the relative roles of gene flow and 

natural selection in maintaining population differentiation.  

 

 

Methods and Materials  

 

Sample collection 

 

Nesospiza buntings were caught in hand nets and mist nets on Tristan da Cunha during two 

breeding seasons: September 1999 – February 2000 and September – November 2004. 

Approximately 10 – 20 µl of whole blood was collected from the brachial vein of each bird and 
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stored in EDTA or lysis buffer. Global Positioning System (GPS) co-ordinates of capture sites were 

recorded and individuals were banded with individually-numbered metal rings. Sex was 

determined for all mature birds and standard measurements were taken, including total bill-depth 

(perpendicular to long axis at the base of the bill). Bill-depth is the best single measure of a 

bunting’s size because it is correlated to other bill and body measures, the measurement is highly 

repeatable (Ryan 1992) and is directly related to the crushing force a finch can exert (Grant 1986). 

On Nightingale Island samples were collected from its two species, the Wilkins’ Bunting (N. 

wilkinsi) and Tristan Bunting (N. questi). 

 

Four main sampling areas were identified on Inaccessible Island (Fig. 2.2), hereafter referred to as 

Locations 1 – 4. Location 1 on the west coast is centred around Blendan Hall and consists mostly 

of Spartina arundinacea tussock grassland interspersed with several copses of Phylica trees. Here 

individuals were collected from sympatric populations of Dunne’s Bunting (N. a. dunnei) and 

lowland Tristan Bunting (N. a. acunhae). Intersubpecific hybrids were collected at Location 2 on 

the eastern plateau near Denstone Hill at an elevation of 250 m, where there is an ecotone 

between Phylica woodland and Blechnum palmiforme heath. Individuals were considered hybrids 

if they had bill-sizes outside the 95% confidence intervals of “pure” Wilkins’ or Tristan buntings 

(Ryan 1992). Location 3 on the western plateau (elevation 450 m), centred on the upper part of 

Ringeye Valley, is an area of Blechnum palmiforme and wet heath where mostly upland Tristan 

Buntings (N. a. fraseri) are found. The vegetation found at Location 4, around the waterfall on the 

north- eastern coast is mostly Spartina arundinacea tussock grassland, similar to Location 1, but 

with very few Phylica trees. Mainly lowland Tristan Buntings (N. a. acunhae) occur here, with only 

a single Wilkins’ Bunting (N. a. dunnei) captured during the 1999 breeding season. 

 

DNA extraction 

 

DNA was extracted from the whole blood samples by standard phenol:chloroform methods 

(Sambrook et al. 1989). Approximately 50 µL of blood was mixed with 750 µL extraction buffer 

(0.05 M Tris-HCl, 0.5 M Na2-EDTA, 1 M NaCl, 10% SDS) and 0.375 mg Proteinase K (Roche 

Diagnostics). Samples were digested overnight at 55°C followed by a 1 hour digestion with 0.1 mg 

RNAse A (Roche Diagnostics) at 37°C. Samples were e xtracted twice with phenol and once with a 

23:1 solution of chloroform:isoamyl alcohol. To facilitate DNA precipitation, 0.1 volumes 2 M 

sodium acetate and 2.5 volumes of ice cold absolute ethanol was added to the samples, followed 

by overnight storage at -20°C. The samples were cen trifuged for 30 minutes at 13 000 rpm and the 

DNA pellets were washed twice with 70% ethanol and left to air dry. DNA was eluted in 50 µL 

Sabax water (Adcock Ingram).  
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Fig. 2.2  The four main sampling locations are indicated on a topographical map of Inaccessible 

Island showing the distribution of the main types of vegetation (see key) across the island.  

 

 

Amplification & sequencing of nuclear SNPs  

 

For the amplification of intronic and exonic nuclear sequences, 49 primer pairs designed from 

alignments of Zebra Finch (Taeniopygia guttata) and the chicken (Gallus gallus) (M Stervander 

pers. comm.) and 35 primer pairs selected from previous studies (Slade et al. 1993; Friesen et al. 

1997; Heslewood et al. 1998; Friesen et al. 1999; Primmer et al. 2002; Backström et al. 2008; 

Carling & Brumfield 2009) were tested in 6 Nesospiza buntings. Eleven markers containing single 

nucleotide polymorphisms (SNPs) were identified (Table 2.1) and used to amplify a larger panel of 

39 Nesospiza individuals (Appendix 2.1) representing each of the populations found at Tristan da 

Cunha: N. a. dunnei (n = 8), N. a. fraseri (n = 3), N. a. acunhae (n = 5), and their hybrids (n = 6) 

from Inaccessible Island, as well as N. wilkinsi (n = 8), and N. questi (n = 9) from Nightingale 

Island.  

 

PCR amplification was conducted using the Qiagen Multiplex PCR Kit. Each 10 µL amplification 

reaction contained 5 µL Qiagen Multiplex PCR Master Mix, 10 picomol each of the forward and 

reverse primer, 10 ng template DNA, and 2.6 µL RNase-free water. Cycling conditions for a 

touchdown PCR were as follows: Initial activation step for 15 min at 95°C, 35 – 40 cycles of 

denaturation at 94°C for 30 s, annealing at varying  temperatures (Table 2.1) for 90 s, and 

extension at 72°C for 90 s, followed by a final ext ension at 72°C for 10 min. The annealing  

1  

2  

3  

4  

 
 
 



39 
 

Table 2.1 Microsatellite and intronic marker information regarding primer sequences, expected product size, annealing temperatures (Ta), and 

species the primers were initially designed in. Where touch down (TD) PCR programs were used the temperature ranges are shown.  

  Primer sequences (5' - 3') 
Fluorescent 

Label 
Size 
(bp) 

No of 
alleles Ta (°C) Initial species Ref 

011 F: GCCACCAAGCACAAGATCCC N/A 699 TD 63-53 
Taeniopygia guttata 

& Gallus gallus 1, 2 

R: GCAAGGACCTTGATAATGACTT 

020* F: TCTGAACCACTTACTGGCAG N/A 874 TD 63-53 
Taeniopygia guttata 

& Gallus gallus 3 

R: CAAAGGAATCCATGCCAATC 

021 F: GAAGCGTGCTCTAGATGCTG N/A 575 TD 66-61 
Taeniopygia guttata 

& Gallus gallus 2 

R: AGGCAGCAATTATCCTGCAC 

022 F: GCATTGACCTCAAAGAAGGC N/A 680 TD 63-53 
Taeniopygia guttata 

& Gallus gallus 3 

R: TTTATAGGCACATCCTTGAC 

031 F: TGCATGTGTAGAGAAGGCCA N/A 698 TD 61-56 
Taeniopygia guttata 

& Gallus gallus 4 

R: CCAGCTTCATACAAACTGGATGT 

044 F: CCAAGGGACAAAACCTTTACCT N/A 659 
TD 60.5-
55.5 

Taeniopygia guttata 
& Gallus gallus 4 

R: CTAAAATTAGAGTGYAACCAGCAA 

048 F: TGCTGAACAAYCCTATGAATGC N/A 632 TD 61-56 
Taeniopygia guttata 

& Gallus gallus 4 

R: AAATTGAAAGTCAGTCCATTCCA 

055 F: AGAGGTGAACCGCATGTTACTC N/A 653 
TD 60.5-
55.5 

Taeniopygia guttata 
& Gallus gallus 4 

R: AAAAACACTGCAGCTCTGTCC 

057 F: GCAGTAGTGCATCATTTTAGCAAC N/A 658 TD 61-56 
Taeniopygia guttata 

& Gallus gallus 4 

R: CCTCCCATAATATAAAAGTCAGCAA 

061 F: AYGCACAGCTYTGCTTCC N/A 319 TD 61-56 
Taeniopygia guttata 

& Gallus gallus 4 

R: CCRCTTATCACCAACATTGAT 

071 F: CAGAGGATGCGGAAGATGG N/A 513 TD 63‒53 
Taeniopygia guttata 

& Gallus gallus 4 
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  R: TGATACAGAACAGATGACCC             

HrU02 F: CATCAAGAGAGGGATGGAAAGAGG 6-FAM 
128-
134 4 TD 56-46 Hirundo rustica 5, 6 

R: GAAAAGATTATTTTTCTTTCTCCC 

MSLP2 F: TAACTACAGCCAGTTAGAAG 6-FAM 
148-
152 3 53 Locustella pryeri 7 

R: TGAAGTTACTGGTAGCCTTTG 

z037 F: AAAACACCTTGTAATTTAAAACTGG 6-FAM 
165-
171 4 56 

Taeniopygia guttata 
& Gallus gallus 8 

R: 
CATAGATACATATCAATACAGCACATTC 

DkiB102 F: CAACAGGAGGACAAGGTAAGTC HEX 
237-
243 5 TD 63-53 Dendroica kirtlandii 9 

R: AGGACATCAGAACCATGTAACC 

Phtr03 F: ATTTGCATCCAGTCTTCAGTAATT 6-FAM 
129-
133 2 TD 60-50 

Phylloscopus 
trochilus 10 

  R: CTCAAAGAAGTGCATAGAGATTTCAT 
Tgu-Gga-
Genomic03 F: ATTAGCATAGCTCAGCATTGCC HEX 

141-
143 4 56 

Taeniopygia guttata 
& Gallus gallus 11 

  R: CGAGCATTCAAMCCTGTCATC 
Tgu-Gga-
Genomic24 F: RAGRGCCACTTTCACTCCTG HEX 

115-
118 2 56 11 

  R: ATGCTGTGACACTKGGAGGC 
Taeniopygia guttata 

& Gallus gallus 

MSLP4 F: TGCCATGTCCCTGCCTATCC HEX 
156-
165 3 60 Locustella pryeri 7 

  R: TTGGCTCTGCCGCACCTCCC             
* Two polymorphic sites 3 bp apart were scored as single haplotypes (see Materials and Methods section).  

(1) Slade et al. 1993; (2) Heslewood et al. 1998; (3) Backström et al. 2008; (4) Stervander 2010; (5) Primmer et al. 1995; (6) Primmer et al. 1996; (7) 

Ishibashi et al. 2000; (8) Dawson 2007; (9) King et al. 2005; (10) Fridolfsson et al. 1997; (11) A.D. Ball et al. unpublished.  
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temperature was lowered by 0.5 – 1.0°C per cycle fo r the first 5 – 20 cycles (Table 2.1), and 

thereafter kept constant. Gel electrophoresis was conducted with 2.5 µL of each PCR reaction 

on a 2% agarose gel stained in Ethidium Bromide (EtBr) for 30 min. Results were visualised with a 

GE Healthcare Typhoon scanner. PCR products were precipitated with ammonium acetate and 

ethanol and cycle sequencing (BigDye Terminator v 3.1 Cycle Sequencing Kit, Applied 

Biosystems) was conducted according to the manufacturer’s instructions. Sequencing was 

conducted in an ABI Prism 3100 capillary sequencer (Applied Biosystems) with the amplification 

forward primer. 

 

Nuclear sequence analysis 

 

Sequences were aligned and edited using CLC Main Workbench (CLC Bio). Single nucleotide 

polymorphisms were found at 11 markers and were scored according to the IUPAC nucleotide 

ambiguity code. For 10 of the markers SNPs were found at single positions only, and haplotypes 

were inferred manually. A single marker (020) had two polymorphic sites 3 bp apart. Linkage is 

assumed over such short distances, and the two sites were scored as single haplotypes. 

Haplotypes of marker 020 were inferred using DNASP v.5 (Librado & Rozas 2009). 

 

Phylogenetic analyses  

 

Phylogenetic analyses based on the 11 nuclear markers containing SNPs were conducted 

using MRBAYES v 3.1.2 (Ronquist & Huelsenbeck 2003). Genealogies were determined 

independently for IUPAC sequences and inferred haplotypes and trees were rooted with 

sequences from R. goughensis. The most likely model of nucleotide substitution was determined 

for each marker according to the Akaike information criterion (AIC) (Akaike 1974) in the program 

JMODELTEST (Posada 2008, 2009). The data set was divided into single introns and 

evolutionary models were applied to each separately. MRBAYES was run for 3 million 

generations, with 300 000 generations discarded as burn-in. Split frequencies were monitored 

between two simultaneous runs to determine a consensus tree and posterior probabilities were 

calculated from 1000 sampled trees. 

 

Microsatellite testing & genotyping  

 

A total of 76 microsatellite primer pairs that had previously been designed or used in passerine 

species were selected to test in Nesospiza buntings (Hanotte et al. 1994; Primmer et al. 1995; 

Bensch et al. 1997; Double et al. 1997; Fridolfsson et al. 1997; Petren 1998; Piertney et al. 

1998; McRae & Amos 1999; Winker et al. 1999; Richardson et al. 2000; Sefc et al. 2001; Stenzler 
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& Fitzpatrick 2002; Stenzler et al. 2004; King et al. 2005; Saito et al. 2005; Dawson 2007; Martín-

Gálvez et al. 2009; Olano-Marin et al. 2010; D.A. Dawson unpublished). Of these, eight 

polymorphic primer sets (Table 2.1) consistently amplified in Nesospiza and were applied on a 

larger panel of 172 individuals (Appendix 2.1).  

 

PCR reactions were conducted using the Qiagen Multiplex PCR Kit. Amplification reactions 

contained 5 µL Qiagen Multiplex PCR Master Mix, 0.2 µM forward and reverse primer, 10 ng 

template DNA, and 2.6 µL RNase-free water. Thermocycling was conducted using either a 

standard, or a touchdown PCR protocol as follows: An initial activation step of 15 min at 95°C 

was followed by 35 cycles of denaturation (95°C for  30 s), annealing (specific annealing 

temperature or touchdown; Table 2.1) for 90 s, and extension (90 s at 72°C). A final extension 

step was conducted for 10 min at 72°C. For the touc hdown protocols, the temperature was 

decreased by 0.5 °C for the first 10 cycles, and th en kept constant. Results were visualised using 

a GE Healthcare Typhoon scanner after gel electrophoresis with 2 µL PCR product on a 2% 

agarose gel soaked in EtBr for 30 min. PCR products that yielded positive results were diluted 

in 10 µL Sabax water (Adcock Ingram). For each individual 3 µL each of three to six successfully 

amplified markers were co-loaded into a single well on a plate, ensuring no overlap in allele ranges 

of markers with the same fluorescent label. PCR products were separated using an ABI Prism 

3730 Genetic Analyzer (Applied Biosystems). Results were analysed using GENEMARKER® 

AFLP/Genotyping software v 1.90 (SoftGenetics LLC®). Alleles were scored by hand using 

comparisons between individuals with allele morphology as a reference. Allele peaks with a 

fluorescence of less than 150 units were not scored. To minimise genotyping error, all samples 

were amplified twice for each marker and alleles were independently scored three times.  

 

Molecular sexing  

 

Molecular sexing of individuals was conducted with the primers z-002F (5’ HEX-TTA CGC CTT 

TGC AGT GAG C 3’) and z-002R (5’ GCA TTA AGA CAA GGC AAG ATA GAA G 3’) previously 

developed in Zebra Finch (Taeniopygia gutatta) (D.A. Dawson, unpublished). Amplification 

reactions were conducted using the Qiagen Multiplex PCR Kit as follows: 2 µL Qiagen Multiplex 

PCR Mastermix, 10 picomol each of the forward and reverse primer, and 10 ng template DNA. 

Thermocycling conditions were as follows: An initial activation step of 15 min at 95°C, followed 

by 45 cycles of denaturation at 95°C for 1 min and annealing at 60°C for 90 s . This was 

followed by a final extension step of 20 min at 72°C. PCR produc ts were visualised by 2% (w/v) 

agarose gel electrophoresis in 0.5x TBE with GelRedTM Nucleic Acid Gel Stain (Biotium, 

Hayward, CA, USA). Samples that yielded positive results were separated using an ABI PRISM 

3730 Genetic Analyzer (Applied Biosystems). Results were analysed using the GeneMarker® 

AFLP/Genotyping software v 1.90 (SoftGenetics LLC®). 
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Microsatellite and nuclear data analysis 

 

A data set based on 7 microsatellite markers had previously been generated for Nesospiza 

(Ryan et al. 2007). These genotypes were added to the newly generated data set for a final data 

set of 172 individuals with genotypes for 15 microsatellite markers. All analyses were conducted 

using this concatenated data set. A second data set consisting of 39 individuals also genotyped at 

11 SNP loci (see above; Appendix 2.1) was used in several of the analyses in order to compare 

microsatellites and SNPs as markers for fine-scale population genetic analyses. 

 

Marker validation 

 

When determining fine-scale population structure in a complex situation such as on Inaccessible 

Island, it is important to consider the data as objectively as possible. Given this, the individuals 

on Inaccessible Island were assigned to populations according to bill-size and geographic location 

rather than their taxonomic classification upon sampling. In this way the correlation between 

genotype, phenotype (represented here by bill-depth), and geography may be determined. For 

the analyses described below, unless otherwise stated, the data set was compared in four 

different ways (hereafter referred to as Groups 1 – 4): 1) All individuals from Inaccessible Island 

grouped together, and N. questi and N. wilkinsi from Nightingale Island; 2) all Inaccessible 

individuals divided into two populations based on bill-size (see below), excluding individuals with 

intermediate bill- sizes; 3) Inaccessible individuals separated according to geographic location 

(Location 1 - 4, Fig. 2.2) and additionally by bill-size at Location 1; and 4) individuals divided 

according to their taxonomic classification (Ryan 2008) as a comparative group. Due to the limited 

sample size, Group 3 comparisons could not be obtained with the SNP data set. Bill-size was 

defined as “small” or “large” based on the discrete size ranges found at Location 1, i.e. “small-

billed” birds had bill- depths ranging from 8.3 mm to 10.4 mm, and “large-billed” birds from 11.3 

mm to 13.5 mm. Intermediates were excluded from Group 2 and 3 comparisons to characterise 

the divergence between extreme forms on the island. 

 

Allele frequencies, non-biased (Hn.b.), and expected (HE) levels of heterozygosity were estimated 

using GENETIX v 4.05.2 (Belkhir 2004). Departure from Hardy-Weinberg Equilibrium (HWE) was 

quantified by estimating the significance of Wright’s (1931) inbreeding co-efficient, FIS, 

calculated with 10 000 permutations in GENETIX v 4.05.2 (Belkhir 2004). The frequency of null 

alleles (r) was assessed for each marker across the full data set using the Brookfield method 

(Brookfield 1996). The probability of linkage disequilibrium, i.e. the likelihood of independence 

of genotypes for each pair of loci, was calculated for all individuals from Inaccessible Island 

combined using the Black and Krafsur method (1985) as implemented in GENETIX v 4.05.2 

(Belkhir 2004). Sequential Bonferroni corrections (Rice 1989) for multiple comparisons were 
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implemented where applicable.  

 

Test of hybridisation vs. phenotypic plasticity  

 

The hypothesis that the morphological variation found on Inaccessible Island represents 

phenotypic plasticity within a single population was tested against the hypothesis that 

intermediate individuals represent hybridisation between diverging populations. Two sets of 

hybrid populations were simulated in HYBRIDLAB v1.0 (Nielsen et al. 2006) representing 

hybridisation between individuals based on i) bill morphology, or ii) genetic assignment. For the 

set based on bill morphology 20 individuals each with the smallest and largest bill-depth were 

chosen as parental populations. For the second set, individual genetic assignment based on 15 

microsatellite loci was determined using the program STRUCTURE v 2.2.3 (Pritchard et al. 

2000) (for detailed description of analyses see below). Twenty individuals each with the highest 

assignment to one of the two clusters were chosen as parental populations. For each of the two 

sets 100 genotypes were generated for the following crosses: First generation hybrid (F1), second 

generation hybrid (F2), first backcross with one of the first parent groups (e.g. F1 x P1), first 

backcross with the remaining parent group (F1 x P2), second backcross with the first parent 

(F1P1 x P1), second backcross with the second parent (F1P2 x P2). Measures of allele 

frequency, levels of heterozygosity, Wright’s FIS, and linkage disequilibrium were calculated as 

before for both simulated data sets. Results were compared with those of Group 3 individuals from 

Location 2 (the ecotone) and the taxonomically defined hybrids from Group 4.  

 

Genetic variation and population differentiation  

 

The following analyses were conducted using only the microsatellite data sets. Wright’s F 

statistic (FST) was calculated in GENETIX 4.05.2 (Belkhir 2004) according to Weir and 

Cockerham (1984). A Factorial Correspondence Analysis (FCA) of individual multilocus 

genotypes was performed in GENETIX 4.05.2 (Belkhir 2004) to determine the genotypic 

structuring among populations in multidimensional space. UPGMA trees based on pairwise 

genetic distances determined using Wright’s FST (Wright 1969) calculated in GENETIX 4.05.2 

(Belkhir 2004), were constructed for each of the groups using MEGA v.4 (Tamura et al. 2007).  

Tests of individual relatedness on Inaccessible Island in each of two sampling years (1999; 

2004) were conducted using the Queller and Goodnight (1989) estimator of relatedness (QGM), 

as implemented in GENALEX6 (Peakall & Smouse 2006). Significant deviation of the mean from a 

normal distribution would suggest higher levels of relatedness than expected from random 

mating. Pairwise relatedness values were defined as “unrelated” (QGM < 0.125), “second order 

relatives” (QGM ~0.25, 0.125 < QGM < 0.375), and “first order relatives” (QGM ~ 0.5, 0.375 < 
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QGM < 0.750). The proportions of within and between sampling location first and second order 

relatives were examined. 

 

Evidence for a recent bottleneck due to the isolation of populations was assessed using the 

program BOTTLENECK (Cornuet & Luikart 1996). The gene diversity for each population was 

compared with the expected heterozygosity using a sign test and Wilcoxon sign-rank test 

(Cornuet & Luikart 1996). The analyses were conducted based on the Two-phased Mutation 

Model (TPM), as recommended by the authors. 

 

Geographic and morphological components of genetic structure 

 

Mantel tests (Mantel 1967) were implemented in GENALEX6 (Peakall & Smouse 2006) with 999 

permutations to test for the correlation between pairwise genetic and geographic distances, as 

well as genetic and morphological distances. Pairwise genetic distances used for these tests were 

generated in GENALEX6 (Peakall & Smouse 2006) based on Rousset’s FST. Spatial 

autocorrelation conducted in GENALEX6 (Peakall & Smouse 2006) was used to assess the 

spatial pattern of genetic variation by determining the pairwise genetic distances between 

individuals at different geographic scales. GPS co-ordinates of each sampled individual were 

used to calculate pairwise geographic distances between them. The geographic distances were 

correlated with pairwise genetic distances calculated for each of the 15 microsatellite markers. 

Distance classes were chosen as 50 m, 100 m, and 500 m to account for the recorded maximum 

dispersal distances of adult buntings (400 m, Ryan et al. 1994). Thereafter distance classes 

were incremented by 500 m. In order to identify significant deviations 95% confidence intervals for 

the null hypothesis of random genotypic distribution were generated by 1000 random 

permutations and plotted against the geographic data. 

 

Genetic clustering 

 

The following analyses were conducted using the entire dataset and not on the groups 

described above. The number of populations and individual assignment to each population was 

determined using the program STRUCTURE v 2.2.3 (Pritchard et al. 2000). STRUCTURE uses 

a Bayesian Markov Chain Monte Carlo (MCMC) approach to determine the most likely number 

of population clusters in HWE with minimal linkage disequilibrium (Pritchard et al. 2000). Runs 

were conducted using the admixture model and correlated allele frequencies (λ) estimated for 

each population (Falush et al. 2003) with no prior population information provided. Analyses were 

run for 100 000 generations with the first 50 000 generations discarded as burn-in. In order to 

estimate the most likely number of genetic clusters (K), K = 1 – 10 were iterated 20 times each in 
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order to generate multiple posterior probability values for each K. The most likely K was estimated 

according to the ∆-K method (Evanno et al. 2005) using the web-based program STRUCTURE 

HARVESTER v0.56.4 (http://taylor0.biology.ucla.edu/struct_harvest/).  

 

In order to determine the correlation between genetic structure and morphology or geography, 

STRUCTURE was run independently with a morphological or geographical population prior and 

compared to the clustering with no priors. The morphological prior was based on bill-depth. 

Females have, on average, a 0.3 mm smaller bill-depth than males. Thus a 0.3 mm correction 

was made to eliminate sex-based size variation. Each individual was assigned to a size class, with 

classes defined in increments of 0.5 mm. Geographic priors were assigned based on the four 

sampling localities (Fig. 2.2). A STRUCTURE run was conducted as before, but for K = 2 only, 

for 20 iterations.  

 

In order to compare the resolution of SNP data to that obtained with microsatellite data in the 

current study, population clusters and individual assignments based on 11 SNPs was compared 

to that based on 15 microsatellites. These analyses were conducted on a smaller data set of 39 

individuals (Appendix 2.1). STRUCTURE settings were as before, with K = 2 repeated 20 times 

with no prior population information specified.  

 

Introgression analyses  

Simulations in STRUCTURE were used to determine the admixture proportions of two data sets 

with populations chosen based on i) bill morphology, or ii) genetic assignment based on the initial 

STRUCTURE run of 15 microsatellites with no prior information. The analyses were conducted in 

this way for individuals from Inaccessible Island only. A comparative analysis was conducted for 

the Nesospiza buntings from Nightingale Island, using the morphologically distinct N. wilkinsi 

and N. questi species as parental populations. For the bill morphology set, 20 individuals each 

with the largest and smallest bill-depths were chosen. For the set based on genetic assignment, 

the 20 individuals with the highest genetic assignment to each population were chosen. Simulated 

genotypes of hybridised and introgressed individuals were generated in HYBRIDLAB (Nielsen 

et al. 2006) using the chosen individuals as parental populations. For each of the two sets 

independently, 100 genotypes were generated for each of the following crosses: First 

generation hybrid (F1), second generation hybrid (F2), first backcross with one of the first 

parent groups (e.g. F1 x P1), first backcross with the remaining parent group (F1 x P2), second 

backcross with the first parent (F1P1 x P1), second backcross with the second parent (F1P2 x 

P2). In these crosses P1 and P2 refer to the parental groups, F1 is the first generation hybrid, 

and F2 the second generation hybrid. The “prior population information” option was chosen to 

facilitate the clustering of reference individuals (i.e. parental populations) and to calculate the 
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admixture proportions of individuals. The “population flag” option was selected to identify the 

parental populations as reference individuals for the genetic clustering. The model was run as 

before with 100 000 generations and 50 000 of these discarded as burn-in. The admixture 

proportions of these artificial crosses were evaluated according to the ±90% credible regions 

generated by STRUCTURE. 

 

 

Results 

 

Marker amplification and validation 

 

A total of 172 individuals from Inaccessible and Nightingale islands were genotyped at 8 

microsatellite loci. These genotypes were combined with previously generated genotypes from 

an additional 7 polymorphic loci (Delport et al. 2006; Ryan et al. 2007). Of these, 39 individuals 

were also genotyped at 11 SNP loci (Appendix 2.1). Bayesian gene tree analyses based on the 

11 SNP loci produced unresolved trees for both the IUPAC sequences and the inferred haplotypes 

(Appendix 2.2). Tests for linkage disequilibrium between loci were non-significant for all 

populations. Comparisons of the proportion of linked loci in Group 2 Location 2 (0.09), Group 4 

hybrids (0.01), and the two simulated hybrid populations based on bill-size (0.03) and genetic 

assignment (0.11), showed no significant difference. The equation of Brookfield (1996) revealed 

that null alleles were uncommon to rare (r < 0.20) in 13 microsatellite loci (Dakin & Avise 2004). 

Two loci, Tgu-Gga-Genomic03 and Tgu-Gga-Genomic24, were moderate likely to have null 

alleles (r = 0.23, r = 0.21). 

 

Overall lower genetic diversity is observed across the SNP loci than the microsatellite loci. The 

average number of alleles per locus ranged from 1.45 – 1.91 for the SNPs compared to 2.43 – 

4.36 for the microsatellite loci. Similarly, the observed and expected measures of heterozygosity 

were lower for the SNP data than for the microsatellites. Significant deviations from HWE were 

observed for all populations in Group 1 based on microsatellite markers. Deviation from HWE 

was notably less in Groups 2 – 4, where individuals from Inaccessible Island were subdivided. A 

number of private alleles (1 – 5) were observed for populations from Groups 3 and 4 based on 

microsatellite loci. Fewer private alleles were seen in the SNP data, with none found in the 

Group 4 populations (Table 2.2). 

 

Comparison of diversity measures of the simulated hybrid data sets with Group 2 Location 2 and 

Group 4 hybrids based on microsatellite loci show similar levels of heterozygosity. Similar levels of 

heterozygosity are observed for both the simulated hybrids based on morphology (HE 0.43, Ho 
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0.44) and the Group 4 hybrids (HE 0.37, HO 0.39), although only the latter shows significant 

deviation from HWE. A slightly elevated average number of alleles are found for the simulated 

hybrid populations (3.64 and 3.77) when compared with Group 3 Location 2 (3.14) and Group 4 

hybrids (3.14). 

 

Genetic variation and population differentiation 

 

Measures of genetic distance, FST, based on microsatellite loci (Appendix 2.3), were highly 

significant (P-value < 0.001) for all Group 1 and 2 comparisons. For Group 3 comparisons FST- 

values were highly significant between small and large-billed populations from Location 1, between 

both Location 1 populations and Location 3, between the small-billed population from Location 1 

and Location 2, and between Location 4 and the large-billed population from Location 1. All other 

comparisons were non-significant. Group 4 comparisons were all significant (P-value < 0.05) with 

the exception of N. a. fraseri and the hybrid population. Similar results were found based on the 11 

SNP loci. All pairwise comparisons were significant (P-value < 0.05) for Group 1 and 2, although 

all Group 4 FST values were non-significant (Appendix 2.4). 

 

A Factorial Correspondence Analysis (FCA) was used to determine relationships and graphically 

represent the genetic variance among populations in each data set. For Group 1 (Fig. 2.3A) 

clusters of samples representing the two species from Nightingale, N. questi and N. wilkinsi, and 

all individuals from Inaccessible Island were well separated along two of the three axes. Axis 1 

(55.95%) represented most of the separation between the Inaccessible population and N. wilkinsi, 

while axis 1 and 2 (44.04%) represented separation of N. questi from the other two populations. 

Single individuals from the N. questi and N. wilkinsi populations were located within the distribution 

of the Inaccessible population, which may suggest infrequent migration between the islands. 

UPGMA analysis suggests a closer relationship between N. questi and the Inaccessible Island 

population than with N. wilkinsi. Results of the FCA analysis for Group 2 (Fig. 2.3B) showed a 

similar result to Group 1. The distinction between large- and small-billed populations on 

Inaccessible Island cannot be seen in the spatial distribution of their alleles. UPGMA analysis 

indicates a close relationship between the small- and large-billed populations, with N. questi as a 

closer relative to these two populations than N. wilkinsi. In Group 3 (Fig. 2.3C), where individuals 

were grouped by sampling location and bill-depth, the spatial separation between groups in the 

FCA analysis was less distinct than for Group 1 and 2. However, Location 1 small- and large-billed 

individuals formed completely separate groups. There was no distinct pattern in the distribution of 

individuals from Locations 2 – 4, although small-billed individuals (Location 3 and 4) appear to be 

located closer to the small-billed individuals from Location 1. A close relationship occurred 

between the Location 1 small-billed populations and Location 4 from the UPGMA results. Similarly, 

Location 2 and 3 were closely related and the large-billed population from Location 1 was more  
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Table 2.2 Comparison of genetic diversity measures for each of the data sets (Groups 1 – 4; see 

text) based on microsatellite and SNP data. Genetic diversity indices calculated for two simulated 

hybrid populations are shown. Sample size (N), non-biased expected heterozygosity adjusted for 

sample size (Hn.b.), observed heterozygosity (HO), the inbreeding coefficient (FIS), number of 

private alleles (AP), and average number of alleles per locus (A) are shown for each population. 

Significant FIS values (P < 0.5) are indicated in bold.  

  Comparisons N Hn.b. Hobs FIS AP A 

Microsatellites        

Group 1 All Inaccessible 114 0.40 0.37 0.09 18 4.36 

 N. questi 28 0.37 0.34 0.09 4 3.07 

  N. wilkinsi 23 0.19 0.15 0.22 1 2.43 

Group 2 Small 65 0.39 0.35 0.10 6 3.79 

 Large 43 0.38 0.39 0.00 3 3.50 

 N. questi 28 0.37 0.34 0.09 4 3.07 

  N. wilkinsi 23 0.19 0.15 0.22 0 2.43 

Group 3**  Loc1 small 31 0.34 0.31 0.09 2 3.29 

 Loc1 large 32 0.38 0.39 -0.03 5 3.29 

 Loc2 21 0.43 0.38 0.10 2 3.14 

 Loc3 15 0.43 0.37 0.15 4 3.14 

  Loc4 13 0.40 0.41 -0.02 1 3.21 

Group 4 N. a. acunhae 42 0.41 0.37 0.06 3 3.29 

 N. a. fraseri 15 0.36 0.34 0.10 4 3.50 

 N. a. dunnei 32 0.42 0.38 -0.04 3 3.00 

  Hybrids 31 0.37 0.39 0.10 5 3.14 

SNP        

Group 1 All Inaccessible 25 0.29 0.23 0.20 5 1.91 

 N. questi 9 0.36 0.37 -0.04 0 1.91 

 N. wilkinsi 8 0.16 0.18 -0.14 0 1.45 

Group 2 Small 10 0.26 0.19 0.29 1 1.82 

 Large 12 0.28 0.27 0.04 2 1.82 

 N. questi 9 0.36 0.37 -0.04 3 1.91 

  N. wilkinsi 8 0.16 0.18 -0.14 0 1.45 

Group 4 N. a. acunhae 7 0.24 0.16 0.37 0 1.73 

 N. a. fraseri 3 0.27 0.30 -0.18 0 1.64 

 N. a. dunnei 8 0.28 0.26 0.06 0 1.82 

  Hybrids 7 0.28 0.23 0.18 0 1.82 

Simulated 
Hybrids Genetic 600 0.39 0.39 0.01 - 3.64 

  Morphological 600 0.43 0.44 -0.01 - 3.77 
**See Fig 2.2 for positions of Location (Loc) 1 – 4 on Inaccessible Island 

 

 
 
 



50 
 

closely related to these than to Location 4 and the small-billed population from Location 1. For 

Group 4 (Fig. 2.3D) a similar distribution is seen to that of Group 3 (Fig. 2.3C), with a definite 

separation between the large-billed N. a. dunnei and lowland small-billed N. a. acunhae. Again, 

the hybrid population and upland N. a. fraseri are distributed close together in the same cluster, 

and are distributed slightly closer to N. a. acunhae than to N. a. dunnei. UPGMA analysis of these 

populations suggests that the closest relationship is between the hybrid population and N. a. 

fraseri which are, in turn, more closely related to N. a. acunhae than to N. a. dunnei. Three outliers 

can be identified in Fig. 2.3C and D, which correspond to three individuals from Inaccessible Island 

with Nightingale genetic contributions.  

 

No evidence was found for recent population bottlenecks based on any of the data sets. 

Independent analyses of individuals from 1999 and 2004 found more related individuals than 

would be expected from random mating (Appendix 2.5). The average relatedness, however, was – 

0.02 for 1999 and –0.03 for 2004. No significant difference was detected from comparisons of the 

proportions of within and between group relatedness, with most pairwise comparisons 

representing unrelated individuals. For both years, second order relatives (QGM ~0.25, 0.125 < 

QGM < 0.375) were more frequent that first order relatives (QGM ~ 0.5, 0.375 < QGM < 0.750) for 

both within and between group comparisons (Table 2.3). 
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Fig. 2.3 Three dimensional Factorial Correspondence Analysis (FCA) and UPGMA trees 

calculated from genetic distance based on microsatellite data for Groups 1 (A), 2 (B), 3 (C), and 4 

(D). The colour representing each population in the FCA is reflected in the colour of the population 

in the UPGMA trees. The proportion of genetic variance which axis 1 to 3 of the FCA represents is 

shown in brackets next to each axis. The genetic distance correlated with branch length for the 

UPGMA analysis is shown as a scale bar with each tree. 
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Table 2.3  Number of individuals (N) and proportion of within- and between-group relatives found in 

1999 and 2004 calculated according to Queller and Goodnight (1989). Three classes of 

relatedness were compared: Unrelated (QGM < 0.125), second order relatives (QGM ~0.25, 0.125 

< QGM < 0.375), and first order relatives (QGM ~ 0.5, 0.375 < QGM < 0.750). Comparison 

between locations, for example between Location 1 and 2, is denoted as Location 1-2. 

 

Comparisons Unrelated 2nd order 1st order 

1999    

N 1342 220 91 

Location 1-1 0.82 0.13 0.05 

Location 2-2 0.75 0.16 0.09 

Location 3-3 0.00 0.00 0.00 

Location 4-4 0.82 0.13 0.04 

Location 1-2 0.80 0.13 0.07 

Location 1-3 0.81 0.06 0.14 

Location 1-4 0.81 0.16 0.03 

Location 2-3 0.55 0.27 0.18 

Location 2-4 0.86 0.06 0.07 

Location 3-4 0.90 0.10 0.00 

2004    

N 672 108 40 

Location 1-1 0.78 0.15 0.07 

Location 2-2 0.80 0.20 0.00 

Location 3-3 0.74 0.17 0.09 

Location 4-4 1.00 0.00 0.00 

Location 1-2 0.79 0.14 0.07 

Location 1-3 0.85 0.13 0.03 

Location 1-4 0.95 0.04 0.01 

Location 2-3 0.82 0.09 0.09 

Location 2-4 0.90 0.10 0.00 

Location 3-4 0.73 0.25 0.02 
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Geographical and morphological components of genetic structure 

 

Mantel tests for correlations between pair-wise genetic distance and geographic distance revealed 

no significant correlation between individuals from Inaccessible Island (r = 0.02, P-value = 0.44) 

(Appendix 2.6). A significant relationship was found with the Mantel test for correlation between 

genetic distance and bill-size (r = 0.06, P-value = 0.025) (Appendix 2.7). The spatial genetic 

autocorrelation analysis displayed positive genetic correlation values (r) and a significant deviation 

from random (P-value = 0.01) for the first distance class (50 m). Genetic similarities between 

individuals decrease between 50 m and 100 m, and flatten out thereafter (Fig. 2.4). 

 

 

Fig. 2.4 Correlogram showing the genetic correlation (r) of Nesospiza buntings as a function of 

geographic distance (blue line). The distance classes up to 500 m represent the maximum 

dispersal distance of adult buntings. The 95% confidence interval (CI) for the null hypothesis of 

random distribution of genotypes is indicated by the broken red lines, with associated error bars 

shown for each distance class. 

 

 

Genetic clustering 

 

Clustering analyses of all individuals in STRUCTURE v 2.3.2 (Pritchard et al. 2000) with no priors 

specified, suggested that the probability of the data was highest at K = 2. When plotting log 

likelihood values of K = 1 – 5, there was a greater increase in likelihood between K = 1 and K = 2, 

as well as between K = 3 and K = 4, both of which are associated with higher ∆-K values 

(Appendix 2.8). This suggests the existence of four genetic clusters. When K = 4, the two 

populations on Nightingale correspond well with N. wilkinsi and N. questi and two less well-defined 

clusters are seen on Inaccessible Island (Fig. 2.5). The most likely clusters to form at K = 3 are the 

two Nightingale groups and a single Inaccessible group. The two populations on Inaccessible 

Island are roughly associated with bill-size. Two individuals from Nightingale Island, identified as 

N. questi and N. wilkinsi in terms of their morphology, cluster together and independent of 

Inaccessible Island individuals, with a high likelihood, when K = 2 (Fig. 2.5). At Location 1, one 

large-billed individual was found to have a large genetic contribution from N. wilkinsi. Smaller 
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genetic contributions from N. questi and N. wilkinsi were found for other individuals from Location1 

- 4. 

 

Comparison of clusters formed in STRUCTURE based on 15 microsatellites and 11 nuclear 

sequences containing SNPs, showed very similar results. The two clusters from Nightingale Island 

were easily distinguished with both marker sets and correspond to the two species, whereas 

segregation by bill-size was less clear cut at Inaccessible Island (Fig. 2.5). With both marker sets a 

few (but different) large-billed individuals assigned more to the small-billed cluster than the large- 

billed one (Fig. 2.6). The combined data set revealed a much stronger correlation between bill- 

depth and genotype on Inaccessible Island, with all large-billed individuals assigned to one 

population, and small-billed individuals to another. 

 

STRUCTURE was run with prior information for sampling location and bill-depth to determine the 

influence of each of these on the genetic clustering. Neither prior had a drastic influence on the 

assignment of individuals when compared with the results where no priors were used (Fig. 2.7). 

Including bill-size as a prior slightly increased the assignment probability of a few large-billed 

individuals to the large-billed cluster, while the geographic prior suggested a slightly decreased 

assignment of some large-billed individuals to the correct cluster. The two individuals from 

Nightingale Island that were assigned with a high likelihood to the blue cluster from Inaccessible 

Island were identified irrespective of whether priors were specified.  
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Fig. 2.5 STRUCTURE results of two (K = 2) to five (K = 5) inferred populations based on 15 

microsatellites of Nesospiza buntings. All individuals from Nightingale Island and individuals from 

each sampling locality (1 - 4) on Inaccessible Island are arranged by increasing bill-depth. 

 

 

Fig. 2.6  Comparison of individual assignments of Nesospiza in STRUCTURE based 15 

microsatellites, SNPs from 11 intronic regions, or a combined data set. Individuals are arranged by 

increasing bill-depth and by sampling localities (1-4) on Inaccessible Island. 
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Fig. 2.7 Comparison of individual assignments in STRUCTURE based only on genotypes (No 

Prior), or adding sampling location (geographic) or bill-depth (bill-size) as prior information. 

Individuals are arranged by bill-size on both islands and by sampling location (1-4) on Inaccessible 

Island. 

 

 

The morphological and genotypic distribution of individuals from Inaccessible Island (Fig. 2.8) 

corresponds well with the habitat distribution. At Location 1 where there is strongly bimodal seed 

sizes individuals are either small-billed or large-billed with few intermediates. Locations 3 and 4 

consist mainly of bogfern heath and Spartina tussock, respectively. Mostly small seeds are found 

in both locations, hence predominance of small-billed individuals. At both locations, however, a 

single large-billed individual was sampled. Additionally, at Location 3 several small-billed 

individuals show strong probabilities of assignment to the green cluster typically associated with 

large-billed individuals. The ecotone at Location 2 shows a range of bill-sizes, as can be expected 

from the larger range in available seed sizes. This pattern is reflected in the STRUCTURE plot 

where individual assignment to either cluster ranges from 0.015 (1.5%) to 0.97 (97%) with a range 

of intermediates (Fig. 2.8). 
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Fig. 2.8 Topographical map of Inaccessible Island showing the habitat distribution and the four 

sampling localities (1 – 4). Individual assignments if Nesospiza buntings based on 15 microsatellite 

markers as determined by STRUCTURE v 2.2.3 and their bill-sizes for individuals from Location 1 

– 4 (corresponding to the numbers on the map) from Inaccessible Island and individuals from 

Nightingale Island (map modified from Ryan 2007). 

 

 

For the admixture analyses assignment classes can be defined which are expected to correlate 

with specific hybrid crosses based on the assignment values of the simulated hybrids. The 

simulated F1 and F2 hybrids from Inaccessible Island showed admixture proportions to P1 (Parent 

1) between 68 and 45% for simulated genetic hybrids, and 65 and 33% for simulated bill-size 

hybrids. The first and second backcrosses with P1 (F1P1 and F1P1P1) and P2 (F1P2 and 

F1P2P2) showed admixture proportions for the genetic hybrids between 72 and 47% (P1) and 65 

and 36% (P2), while the bill-size hybrids showed proportions between 76 and 34% (P1) and 58 

and 23% (P2) (Fig. 2.9, Table 2.4). These results were used to define assignment groups based 

on genetic and bill-size hybrid admixture proportions. For genetic hybrids these are: 1) 69-72% 

admixture with P1, representing backcrosses with P1 (e.g. F1P1, F1P1P1), 2) 36-44% admixture, 

representing backcrosses with P2, and 3) a mixed group of F1, F2 and backcrossed individuals 

with admixture proportions between 68 and 45%. For the bill-size hybrids: 1) 66-76% admixture, 

1  
3  

2  

4  
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representing backcrosses with P1, 2) 23-32% admixture, representing backcrosses with P2, and 

3) a mixed group of F1, F2 and backcrossed individuals with 65-33% admixture (Table 2.4). The 

allocation of Nesospiza individuals to one of the three classes under each scenario according to 

their admixture proportions assigned a total of 77 (95%) individuals under the genetic scenario, 

and 58 (79%) individuals under the bill-depth scenario to the class of mixed hybrids (admixture 

proportions of 68-45% and 65-33% respectively). Further, 2 (2%) and 13 (18%) individuals were 

assigned to backcrosses with P1 under the genetic and bill-depth scenarios, respectively. No 

Nesospiza individuals had assignment values of higher than 72% (genetic) or 76% (bill-size) to 

parental populations as defined above. Results from the admixture analyses based on simulated 

hybrids using N. questi and N. wilkinsi parental populations, were even less specific than that 

found on Inaccessible Island. Based on the assignment proportions of the simulated hybrids, a 

single assignment group representing all hybrid classes was identified as 61-79% admixture to P1 

(Appendix 2.7, 2.8). 

 

 

 

 

Fig. 2.9 Admixture proportions determined by STRUCTURE for the Nesospiza buntings from 

Inaccessible Island (Inaccessible) and the artificial hybrids generated in HYBRIDLAB based on (A) 

genetic assignment and (B) bill-size. The estimated admixture proportions are determined as their 

mean assignment (black dots) to the parent 1 (P1) cluster, ± 90% credible intervals (grey lines). 
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Table 2.4 Admixture proportions as determined by STRUCTURE for simulated hybrids and 

backcrosses and Nesospiza individuals. Crosses were simulated between individuals with high 

genetic assignment to each cluster (genetic) and between individuals of extreme bill-sizes (bill-

size).  

Genetic n ≥ 73 

Admixture 

to P1 

(72-69) 

proportion 

 

(68-45) 

(44-

36) 

Nesospiza 81 0 2 77 2 

F1 100 0 0 100 0 

F1P1 100 0 12 88 0 

F1P2 100 0 0 92 8 

F2 100 0 2 96 2 

F1P1P1 100 0 19 81 0 

F1P2P2 100 0 0 78 22 

Bill-size   ≥ 77 (76-66) (65-33) 

(32-

23) 

Nesospiza 73 0 13 58 2 

F1 100 0 0 100 0 

F1P1 100 0 16 84 0 

F1P2 100 0 0 86 14 

F2 100 0 2 92 6 

F1P1P1 100 0 24 76 0 

F1P2P2 100 0 0 77 23 
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Discussion  

 

Genetic diversity  

 

The investigation of a study system comprising multiple species sampled across different 

localities and habitats is highly complex. Demographic factors inherent to the Nesospiza buntings 

such as differential habitat use and high levels of dispersal given the small island sizes also act to 

exacerbate this problem. In order to determine the existence of fine-scale genetic variation on 

Inaccessible Island, the sampled individuals must be organised in an objective manner to 

simplify the analyses based on particular models. The genetic summary statistics for the 

groupings made according to the geographic, morphological, and taxonomic models give an 

overview of how the genetic diversity is partitioned across and within the species. On Nightingale 

Island, where speciation is complete between the small-billed N. questi and large-billed N. wilkinsi, 

genetic diversity indices are expected to be comparable to that of other passerine island 

radiations. The observed heterozygosity levels based on microsatellites was 0.34 for N. questi and 

0.15 for N. wilkinsi (Table 2.2). This is lower than heterozygosity observed in other island 

radiations of passerines (e.g. Hawaiian honeycreepers, HO 0.41 – 0.77, Egert et al. 2009; 

Darwin’s finches, HO 0.35 – 0.76, Petren et al. 2005), or outbred continental species (e.g. 

Golden-cheeked Warbler, Dendroica chrysoparia, HO 0.71 - 0.78, Lindsay et al. 2008). On 

Inaccessible Island, the observed heterozygosity values for Groups 1 – 4 based on microsatellite 

loci, ranged from 0.15 – 0.41. These values are similar to those found on Nightingale Island. 

These low levels of heterozygosity in Nesospiza were previously attributed to the small number 

of microsatellite markers used (Ryan et al. 2007), but the results persist after increasing the 

number of microsatellite loci to 15. Comparable low levels of heterozygosity have been found in 

severely bottlenecked species, such as New Zealand Robins (Petroica australis) and 

Saddlebacks (Philesturnus carunculatus) (Taylor et al. 2007). No evidence was found for a 

recent population bottleneck in Nesospiza. However, habitat specialists frequently have smaller 

population sizes than habitat generalists in adaptive radiations due to their specialised niche 

requirements (Brown 1984). Thus, the persistence of low levels of heterozygosity, particularly in 

the large-billed N. a. dunnei and N. wilkinsi, may be attributed to their small population sizes, 

through, for example, inbreeding or rapid fixation and/or loss of alleles.  

 

The deviation from HWE when all individuals from Inaccessible Island are analysed as a single 

population (Group 1, Table 2.1), suggests that there is population substructure on Inaccessible 

Island. Similar results were previously found using seven microsatellite loci (Ryan et al. 2007). 

Subsequently, when the data set was divided according to taxonomic classifications, no 

deviation from HWE was observed (Ryan et al. 2007). Similarly, the subdivision of the Nesospiza 
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buntings according to morphology, geography, or taxonomy using 14 microsatellite loci showed 

(with the exception of two populations, Appendix 2.3) no deviation from HWE. The deviation of 

the upland N. a. fraseri (Location 3, Group 3) can be attributed to incomplete population 

segregation due to ongoing gene flow with individuals from the hybrid zone (Location 2, Group 

3).  

 

The extant patterns of genetic diversity are necessarily dependant on gene flow between 

populations and species, this is commonly shown through measures such as FST (Appendix 2.3, 

2.4) and relationships between groups of individuals are visualised through FCA plots (Fig. 2.3). 

FST statistics based on microsatellite loci (Appendix 2.3) were highly significant between 

morphologically defined populations (Group 2), suggesting high levels of genetic differentiation. 

When populations were defined according to geographic locations (Group 3), results suggest 

ongoing gene flow between N. a. fraseri (Location 3) and the hybrid zone (Location 2). This 

pattern is also seen in the FST results of the taxonomic groupings (Group 4) and supports the 

significant deviation from HWE, as discussed above. FST values suggest ongoing gene flow 

between the hybrid zone (Location 2) and all populations, with the exception of the small-billed 

population from Location 1, which is geographically distinct from Location 2. The ongoing 

hybridisation between all populations at the ecotone is expected if population segregation is 

incomplete. Alternatively, intermediate individuals are expected to occur at the ecotone where the 

highest density of intermediate seeds is located and can be attributed to phenotypic plasticity in a 

single population, rather than hybridisation. 

 

Phenotypic plasticity vs. hybridisation 

 

It is of primary interest to assess whether the three breeding groups from Inaccessible Island 

(N. a. acunhae, N. a. fraseri, and N. a. dunnei) form a single, morphologically diverse population. 

One expectation of this scenario might be that the morphologically and genetically intermediate 

individuals found across the ecotone (Location 2) represent variation in a single population, 

rather than being the result of hybridisation. In order to test this, first generation hybrids, and first 

and second generation backcross individuals were simulated from parents chosen based on 

morphology, or genetic assignment. Comparisons between simulated hybrids and the observed 

population at Location 2 show little difference. Hybrid populations are expected to exhibit 

specific characteristics, such as excess heterozygosity, increased linkage disequilibrium 

between markers, larger allelic diversity than either parental population, and few private alleles. 

The observed population did not differ significantly from the simulated hybrid populations, 

although results did not show many of the expected patterns (Table 2.1), including no 

heterozygote excess and a large number of private alleles (5) found in the taxonomically defined 

hybrids. This could be attributed to the low level of differentiation between the parental 
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populations, since the above-mentioned patterns will become clearer with increased differentiation 

between the hybridising populations. This may result from the difficulty in identifying hybrid 

individuals as well as the dispersal of individuals into Location 2. Although the possibility of a 

single population cannot be discounted without more resolution, it is likely that the individuals 

analysed here represent extensive hybridisation between all Nesospiza populations on 

Inaccessible Island. Additionally, since these intermediates occurring at the ecotone are as fit or 

more fit than either parental population at the ecotone (Ryan et al. 1994), it is likely to represent 

the “bounded hybrid superiority model”. Therefore, there will be ongoing gene flow, and no 

selection against hybridisation (Moore 1977). 

 

Marker comparison (SNPs vs microsatellites) 

 

Microsatellites and SNPs provided similar results in terms of heterozygosity and FIS for all 

groups analysed. Since SNPs are biallelic the number of private alleles and average number of 

alleles per locus was, as expected, lower than in microsatellites (Table 2.2). With the exception of 

Group 4, genetic differentiation measures based on FST were similar, but with less significance 

than those found using microsatellite loci (Appendix 2.3, 2.4). Group 4 (taxonomic 

classifications) FST values were not significant when based on SNPs, which can be attributed to 

the small sample size used. Assignment tests based on STRUCTURE (Pritchard et al. 2000) 

showed similar resolution, although some individuals were assigned to different groups by 

microsatellite and SNP data. This can be attributed to the small population sizes where the 

probability of sharing alleles with a different individual when using a different neutral marker is 

not negligible. As expected, the combined data set showed the best resolution (Fig. 2.6).  

 

In a comparison between SNP and microsatellite loci as markers for population genetic 

analyses by Haasl and Payseur (2010) many fewer microsatellite loci were needed to correctly 

estimate the number of populations with the program STRUCTURE. The similar results between 

the SNP and microsatellite data found in this study can be attributed to the small number of 

alleles found for the microsatellite markers (2 – 7; avg = 3.93). Due to the labour-intensive 

process of isolating and developing species-specific microsatellite loci, SNPs are a useful 

alternative marker if the number of loci needed is not too large. Thus, in future Nesospiza 

studies, it may be useful to focus on SNPs as neutral markers instead of microsatellites. Genome 

wide SNP variation is becoming increasingly easy to obtain with methods, such as RAD 

sequencing, that are applicable to non-model organisms (e.g. Garvin et al. 2010; Hohenlohe et 

al. 2010).  
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Landscape genetics  

 

No pattern of IBD was found with either a Mantel test or spatial autocorrelation analyses for 

Nesospiza buntings from Inaccessible Island. The sampling localities on Inaccessible Island 

were expected to represent independently breeding populations, given the observed philopatric 

nature of Nesospiza (Ryan et al. 1994) and barriers to movement such as the cliffs separating 

Location 1 and 2. In fact, the large genetic differentiation between N. a. acunhae from Location 1 

and the hybrids from Location 2 is likely due to their large spatial segregation (both horizontal and 

altitudinal) relative to the other two Locations. This is supported by evidence of higher levels of 

gene flow between Locations 2, 3, and 4 (Appendix 2.3). In addition, there is observational and 

genetic evidence for assortative mating between large- and small-billed birds at Location 1 (Fig. 

2.7). The negative correlation between genetic and geographic distance (Appendix 2.6) 

suggests that individuals in close proximity to each other are less related than would be expected 

at random. This is probably due to the extant genotypic distribution of individuals across the 

island; for example, N. a. acunhae from Location 4 are genetically indistinguishable from N. a. 

acunhae from Location 1, whereas N. a. dunnei is found in close proximity to N. a. acunhae at 

Location 1. Thus the negative correlation between genetic and geographic distance cannot rule 

out the probability that populations at different sampling localities may be breeding 

independently.  

 

Ecological speciation requires assortative mating to overcome the homogenising effect of gene 

flow between neighbouring populations. If mate choice develops for the same trait that is under 

divergent natural selection, i.e. bill-size in this study system, the combination of natural and 

sexual selection for the trait will result in adaptation and reproductive isolation despite ongoing 

gene flow (van Doorn et al. 2009). Bill-size is highly heritable in Nesospiza (Ryan 2001), as is 

evident from the positive correlation between bill-size and genotype (Appendix 2.7, Fig. 2.7). 

Bill-size variation is also known to directly affect their song (Ryan 1992), as in Geospiza fortis 

population of Darwin’s finches where larger bill-sizes have been associated with deeper calls 

(Huber & Podos 2006). These vocal differences are important in territoriality and mate choice, 

especially in the sympatrically distributed large- and small-billed populations at Location 1 (Ryan 

1992). Additionally, assortative mating at Location 1 where both small and large seeds are 

available suggests that adaptive divergence is maintained on the island. Phenotypic distribution 

of individuals across Inaccessible Island can be associated with seed size availability across the 

island (Fig. 2.8). Thus, although ongoing gene flow is likely to disrupt patterns of IBD, evidence for 

ecological speciation is still clear given the association of bill-size, genotype, and seed size 

availability. 
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Population structure & gene flow  

 

That there exist differences between the different groupings of buntings demonstrates that some 

level of fine-scale genetic structure can be uncovered, from which it is possible to make 

inferences concerning the underlying demographic processes. The amount of genetic 

differentiation was enough to assign Nesospiza individuals from Nightingale Island to one of two 

populations (Fig. 2.5) using the program STRUCTURE, supporting previous results based on 

only four microsatellite loci (Ryan et al. 2007). The situation on Inaccessible Island is more 

complex; although the most likely number of breeding populations in HWE was determined to be 

two (Fig. 2.5) using STRUCTURE, individuals ranged in assignment to either population from 0 – 

100%. This presumably results from the extensive gene flow between populations. 

 

Tests of relatedness and IBD suggest that gene flow is high and migration is likely to occur 

frequently between sampling locations at Inaccessible Island. In general, the results obtained 

here suggest a much higher dispersal distance and more frequent migration than previously 

described (Ryan et al. 1994; Ryan et al. 2007). The detection of two migrants from Inaccessible 

Island on Nightingale Island, suggests that migration also occurs between the islands. It is difficult 

to determine from the STRUCTURE analyses if hybridisation has occurred between the 

migrants from Inaccessible Island to Nightingale Island, although several buntings from 

Inaccessible Island seem to have some Nightingale genetic contribution (Fig. 2.3C & D, Fig. 2.5, 

Fig. 2.7). However, apart from a single individual on Nightingale Island that had previously been 

identified as a migrant, the individuals on Inaccessible Island with Nightingale Nesospiza 

genetic contributions are morphologically similar to Inaccessible Nesospiza buntings. The 

appearance of admixture with Nightingale Nesospiza buntings may be due to the appearance of 

alleles that are rare in the Inaccessible Nesospiza buntings, but occur at a much higher frequency 

(sometimes fixed) in the Nightingale populations. The occurrence of these alleles in the 

Inaccessible populations are likely to be due to ancestral polymorphism, particularly considering 

the number of individuals affected, and the relatively young age of the radiation. The endangered 

status of the species involved make it impossible to investigate pre- and postzygotic isolation 

through test crosses (Ryan 2008). The frequency of migration and hybridisation, as well as the 

viability of hybrid individuals, should be further investigated. Migration and gene flow during the 

process of population differentiation or speciation has been identified in other systems such as 

African cichlids (Tropheops tropheops and T. gracilior), sunflowers (Helianthus annuus), and 

the Hawaiian silversword complex (Asteraceae) (Hey et al. 2004; Rieseberg et al. 2004, 

Lawton-Rauh et al. 2007). 
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Introgression analyses 

 

When hybrids are fully fertile, as in the case of Nesospiza (Ryan 1994), introgression is an 

inevitable consequence of hybridisation. Hybridisation and introgression result in increased 

genetic variation (Grant & Grant 1992), which may be an important contributing factor during 

adaptation to novel environments. Identification of pure and hybridised Nesospiza individuals is of 

primary concern in order to resolve the fine-scale population structure on Inaccessible Island. The 

identification of hybrids is particularly problematic since the hybridising populations are closely 

related and genetic differentiation is based mainly on differences in allele frequency, rather than 

on diagnostic alleles. Admixture analyses could not assign any of the parental Nesospiza 

individuals to pure parental status with either the morphological or genetically determined crosses. 

The vast majority (78 – 100%) of simulated hybrids were assigned to the class representing F1, 

F2, or backcross individuals (68 – 45% for morphological hybrids, 65 – 33% for genetic hybrids). 

These results suggest that there is as yet too little differentiation between the groups, be it based 

on genetic or morphological differentiation, to distinguish between them. 

 

The efficiency of correct assignment of individuals in a hybrid zone is expected to decrease with 

an increase in the level of hybridisation (Sanz et al. 2009). However, analyses conducted using 

the two Nightingale populations as parents showed similar results, with a low assignment of 

parental individuals to either of the parental populations, and a lack of distinction between F1, 

BC1, and BC2 individuals (Appendix 2.7, 2.8). The inefficiency of this method to correctly assign 

individuals to parental populations despite the higher level of genetic differentiation between 

them (FST = 0.49, Appendix 2.3) and higher number of private alleles (Table 2.2) suggests that 

an increased number of markers could provide more resolution. Several studies have shown that 

an increase in the number of loci used will enable a clear distinction between admixed and non-

admixed individuals even when genetic differentiation is low (e.g. Vähä & Primmer 2006; 

Hansen & Mensberg 2009). 

 

Number of markers used  

 

The number of markers needed to resolve population structure depends on the level of genetic 

differentiation between individuals. The lower the levels of genetic polymorphism in a population, 

the more markers needed to differentiate between individuals (Boecklen & Howard 1997; Vähä 

& Primmer 2006; Haasl & Payseur 2010). This is particularly relevant in the case of 

hybridisation and introgression where, for example, F1 hybrids should be more readily identifiable 

than a second- generation backcross (BC2). Boecklen and Howard (1997) showed that at least 

30 polymorphic microsatellite markers were needed to identify a third-generation backcross (BC3), 
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whereas at least ten markers were needed to correctly identify F1 hybrids. The number of 

markers needed in a study depends on the questions to be answered (Boecklen & Howard 1997). 

In most cases rough classifications are adequate, thus fewer markers are needed. In this study, 

the low differentiation of the Group 3 and 4 populations (FST = 0.05 – 0.12) suggests that a large 

number of markers would be needed. Vähä & Primmer (2006) showed that 24 microsatellite loci 

would be needed for efficient detection of F1 hybrids when FST values are as low as 0.12. 

However, correct classification of hybrid and introgressed individuals could only be achieved with 

48 loci when average pairwise FST = 0.21 (Vähä & Primmer 2006). The low resolution obtained in 

the present study complicates the inference of evolutionary history and thus in resolving the fine-

scale population structure at the Tristan da Cunha archipelago. Additionally, evolutionary history 

can only be fully resolved with an integrated approach addressing genotype, phenotype, and 

ecology (Boecklen & Howard 1997). 

 

Conclusions 

 

The fine-scale genetic structure of Nesospiza buntings on Inaccessible Island correlated with bill 

morphology, which is determined by local differences in seed-size distribution rather than 

isolation by distance. Despite the morphological and genotypic continuum between individuals 

across Inaccessible Island, genetic differentiation between subspecies is sufficient for hybridisation 

and identification of morphological intermediates. However, gene flow between geographic 

locations has impeded reproductive isolation to develop to completion. Additionally, there appears 

to be some inter-island dispersal and reproductive isolation appears to be incomplete. 

 

The phenotypically defined sub-species (Ryan 2008) are not strongly supported by neutral 

molecular makers. Rather, some differentiation and fine-scale population structuring is present 

on Inaccessible Island, most likely driven by ecological adaptation, but gene flow between 

groups is too high to create a clear distinction between groups. In order to resolve the fine-scale 

population structure to address all the aims of this study adequately, a larger set of neutral loci 

is needed. 
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Appendix  

 

Appendix 2.1 Ring numbers and taxonomic classifications of individuals sampled between 

1999 and 2004 that have been genotyped at 14 microsatellite loci for this study. Individuals for 

which SNP data were generated are indicated by “Y”. “Location” refers to the geographic 

sampling location on Inaccessible Island, as shown in Fig. 2.2. 

Ring 

number 

Taxonomic 

Classification Sample name Sex Date Location SNP data 

BD68619 Hybrid HYB53 F 11.12.99 1 Y 

f21065 N. a. acunhae ILT27 M 28.11.99 1 Y 

f21067 N. a. acunhae ILT29 M 30.11.99 1 Y 

f21091 N. a. acunhae ILT35 F 08.12.99 1 Y 

f21310 N. a. acunhae ILT41 F 23.12.99 1 Y 

BB94778 N. a. dunnei IW3 F 02.02.99 1 Y 

f21325 N. a. acunhae ILT48 F 09.01.00 1 Y 

f21376 N. a. fraseri ITU37 M 13.11.04 1 Y 

BD68665 Hybrid HYB144 M 23.11.04 1 Y 

BD68669 N. a. dunnei IW26 F 24.11.04 1 Y 

BD68657 N. a. dunnei IW30 M 17.11.04 1 Y 

BC91517 N. a. dunnei IW32 F 13.11.04 1 Y 

BD68667 N. a. dunnei IW33 M 23.11.04 1 Y 

BD68671 N. a. dunnei IW34 M 24.11.04 1 Y 

BD68666 N. a. dunnei IW36 M 23.11.04 1 Y 

BD68630 Hybrid HYB4 M 14.12.99 1  

f21037 N. a. acunhae ILT11 M 20.11.99 1  

f21039 N. a. acunhae ILT13 F 21.11.99 1  

f21045 N. a. acunhae ILT17 F 23.11.99 1  

f21049 N. a. acunhae ILT18 ? 26.11.99 1  

f21050 N. a. acunhae ILT19 M 26.11.99 1  

f21052 N. a. acunhae ILT21 M 26.11.99 1  

f21053 N. a. acunhae ILT22 F 26.11.99 1  

f21063 N. a. acunhae ILT25 M 28.11.99 1  

f04495 N. a. acunhae ILT3 M 26.10.99 1  

f21068 N. a. acunhae ILT30 F 30.11.99 1  

f21069 N. a. acunhae ILT31 F 01.12.99 1  

f21070 N. a. acunhae ILT32 M 01.12.99 1  

f21071 N. a. acunhae ILT33 F 01.12.99 1  

f21090 N. a. acunhae ILT34 F 07.12.99 1  

f21098 N. a. acunhae ILT36 M 14.12.99 1  

f21301 N. a. acunhae ILT38 M 14.12.99 1  

f21315 N. a. acunhae ILT42 M 30.12.99 1  
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f21099 N. a. acunhae ILT5 M 14.12.99 1  

f20649 N. a. acunhae ILT7 F 24.12.99 1  

f20693 N. a. acunhae ILT8 M 23.10.99 1  

f21033 N. a. acunhae ILT9 M 19.11.99 1  

BC11507 N. a. dunnei IW1 F 21.11.99 1  

BC11508 N. a. dunnei IW10 M 22.11.99 1  

BC11510 N. a. dunnei IW12 F 22.11.99 1  

BC11511 N. a. dunnei IW13 M 22.11.99 1  

BC11529 N. a. dunnei IW15 M 02.12.99 1  

BC11542 N. a. dunnei IW16 M 07.12.99 1  

BC11543 N. a. dunnei IW17 F 07.12.99 1  

BC11544 N. a. dunnei IW2 F 07.12.99 1  

BD68618 N. a. dunnei IW20 M 10.12.99 1  

CC39457 N. a. dunnei IW21 M 30.12.99 1  

CC39456 N. a. dunnei IW6 F 30.12.99 1  

BC11505 N. a. dunnei IW8 M 19.11.99 1  

BC11506 N. a. dunnei IW9 M 21.11.99 1  

f21320 N. a. acunhae ILT43 F 09.01.00 1  

f21443 N. a. fraseri ITU46 M 20.11.04 1  

f21441 N. a. fraseri ITU49 M 20.11.04 1  

BD68663 N. a. dunnei IW22 M 23.11.04 1  

BD68672 N. a. dunnei IW23 M 24.11.04 1  

BD68670 N. a. dunnei IW24 F 24.11.04 1  

BD68664 N. a. dunnei IW25 F 23.11.04 1  

BC91518 N. a. dunnei IW27 M 13.11.04 1  

BD68658 N. a. dunnei IW28 M 17.11.04 1  

BD68678 N. a. dunnei IW29 M 30.11.04 1  

BC91515 N. a. dunnei IW35 F 11.11.04 1  

BD68662 N. a. dunnei IW37 M 23.11.04 1  

BD68668 N. a. dunnei IW38 F 23.11.04 1  

f21314 hybrid HYB126 F 27.12.99 2 Y 

BD68629 hybrid HYB62 F 12.12.99 2 Y 

CC39462 hybrid HYB86 M 21.01.00 2 Y 

CC39465 hybrid HYB87 F 21.01.00 2 Y 

BC11515 hybrid HYB10 F 25.11.99 2  

BC11516 hybrid HYB11 F 25.11.99 2  

BC11517 hybrid HYB12 M 25.11.99 2  

BC11518 hybrid HYB13 F 27.11.99 2  

BC11520 hybrid HYB15 M 27.11.99 2  

BB94760 hybrid HYB3 F 18.01.99 2  

BD68618 hybrid HYB52 M 10.12.99 2  

BD68617 hybrid HYB6 F 10.12.99 2  
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BC11513 hybrid HYB8 F 25.11.99 2  

BC11514 hybrid HYB9 M 25.11.99 2  

CC39467 hybrid HYB1 F 21.01.00 2  

CC39463 hybrid HYB2 M 21.01.00 2  

f21432 hybrid HYB138 F 19.11.04 2  

f21430 hybrid HYB141 F 19.11.04 2  

BD68660 hybrid HYB143 M 19.11.04 2  

f21464 hybrid HYB145 M 23.11.04 2  

f21431 hybrid HYB146 F 19.11.04 2  

f21428 N. a. fraseri ITU42 M 17.11.04 3 Y 

f21438 N. a. fraseri ITU45 F 20.11.04 3 Y 

f21081 N. a. fraseri ITU5 M 04.12.99 3  

f21073 N. a. fraseri ITU9 ? 02.12.99 3  

BC11509 N. a. dunnei IW11 M 22.11.99 3  

BD68637 hybrid HYB5 M 04.01.00 3  

f21425 hybrid HYB148 M 17.11.04 3  

f21468 hybrid HYB151 F 26.11.04 3  

f21379 N. a. fraseri ITU35 M 15.11.04 3  

BC91519 N. a. fraseri ITU36 F 15.11.04 3  

f21437 N. a. fraseri ITU38 M 20.11.04 3  

f21372 N. a. fraseri ITU40 M 12.11.04 3  

f21439 N. a. fraseri ITU47 M 20.11.04 3  

f21442 N. a. fraseri ITU48 F 20.11.04 3  

f21427 N. a. fraseri ITU50 F 17.11.04 3  

f21380 N. a. fraseri ITU51 M 15.11.04 3  

BB94715 N. a. dunnei IW5 M 28.10.99 4 Y 

f21019 N. a. acunhae ITB13 ? 07.11.99 4  

f21006 N. a. acunhae ITB15 ? 05.11.99 4  

f21011 N. a. acunhae ITB16 ? 06.11.99 4  

f21031 N. a. acunhae ITB17 ? 12.11.99 4  

f21029 N. a. acunhae ITB19 ? 11.11.99 4  

f21024 N. a. acunhae ITB2 ? 09.11.99 4  

f21008 N. a. acunhae ITB23 ? 05.11.99 4  

f21013 N. a. acunhae ITB24 ? 06.11.99 4  

f21016 N. a. acunhae ITB28 M 06.11.99 4  

f21020 N. a. acunhae ITB3 ? 09.11.99 4  

f21366 N. a. acunhae ITB30 ? 18.09.04 4  

f21365 N. a. acunhae ITB31 ? 18.09.04 4  

f21363 N. a. acunhae ITB32 M 18.09.04 4  

f20950 N. questi NTB15 M 22.10.99 - Y 

f20951 N. questi NTB16 F 22.10.99 - Y 

f20952 N. questi NTB17 M 22.10.99 - Y 
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f20959 N. questi NTB2 M 23.10.99 - Y 

f20961 N. questi NTB25 M 23.10.99 - Y 

f20962 N. questi NTB26 F 23.10.99 - Y 

f20971 N. questi NTB35 F 26.10.99 - Y 

f20972 N. questi NTB36 M 26.10.99 - Y 

f20973 N. questi NTB37 F 26.10.99 - Y 

f20943 N. questi NTB1 M 20.10.99 -  

f20947 N. questi NTB12 M 21.10.99 -  

f20948 N. questi NTB13 F 22.10.99 -  

f20953 N. questi NTB18 M 23.10.99 -  

f20954 N. questi NTB19 F 23.10.99 -  

f20955 N. questi NTB20 M 23.10.99 -  

f20956 N. questi NTB21 F 23.10.99 -  

f20960 N. questi NTB24 M 23.10.99 -  

f20963 N. questi NTB27 F 23.10.99 -  

f20964 N. questi NTB28 M 24.10.99 -  

f20977 N. questi NTB3 M 27.10.99 -  

f20967 N. questi NTB31 M 24.10.99 -  

f20968 N. questi NTB32 M 24.10.99 -  

f20969 N. questi NTB33 M 26.10.99 -  

f20970 N. questi NTB34 M 26.10.99 -  

f20974 N. questi NTB38 M 26.10.99 -  

f20975 N. questi NTB39 M 27.10.99 -  

f20976 N. questi NTB40 M 27.10.99 -  

f20941 N. questi NTB8 M 20.10.99 -  

4-64724 N. wilkinsi NW1 ? 27.10.99 - Y 

4-64580 N. wilkinsi NW16 F 22.10.99 - Y 

4-64703 N. wilkinsi NW17 M 23.10.99 - Y 

4-64567 N. wilkinsi NW2 M 21.10.99 - Y 

4-64722 N. wilkinsi NW25 M 27.10.99 - Y 

4-64562 N. wilkinsi NW6 M 20.10.99 - Y 

4-64564 N. wilkinsi NW7 F 21.10.99 - Y 

4-64565 N. wilkinsi NW8 M 21.10.99 - Y 

4-64570 N. wilkinsi NW10 M 21.10.99 -  

4-64572 N. wilkinsi NW12 M 22.10.99 -  

4-64575 N. wilkinsi NW13 M 22.10.99 -  

4-64576 N. wilkinsi NW14 M 22.10.99 -  

4-64579 N. wilkinsi NW15 M 22.10.99 -  

4-64707 N. wilkinsi NW18 F 23.10.99 -  

4-64708 N. wilkinsi NW19 F 23.10.99 -  

4-64709 N. wilkinsi NW20 M 23.10.99 -  

4-64711 N. wilkinsi NW21 M 23.10.99 -  
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4-64714 N. wilkinsi NW23 M 27.10.99 -  

4-64721 N. wilkinsi NW24 M 27.10.99 -  

4-64723 N. wilkinsi NW26 M 27.10.99 -  

4-64581 N. wilkinsi NW3 M 22.10.99 -  

4-64712 N. wilkinsi NW5 M 24.10.99 -  

4-64566 N. wilkinsi NW9 M 21.10.99 -   
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Appendix 2.2 Bayesian tree based on 11 genomic sequences containing SNPs. Bootstrap 

support of more than 0.95 was not obtained for any of the nodes. Rowettia goughensis (RG) was 

used as an outgroup. Individual samples of N. a. acunhae (NAL), N. a. fraseri (NAH), N. a. dunnei 

(NAD), and their hybrids (NH) from Inaccessible Island, as well as N. questi (NQ) and N. wilkinsi 

(NW) from Nightingale Island are shown. 
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Appendix 2.3 Pairwise FST measures between populations from Groups 1 – 4. Significance 

levels are indicated below the diagonal as very highly significant (P-value < 0.001, ***), highly 

significant (P-value < 0.01, **), significant (P-value < 0.05, *), and non-significant (P-value > 

0.05, n.s.). Significance levels were adjusted with Bonferroni’s correction for multiple 

comparisons.  

Group1 All Inaccessible N. questi N. wilkinsi 

All Inaccessible - 0.31 0.30 

N. questi *** - 0.49 

N. wilkinsi *** *** - 

 

Group2 small large N. questi N. wilkinsi 

Small - 0.08 0.32 0.32 
Large *** - 0.34 0.36 

N. 
questi *** *** - 0.49 

N. 
wilkinsi *** *** *** - 

 

Group3 Loc1 small Loc1 large Loc 2 Loc 3 Loc 4 

Loc1 small - 0.12 0.05 0.05 0.03 
Loc1 large *** - 0.01 0.05 0.1 
Loc 2 *** n.s. - 0 0.02 
Loc 3 *** *** n.s. - 0.02 
Loc 4 n.s. *** n.s. n.s. - 

 

Group4 hybrids N. a. acunhae N. a. fraseri N. a. dunnei 

Hybrids - 0.04 0.00 0.02 

N. a. acunhae *** - 0.03 0.12 

N. a. fraseri n.s. * - 0.07 

N. a. dunnei ** *** *** - 
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Appendix 2.4 Pairwise FST measures and their significance based on SNP data for Groups 1, 

2, and 4. Significance levels are indicated below the diagonal as very highly significant (P-value 

< 0.001, ***), highly significant (P-value < 0.01, **), significant (P-value < 0.05, *), and non-

significant (P-value > 0.05, n.s.). Significance levels were adjusted with Bonferroni’s correction 

for multiple comparisons.  

 

Group1 All Inaccessible N. questi N. wilkinsi 

All Inaccessible - 0.41 0.52 

N. questi *** - 0.48 

N. wilkinsi *** * - 

 

Group2 small large N. questi N. wilkinsi 

small - 0.11 0.43 0.60 

large ** - 0.42 0.53 

N. questi ** ** - 0.48 

N. wilkinsi ** ** ** - 

 

Group4 hybrids N. a. acunhae N. a. fraseri N. a. dunnei 

Hybrids - 0.14 0.07 0.02 

N. a. acunhae n.s. - -0.03 0.13 

N. a. fraseri n.s. n.s. - -0.02 

N. a. dunnei n.s. n.s. n.s. - 
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Appendix 2.5 Distribution of pairwise relatedness among buntings sampled in 1999 and 2004 

on Inaccessible Island. Pairwise relatedness values calculated according to Queller and 

Goodnight (1989) deviate from a normal distribution in both years, suggesting more related 

individuals than would be expected at random. 
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Appendix 2.6 A negative linear relationship between pairwise genetic and geographic distance 

(km) in Nesospiza individuals from Inaccessible Island. The probability of a positive correlation 

is highly non-significant (P-value = 0.44). 

 

 

Appendix 2.7 A positive correlation between genetic distance and bill size (P-value = 0.025) for 

Nesospiza individuals from Inaccessible Island.  

 

 
 
 



 

Appendix 2.8 Estimated number of genetic clusters as determined using the program 

STRUCTURE v 2.2.3 (Prichard 

increase between K = 1 and K = 2, a

K 1 - 5 (B) also show higher values for K = 2 and K = 4, suggesting that two or four genetic 

clusters are likely (∆-K = mean ( |L”(K)| ) / sd [L(K)]; Evanno 

   A  

   B 
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Estimated number of genetic clusters as determined using the program 

v 2.2.3 (Prichard et al. 2000). The mean likelihood of K (±SD) (A) shows a greater 

increase between K = 1 and K = 2, although the probabilities plateau at K = 4. The 

5 (B) also show higher values for K = 2 and K = 4, suggesting that two or four genetic 

K = mean ( |L”(K)| ) / sd [L(K)]; Evanno et al. 2005). 

 

Estimated number of genetic clusters as determined using the program 

2000). The mean likelihood of K (±SD) (A) shows a greater 

lthough the probabilities plateau at K = 4. The ∆-K values for 

5 (B) also show higher values for K = 2 and K = 4, suggesting that two or four genetic 

 

 

 
 
 



 

Appendix 2.9 Introgression analysis of simulated hybrid and backcross individuals using 

wilkinsi and N. questi from Nightingale Island as parental populations. 

 

Appendix 2.10 Admixture proportions of simulated hybrids and backcrosses using 

and N. questi from Nightingale Island as parental populations. Values show the proportion of

population assignment to N. wilkinsi 

individuals for each cross within each population assignment bracket is sho

 

Cross 
F1 
F1P1 
F1P2 
F2 
F1P1P1 
F1P2P2 
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Introgression analysis of simulated hybrid and backcross individuals using 

from Nightingale Island as parental populations.  

Admixture proportions of simulated hybrids and backcrosses using 

from Nightingale Island as parental populations. Values show the proportion of

N. wilkinsi using the program STRUCTURE. The number of simulated

individuals for each cross within each population assignment bracket is sho

n ≥ 80 (79-61) < 61 
100 0 100 0 
100 0 100 0 
100 0 99 1 
100 0 99 1 

 100 0 100 0 
 100 0 100 0 

Introgression analysis of simulated hybrid and backcross individuals using N. 

 

Admixture proportions of simulated hybrids and backcrosses using N. wilkinsi 

from Nightingale Island as parental populations. Values show the proportion of 

. The number of simulated 

individuals for each cross within each population assignment bracket is shown. 
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No evidence of sequence variation at a number of candidate genes within the 

morphologically divergent Nesospiza bunting species complex 

 

 

Abstract 

 

Using the candidate gene approach, genes that are likely to be under diversifying selection in a 

population may be identified and tested for signatures of selection. This approach may focus on 

transcription level differences (e.g. Bone Morphometric Protein 4 in Darwin’s finches) or nucleotide 

changes (e.g. Melanocortin Receptor 1 in Mus musculus). In the study of an island radiation of 

Nesospiza buntings at the Tristan da Cunha archipelago, candidate genes were chosen for their 

role in the phenotypic traits that distinguish Nesospiza populations. Candidate gene sequences 

were identical between all species and subspecies of Nesospiza for genes associated with bill-size 

(Bone Morphometric Protein 2 and 4), colour variation (Melanocortin Receptor protein 1), and body 

size (Melanocortin Receptor proteins 3 and 4). No association was found between phenotypic 

variation and nucleotide sequences of Nesospiza buntings. In fact, all the amplified candidate 

genes showed complete sequence conservation within and between all Nesospiza populations. 

This lack of variation may be attributed to the recent colonisation of Tristan da Cunha or the 

relatively young radiation of Nesospiza buntings. Alternatively, it may result from functional 

constraint acting on these genes. The candidate genes tested may still have an effect on individual 

phenotype, but through variation in expression levels rather than nucleotide polymorphisms. If this 

is the case, it is likely that expression levels are regulated by cis- and/or trans-acting elements. 

 

Keywords: adaptive radiation, Bmp4, candidate gene approach, FoxP2, genotype-phenotype 

interactions, MC1R, MC3R, MC4R, Nesospiza, Tristan da Cunha 

 

 

 
 
 



91 
 

Introduction  

 

Because the genes directly driving speciation are rarely known, most population genetic studies 

are based on marker loci such as mitochondrial DNA, allozymes, and microsatellites (e.g. Russell 

et al. 2005; Hughes et al. 2007; Larsson et al. 2007). Although these markers can be informative 

about the phylogenetic history and population dynamics of a species, speciation most likely 

depends on genes under selection (Orr et al. 2004). There is a renewed interest in identifying the 

genetic factors underlying ecologically important traits, and thus in understanding how selection on 

a desired phenotype affects genetic diversity in natural populations (e.g. Rogers & Bernatchez 

2007; Schluter 2009; Schluter & Conte 2009; Nosil & Schluter 2011). However, the link between 

phenotype and genotype is often elusive. The candidate gene approach exploits the fact that gene 

function is often conserved among similar species (Fitzpatrick et al. 2005). Candidate genes are 

often chosen with the assumption that genes identified to code for a particular trait under selection 

in one species are likely to be under selection in a related species under similar ecological 

circumstances (Schluter & Nagel 1995).  

 

When studying an adaptive radiation or speciation event it is important to compare traits that are 

under ecological or sexual selection (Stinchcombe & Hoekstra 2007). General vertebrate 

candidate genes have been identified, as well as several that are specific to avian systems, 

including genes associated with bill morphology, colour variation, size, and song development 

(Hoekstra & Nachman 2003; Nachman et al. 2003; Abzhanov et al. 2004; Haesler et al. 2004; Wu 

et al. 2004; Scharff & Haesler 2005; Webb & Zhang 2005; Haesler et al. 2007; Nadeau et al. 2008; 

Ka et al. 2009). Although not exhaustive, Table 3.1 lists candidate genes that may be applicable to 

non-model avian species.  

 

Two approaches can be used to study candidate genes in non-model organisms. The bottom-up 

approach makes use of polymerase chain reaction (PCR) primers that have been designed for 

another species for PCR amplification of a candidate gene in the focal species. The association 

between genotype and phenotype can then be determined. The efficacy of this approach may be 

seen in the number of studies that have focused on characterising a small number of candidate 

genes across a large range of taxa. For example, MC1R, has been studied in mammals (e.g. 

Harding et al. 2000; Nachman et al. 2003; Hoekstra & Nachman 2003), birds (e.g. Mundy et al. 

2004; Mundy 2005), and reptiles (e.g. Rosenblum et al. 2004). The top-down approach identifies 

genes under selection in a focal species, and these genes are then examined for sequence 

variation that may be associated with phenotypic variation. This is done by identifying outlier loci 

under selection in whole-genome scans (Luikart et al. 2003), or identifying genes that are 

upregulated under certain conditions or in divergent populations (Stearns & Magwene 2003). 

Although these methods may identify previously unknown candidate genes, they are often difficult 
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to apply in non-model organisms. Here I use the bottom-up approach to test variation in potential 

candidate genes in the Nesospiza buntings found at the Tristan da Cunha archipelago. 

 

The adaptive radiation of Nesospiza buntings at the Tristan da Cunha archipelago has given rise 

to two taxonomic species on Nightingale Island, and three subspecies on Inaccessible Island (Fig. 

2.1; Chapter 2). Previously, the genetic distinction between island populations and between a 

small- and large- billed species on Nightingale Island was shown using microsatellite loci. Intra-

island variation on Inaccessible Island is more complex and a clear distinction could not be made 

based on the neutral microsatellite or SNP loci (Ryan et al. 2007; Chapter 2). 

 

Seeds are important in the diets of Nesospiza buntings, and the ranges of seed sizes available is 

thought to have driven the adaptive radiation of buntings on each island. Species and subspecies 

differ morphologically in bill-size and shape, body size, plumage, and song (Ryan et al. 1994; 

Chapter 2; Fig. 3.1). Nesospiza song differs due to bill morphology and hence between taxonomic 

groups. Smaller billed birds have a faster and more high-pitched song than that of the larger billed 

birds (Ryan 1992). Upland Tristan buntings from the Inaccessible Island plateau (N. a. fraseri) are 

more brightly coloured than their lowland counterparts from the lower slopes of the island (N. a. 

acunhae) (Fraser 1983; Fraser & Briggs 1992; Ryan et al. 1994). Plumage variation is present 

from birth (Ryan et al. 1994), and has been associated with differences in concentration of, and 

interaction between, carotenoid (yellow) and melanin (dark brown) deposition in the feathers 

(Brush 1990). Up to three times higher carotenoid concentrations are found in upland morphs 

compared to lowland morphs (Ryan et al. 1994). These differences have been attributed to the 

increased dietary intake of carotenoid rich Nertera fruit by upland morphs (Ryan et al. 1994). Even 

though the plumage differences are environmentally influenced, this colour dimorphism could lead 

to assortative mating. It is therefore important to identify any underlying genetic factors that may 

contribute to plumage variation. 
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Table 3.1  Candidate genes that have been shown to influence phenotypic traits in birds.  

Candidate gene Species Common name Phenotypic trait References 
Melanocortin-1 receptor (MC1R) Multiple Multiple Feather colour Nachman et al. 2003;Hoekstra & 
   polymorphism Nachman 2003; Mundy et al. 

2004; Mundy 2005; Hoekstra 
2006 

Melanocortin-3 and 4 receptor Gallus gallus Chicken Body mass Ka et al. 2009 
(MC3R, MC4R)     

Forkhead box P2 (FoxP2) Taeniopygia guttata, Zebra Finch,  Vocal learning and song Haesler et al 2004; 
 Melospiza melodia, Song Sparrows, development Review Scharff & Nottebohm 

1991 
 Lonchura sriata 

domestica 
Bengalese Finches  Haesler 2005; Webb & Zhang 

2005 

Calmodulin (CALM1) Geospizinae Darwin's finches, Beak morphology Abzhanov et al. 2006 

  Chickens   

Bone morphometric protein 4 
(BMP4) 

Geospizinae Darwin's finches Beak morphology Abzhanov et al. 2004 

     
Bone morphometric protein 2 
(BMP2) 

Geospizinae Darwin's finches Beak morphology Abzhanov et al. 2004 

     
Uncoupling Protein (UCP) Gallus gallus Chicken Muscle and fatness Liu et al. 2007 
     
Major histocompatibility complex  Gallinago media, Great Snipe, Parasite resistance Ekblom et al. 2007;  
class 2 (MHCII) Falco naumanni, Lesser Kestrel,  Alcaide et al. 2008; 
  Passer domesticus House Sparrow   Loiseau et al. 2009; Anmarkrud 

et al. 2010 
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Fig. 3.1 Relationship between bill-depth and wing length of Nesospiza buntings on Inaccessible 

(light grey) and Nightingale Island (dark grey). Photographs of each subspecies or morph are 

shown to indicate plumage and size variation (adapted from Ryan et al. 2007, photographs 

superimposed on graph by P.G. Ryan).  

 

 

This study identifies and characterises sequence variation of candidate genes that may be under 

divergent selection in Nesospiza buntings. Candidate genes were chosen from previous studies 

given the morphological differences between taxonomic groups of this small radiation. Based on 

previous results using neutral microsatellite and SNP markers (Ryan et al. 2007; Chapter 2) and 

mitochondrial cytochrome b (Ryan et al. 2007), a distinction between Nightingale and Inaccessible 

populations was expected. Assortative mating on Nightingale Island has resulted in two species 

that are phenotypic extremes of the Nesospiza system, with the smallest small-billed and the 

largest large-billed birds (Fig. 3.1; Ryan et al. 2007). The chosen candidate genes are associated 

with ecologically important traits and are therefore expected to be under divergent selection, either 

at sequence or expression level. Here I make use of available DNA samples for examination the 

sequence level sequence-level variation. Due to time-constraints and lack of tissue for RNA 

extraction, Expression-level variation was not addressed in this study. 
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Methods and Materials  

 

Sample collection  

 

Collection of Nesospiza samples was conducted during two breeding seasons on Tristan da 

Cunha: September 1999 - February 2000 and September – November 2004. Buntings were 

caught in hand nets and mist-nets. Whole blood was collected from the brachial vein of each bird 

and stored in EDTA or lysis buffer. Samples were collected from the two species found on 

Nightingale Island, namely N. wilkinsi, and N. questi. On Inaccessible Island, samples were 

collected from the three subspecies: N. a. acunhae, N. a. fraseri, and N. a. dunnei, and from the 

hybrid zone between all forms found primarily across an ecotone on the eastern plateau. DNA was 

extracted as previously described (Chapter 2). 

 

Amplification & sequencing of nuclear SNPs  

 

Candidate genes for Nesospiza buntings were identified based on their function as determined by 

previous studies (Table 3.1). For the amplification of candidate gene sequences, primer pairs 

(Table 3.2) were designed from alignments of Zebra Finch (Taeniopygia guttata) and chicken 

(Gallus gallus) sequences obtained from NCBI. Due to inconsistent amplification of the FoxP2 

gene, three primer sets were designed and tested. These primers were used to amplify a panel of 

49 Nesospiza individuals (Appendix 3.1) representing each of the populations found at Tristan da 

Cunha: N. a. dunnei (n = 7), N. a. fraseri (n = 7), N. a. acunhae (n = 7), and their hybrids (n = 7) 

from Inaccessible Island, as well as N. wilkinsi (n = 7), and N. questi (n = 7) from Nightingale 

Island. 

 

PCR amplification was conducted using the Qiagen Multiplex PCR Kit. Each 10 µL amplification 

reaction contained 5 µL Qiagen Multiplex PCR Master Mix, 10 picomol each of the forward and 

reverse primer, 10 ng template DNA, and 2.6 µL RNase-free water. Cycling conditions for a 

touchdown PCR were as follows: Initial activation step for 15 min at 95 °C, 35 – 40 cycles of 

denaturation at 94 °C for 30 s, annealing at varyin g temperatures (Table 3.2) for 90 s, and 

extension at 72 °C for 90 s, followed by a final ex tension at 72 °C for 10 min. The annealing 

temperature was lowered by 0.5 – 1.0 °C per cycle f or the first 5 – 20 cycles (Table 3.2), and 

thereafter kept constant. Gel electrophoresis was conducted with 2.5 µL of each PCR reaction on 

a 2% agarose gel stained in Ethidium Bromide (EtBr) for 30 min. Results were visualised with a 

GE Healthcare Typhoon scanner. PCR products were precipitated with ammonium acetate and 

ethanol, and cycle sequencing was conducted (BigDye Terminator v3.1 Cycle Sequencing Kit, 

Applied Biosystems) according to the manufacturer’s instructions. Sequencing was conducted in 
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an ABI Prism 3100 capillary sequencer (Applied Biosystems) with the forward primer. Sequences 

were aligned and edited using CLC Main Workbench (CLC Bio). 

 

 

Results 

 

Amplification of the FoxP2 gene was inconsistent with non-specific amplification across Nesospiza 

samples. Of the bone morphometric protein genes 310 bp of BMP2 and 740 bp of BMP4 were 

amplified. For melanocortin receptor protein genes 740 bp of MC1R, 740 bp of MC3R, and 880 bp 

of MC4R were successfully amplified for 49 Nesospiza individuals. Sequence alignments 

conducted in CLC Main Workbench (CLC Bio) revealed no variation between sequences of each 

gene across all Nesospiza individuals. Sequences have been submitted to GenBank, accession 

numbers JF951190 – JF951226. 

 

Table 3.2 Primer sequences for the six candidate genes as designed for amplification in 

Nesospiza buntings. Annealing temperatures (Ta) or temperature ranges in the case of touch-

down (TD) PCRs are given for each primer pair. 

  Primer sequence (5' - 3') Ta 
Expected 

length (bp) 
Product 
length 

BMP2 F: GACACCAGGTTGGTGCATCA 56 839 310 
 R: CTTGCCATCATGCCCAAACG 

   
BMP4 F: TCCGCTTCGTCTTCAACCTC 56 780 740 
 R: CCACCATCTCCTGGTAGTTT 

   
MC1R F: CTGGCTCCGGAAGGCRTAGAT TD 

65-55 774 740 
 R: AYGCCAGYGAGGGCAACCA 

   
MC3R F: GGATTTTGYGAGCAGGTCTTC 56 874 740 
 R: TGCACTGTCCCACRCTCA 

   
MC4R F: CACCCAGCATCGTGGGACA 57 996 880 
 R: CAGGKAAATCACAAAGCCCTCT 

   
FoxP2_1 F: TGATGCAGGAATCTGCGA TD 

65-55 839 - 
 R: GGTGATGCTTTGGAAGTGGT 

   
FoxP2_2 F: AGTGACTGGAGTTCACAGTATGGA TD 

65-55 857 - 
 R: CTCGAACAAAACACTTGTGCA 

   
FoxP2_3 F: AATTTACAGCTGGTTTACACGGA TD 

65-55 700 - 
  R: GTCCCAAAGGGCTGRCTTAAC       
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Discussion 

 

One of the major reasons for employing the candidate gene approach is to identify ecologically 

important traits that are under selection, and hence increase our understanding of evolutionary 

processes governing population dynamics. The focus of this study was to identify polymorphisms 

within specifically chosen candidate genes in Nesospiza buntings to establish any relationships 

with the phenotypic variation of these traits. Not only were no links found between the candidate 

genes and phenotypic variation, but all the amplified gene sequences exhibited complete 

nucleotide sequence conservation among Nesospiza populations. This lack of variation may be 

attributed to the recent colonisation of Tristan da Cunha and/or the relatively young radiation of 

Nesospiza buntings (Ryan et al. 2007). However, inter- and intra-island variation has been 

identified using neutral microsatellite and SNP markers (Ryan et al. 2007; Chapter 2). Similarly, 

island-specific populations could be differentiated based on the mitochondrial cytochrome b (cyt b) 

gene despite only three haplotypes being found for Nesospiza buntings (Ryan et al. 2007). The 

variation at neutral microsatellite markers and mitochondrial cyt b is seen after approximately 3 

million years, which is the estimated time the most recent common ancestor (TMRCA) of 

Nesospiza and R. goughensis as estimated from cyt b differentiation (Ryan et al. 2007). The 

complete conservation of candidate genes that have been identified as ecologically important in 

other species may be due to functional constraint acting on these genes or low mutation rates 

synonymous sites when compared with microsatellites or mtDNA. The chosen genes may still 

have an effect on individual phenotype, but through variation in expression levels rather than 

nucleotide polymorphisms. If this is the case, it is likely that expression levels are regulated by cis- 

(regions outside the actual gene but closely linked to it) and/or trans-acting factors (physically 

unlinked from the actual gene) (Ranz & Machado 2006). Alternatively, the observed phenotypic 

variation in Nesospiza buntings may not be under the control of any of the chosen candidate 

genes, but rather of different genes from the same gene family or biochemical pathway. 

 

Of the candidate genes tested in this study, studies on different taxa have found nucleotide 

polymorphisms in some (e.g. MC1R), while others varied only in expression levels (e.g. 

Bmp4).Sequence variation has been detected across many genera in the MC1R candidate genes. 

Since plumage variation may be determined by both genetic and environmental factors (e.g. 

Bortolotti et al. 2000), it is informative to identify the genetic component underlying this 

evolutionarily important trait. Plumage variation between the upland N. a. fraseri and lowland N. a. 

acunhae buntings on Inaccessible Island has been associated with dietary differences. N. a. 

fraseri feeds on more Nertera fruits, a rich source of carotenoids, than N. a. acunhae does (Ryan 

et al. 1994). The lack of nucleotide polymorphisms in MC1R between species and sub-species of 

Nesospiza suggests that the gene is under functional constraint with mostly environmental factors 

contributing to plumage variation. Similar results have been found in eight species of Old World 
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warblers (Phylloscopus), where MC1R nucleotide variation could not be associated with plumage 

variation (MacDougall-Shackleton et al. 2003). Polymorphisms in MC1R have, however, been 

associated with plumage polymorphisms in some birds, e.g. bananaquits (Coereba flaveola) 

(Theron et al. 2001); Lesser Snow Geese (Chen caerulescens caerulescens), Arctic Skuas 

(Stercorarius parasiticus) (Mundy et al. 2004), and chickens (Kerje et al. 2003; Yang et al. 2008). 

Mixed results have also been found in other animals. For example, a direct link between MC1R 

SNPs and phenotype variation was found in one population of rock pocket mice (Chaetodipus 

intermedius) (Nachman et al. 2003), but no such link could be found in other populations (Hoekstra 

& Nachman 2003). 

 

Differing levels of expression of the bone morphometric proteins have been associated with 

variation in bill-size and shape in chickens, ducks, and Darwin’s finches (Abzhanov et al. 2004; Wu 

et al. 2004). Bill-depth in finches is directly related to bite force (Grant 1999), which is important 

when different sized seeds are available as a food source, as is the case for Nesospiza. The range 

in bill-sizes of Nesospiza associated with their ecologically relevant habitats (Chapter 2) suggests 

that bill-size is one of the phenotypic traits under natural and possibly sexual selection. The lack of 

nucleotide polymorphisms between Nesospiza populations may indicate that selection is acting at 

a different level on Bmp2 and Bmp4. Increased levels of Bmp4 has been associated with 

increased size and Bmp2 with increased bill length in chickens, ducks, Cockatiels (Nymphicus 

hollandicus), and Darwin’s finches (Abzhanov et al. 2004; Wu et al. 2004; Wu et al. 2006). 

Increased expression of the calmodulin gene (CaM) has been associated with the longer and more 

pointed beak of two Darwin’s finches (Geospiza scandens and G. conirostris) (Abzhanov et al. 

2006). This implies that each axis of beak size is potentially under distinct genetic control. No 

nucleotide sequence polymorphism has been reported in any of the genes involved in determining 

bill-size and shape. Size differences are rather associated with differing levels of expression. An 

interesting conclusion is that phenotype may be determined by specific ecological-genetic 

interactions, such as the dietary calcium intake which in turn activates the calcium (CaM) 

pathways. This phenomenon leads to spatio-temporal variation in gene expression and hence 

phenotype. 

 

Large- and small-billed populations of Nesospiza differ considerably in size within and between 

islands (Ryan et al. 1994; Ryan et al. 2007; Fig. 3.1). Divergent selection on body weight has been 

extensively studied in chickens (e.g. Siegel & Wisman 1966; Burkhart et al. 1983; Calabotta et al. 

1985; Dunnington & Siegel 1996; Kuo et al. 2005; Cline et al. 2008; Ka et al. 2009). Although a 

likely to be under a complex multi-genic control, body weight has been found to be heritable in 

several species, including birds (e.g. Moss & Watson 1982; van Kaam et al. 1998; Lagarrigue et 

al. 2006). Body weight has been found to be highly heritable in chicken The MC3R gene has been 

identified in chickens as being in a QTL region associated with high weight (HWS) and low weight 
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strains (LWS) (Jacobsson et al. 2005; Park et al. 2006). Although the exact function of the MCR 

genes in the avian melanocortin energy system remains to be determined, the MC3R and MC4R 

proteins have been identified as neuropeptide regulators of food intake (Ka et al. 2009). Increased 

levels of MC3/4R expression has been described in chicken LWS compared to HWS, as well as in 

mammalian brains of individuals with reduced body weight (Chen et al. 2000; Butler & Cone 2002). 

In addition, chicken LWS and HWS have been shown to be fixed for four line-specific SNPs in the 

MC3R gene (Ka et al. 2009). The same link between body weight and MC3R has been described 

in the red fox (Vulpes vulpes) (Skorczyk et al. 2010). No such association was found in MC3/4R 

sequences of Nesospiza buntings. Since a SNP-phenotype link has been found in an avian and 

mammalian species, body weight is likely to be under genetic control in Nesospiza. It is possible 

that the variation was missed in Nesospiza since only part of each gene was sequenced. 

Alternatively, body weight has also been shown to vary with expression levels in chickens (Chen et 

al. 2000; Butler & Cone 2002), which may also be the case for Nesospiza.  

 

Variation of avian song has been linked to the FoxP2 gene. In Nesospiza small- and large-billed 

birds have distinct songs (Ryan et al. 1994) that probably contribute to their assortative mating. 

The Forkhead Box P2 is part of the large-winged/forkhead box transcription factor gene family 

(Kaestner et al. 2000) and is associated with avian vocal learning and normal song development 

(Sohrabji et al. 1990; Scharff & Nottebohm 1991). In avian systems FoxP2 has been found to have 

increased expression in part of the basal ganglia of the forebrain, the vocal nucleus Area X, of 

vocal learners, whereas vocal non-learners do not possess this region (Haesler et al. 2004). 

FoxP2 expression in Area X increases during the time when song learning occurs in birds, and 

knockdown of the gene has resulted in incomplete and inaccurate imitation of song (Haesler et al. 

2007). Similarly, FoxP2 has been shown to be down-regulated in Area X of the adult Zebra Finch 

when their song is variable and undirected (Teramitsu & White 2006). There is extreme 

conservation of FoxP2 nucleotide sequences (Haesler et al. 2004; Webb & Zhang 2005) and 

expression patterns both within and between birds, mammals, and reptiles, suggesting that it may 

be more generally involved in brain development rather than specifically with vocal learning 

(Haesler et al. 2004). Thus it is not surprising that no nucleotide polymorphisms could be identified 

in the FoxP2 gene of Nesospiza buntings.  

 

 

Conclusions  

 

The aim of candidate gene studies in natural populations is to understand the effect of DNA 

polymorphisms on individual phenotype and fitness. In this case I attempted to apply this method 

to investigate evidence for sequence polymorphisms associated with population differentiation and 

speciation in the adaptive radiation of Nesospiza buntings at the Tristan da Cunha archipelago. No 
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nucleotide polymorphisms in the chosen candidate genes could be linked with the phenotypic 

variation observed in the populations. Oleksiak et al. (2002) showed that a large amount of 

phenotypic variation could be attributed to gene expression levels. This suggests that DNA 

polymorphisms in expressed genes can only be attributed to a small proportion of phenotypic 

variation. In recent studies, a large proportion of observed phenotypic variation and individual 

fitness has been attributed to variations in gene expression (e.g. Ayroles et al. 2009; Künstner et 

al. 2010; Sackton et al. 2010; Snell-Rood et al. 2010). It is unlikely that the observed phenotypic 

variation will be reflected in the nucleotide sequence of the gene identified to be associated with 

the trait under selection (Hughes 2007). It is more likely that variation in transcription rates is 

controlled by cis- and/or trans-acting factors outside the gene being expressed. This makes 

identification of these polymorphisms a difficult process that should not be approached through 

gene expression analysis alone (Abzhanov et al. 2004). 

 

Recent studies have used several genomic methods to identify ecologically important genes or loci 

(e.g. Excoffier et al. 2009; Galindo et al. 2009; Freeland et al. 2010; Schmitt et al. 2010; Freamo et 

al. 2011; Renaut et al. 2011). The population genomics approach differentiates between locus 

specific events (e.g. recombination, selection, and drift) that affect only one or a few loci, and 

demographic events that have genome-wide affects (e.g. population bottlenecks and founder 

events) (Stinchcombe & Hoekstra 2007). This method requires genotypes of a large number of 

unlinked loci of a marker (e.g. SNPs or AFLPs) distributed throughout the genome (Black et al. 

2001; Luikart et al. 2003; Schlotterer 2003). The effects of selection on a beneficial mutation or 

ecologically important trait can be identified as a statistical “outlier” locus in comparison with the 

genome-wide set of markers. In this way candidate regions or genes that affect ecologically 

important traits in a population can be identified for further investigation. Although population 

genomics provides a method for easily identifying evolutionarily significant loci that can also be 

applied to non-model species, there are some drawbacks (Akey et al. 2004; Kadarmideen 2006; 

Gilad et al. 2008). One important limitation is that when working with a genome-wide set of 

markers of unknown positions it is difficult to move from the identification of outlier loci to 

characterising the gene or mutation of interest (Stinchcombe & Hoekstra 2007). 

 

Quantitative approaches such as linkage disequilibrium (LD) mapping and quantitative trait locus 

(QTL) mapping overcome the limitations of population genomics by mapping traits of interest to 

physical regions in the genome. LD-mapping tests for a connection between observed phenotypes 

and genome markers, thus assuming that the markers are in linkage disequilibrium with the locus 

of interest. QTL mapping on the other hand is used to identify chromosomal regions associated 

with a quantitative trait, by comparing variation in this trait in the progeny of controlled crosses 

(Borevitz & Chory 2004; Keurentjies et al. 2008). A variation of QTL mapping, called eQTL 

mapping, determines the co-segregation of molecular markers with expression levels (Jansen & 
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Nap 2001). By determining if the marker that has been associated with increased expression maps 

back to the actual gene, a distinction can then be made between cis- and trans-elements. The 

advantage of LD and QTL mapping is that the genome-wide markers (e.g. AFLPs or SNPs) need 

little optimisation in any species. A major disadvantage of QTL mapping, however, is that a 

pedigree is needed, which is often not available or easily obtainable in non-model organisms or 

natural populations. Thus far genomic approaches have succeeded in narrowing down the location 

of the genes of interest in the genomes of non-model species, but are yet to bridge the gap 

enabling the characterisation of the functional gene or mutations. The traditional bottom-up 

candidate gene approach is therefore still a rapid and efficient method to use in the search for 

ecologically important genes in non-model organisms. 
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Ancestral polymorphism and weak selection characterise MHC class II ß genes in 

Nesospiza buntings 

 

 

Abstract 

 

In the study of the evolutionary processes driving adaptation and population divergence it is useful 

to look at genes under selection rather than neutral variation. The major histocompatibility complex 

(MHC) is involved in the vertebrate immune response and is frequently used to characterise 

adaptive variation in wild populations due to its co-evolution with pathogens. Passerines are 

known to have exceptionally complex MHC systems with multiple copies and large numbers of 

alleles compared to other avian taxa. In this study, I use a cloning and sequencing-based 

approach to characterise the genetic diversity and selection pressure of MHC class II ß exon 2 

(MHCIIß), encoding the highly variable peptide binding region (PBR), in Nesospiza buntings from 

the Tristan da Cunha islands and their sister taxon, Rowettia goughensis, from Gough Island. A 

total of 23 unique alleles was found in 16 individuals encoding at least four functional loci. Overall 

diversity measures of Nesospiza are comparable to outbred passerine species. However, diversity 

measures were much lower in individually sampled populations. There was no evidence of 

selection on the PBR, which could be attributed to a low pathogen load in both Nesospiza and R. 

goughensis. The current allelic distribution in the smaller, diverged populations of Nesospiza can 

be attributed to a founder effect during the colonisation event, followed by drift, in the absence of 

selection. A phylogeny of Nesospiza MHCIIß alleles with several passerine sequences show three 

highly supported Nesospiza-specific groups, with patterns associated with gene duplication, gene 

convergence, and trans-species evolution. Of the 23 alleles, 21 are found in at least two 

populations, indicative of shared, ancestral polymorphism. 

 

Keywords: balancing selection, Major histocompatibility complex (MHC), Nesospiza, passerine  
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Introduction 

 

In genetic studies of wild populations, neutral markers such as mitochondrial DNA (mtDNA), 

microsatellites, or single nucleotide polymorphisms (SNPs) have proven useful for addressing 

phylogenetic and population-level questions (e.g. Burns & Racicot 2009; Postma et al. 2009; 

Honnen et al. 2010; Lack et al. 2010; Williams et al. 2010). However, these marker types tend to 

be uninformative for discerning selection processes and adaptive responses to changing 

environments. Species divergence may occur extremely rapidly with some avian species 

suggested to have diverged within the past 200,000 years (Johnson & Cicero 2004). When 

evolutionary processes occur over such short time scales, even when there is no or restricted 

gene flow, neutral markers may diverge too slowly to show signals of population level 

differentiation. In such cases patterns of population divergence may only be detectable by genes 

under selection (Cohen 2002), such as the highly variable major histocompatibility complex 

(MHC). 

 

The MHC is a multigene family involved in the vertebrate immune response (Klein 1986). Genes 

encode cell surface glycogen molecules that collect peptides found in the cell and present them to 

T-lymphocytes (Klein 1986). MHC gene products facilitate adaptive immune responses against 

intracellular pathogens such as viruses (MHC class I), extracellular pathogens such as bacteria 

(MHC class II), or are associated with the complement system (MHC class III) (Kaufman et al. 

1990). The genes of the MHC are the most polymorphic known in vertebrates, with larger numbers 

of alleles and higher nucleotide diversity than other loci (Parham & Ohta 1996; Gaudieri et al. 

2000; Garrigan & Hedrick 2003). A good example of nucleotide diversity is found in the highly 

variable peptide binding region (PBR) in MHC class II β exon 2 that ensures the binding of a large 

number of conformationally different peptides (Klein 1986). 

 

Several evolutionary mechanisms may be involved in leading to high levels of variation and long- 

term maintenance of MHC-alleles in a population. These include intragenic recombination, gene 

conversion, MHC-dependent sexual selection, and balancing selection in response to pathogen 

load. Selection may occur in response to host-pathogen interactions, such as over-dominance or 

negative frequency-dependent selection favouring a larger array of alleles, or by sexual selection 

through disassortative mating (Doherty & Zinkernagel 1975; Klein 1987; Hughes & Nei 1988; 

Takahata & Nei 1990; Martinsohn 1999; Penn & Potts 1999; Bernachez & Landry 2003; Garrigan 

& Hedrick 2003; Bos & Waldman 2006; Piertney & Oliver 2006; Hosomichi et al. 2008). Balancing 

selection ensures the long-term maintenance of alleles in a population, thus increasing the allelic 

repertoire of a population. This is beneficial in the case of MHC, since more alleles in a population 

will initiate an immune response against a larger range of pathogens (Aguilar et al. 2004). In 

contrast, when a region or gene is under positive selection, certain alleles will be selected for and 
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propagated in the population, while others are lost; at least if negative frequency-dependent 

mechanisms are not initiated as the allele frequency increases (Prezeworski et al. 2005). The PBR 

of MHC molecules is involved in antigen recognition and as such may be under strong balancing 

selection when compared with the non-PBR sites (Takahata et al. 1992).  

 

Since balancing selection maintains MHC-alleles, the polymorphism in a population may have an 

ancestral origin that predates population differentiation and speciation, a phenomenon referred to 

as “trans-species evolution” (Takahata 1990; Klein et al. 1993). Tracing the evolutionary history of 

MHC alleles is complicated by the variation in number of loci and difficulty obtaining molecular 

data from a single locus at a time. The molecular evolution of MHC is prone to frequent gene 

duplication and loss (Nei & Hughes 1992; Nei et al. 1997). Gene duplication events of MHC can be 

traced phylogenetically in most lineages since duplicated genes evolve independently. This can be 

seen in the phylogenetic grouping of orthologous genes with each other rather than in a species-

specific manner (Nei et al. 1997; Gu & Nei 1999; Nei & Rooney 2005). Alternatively, recent 

duplication and concerted evolution of genes (through recombination or gene conversion) will 

result in species-specific clustering (Edwards et al. 1995; Witzell 1999; Hess & Edwards 2002).  

 

MHC divergence may be driven rapidly by host-parasite co-evolution resulting in a spatial pattern 

of MHC variation as populations adapt to local parasites (Anmarkrud et al. 2010). Although 

uncommon, spatial patterns of MHC diversity have recently been reported in some avian systems 

(e.g. Ekblom et al. 2007; Alcaide et al. 2008; Loiseau et al. 2009). Such patterns may indicate 

selection for specific MHC alleles in each local population, although in some cases such patterns 

may appear because of small population sizes and limited gene flow.  

 

The domestic chicken (Gallus gallus), which is one of the most well-studied avian MHC systems, 

has a much simplified MHC structure compared to that of mammals (Kaufman et al. 1999). This 

simplified MHC, often called the minimal essential MHC (Kaufman et al. 1995), has also been 

identified in a parrotlet (Forpus passerinus) and is believed to be the ancestral state in birds 

(Hughes et al. 2008). In contrast, passerine MHC structure is much more complex and 

polymorphic (reviewed in Westerdahl 2007), with multiple gene copies, pseudogenes, and larger 

genes due to large introns (Edwards et al. 1999; Bonneaud et al. 2004; Westerdahl et al. 2004).  

 

Nesospiza buntings represent a small passerine radiation that has occurred at the Tristan da 

Cunha archipelago in the South Atlantic Ocean in response to dietary seed size variation (Fig. 2.1, 

Chapter 2). Both Nightingale and Inaccessible islands are inhabited by large- and small-billed 

Nesospiza buntings. Nesospiza buntings from Inaccessible and Nightingale islands are recognised 

as distinct subspecies due to their large size difference (Lowe 1923; Hagen 1952). The two 

species on Nightingale Island co-occur with little interbreeding, probably due to the availability of 
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two discrete seed sizes within a single habitat. Inaccessible Island has three lineages of buntings: 

Large-billed N. a. dunnei, and two colour morphs of the small-billed bunting, N. a. fraseri and N. a. 

acunhae (Ryan et al. 2007; Ryan 2008). Hybridisation occurs between all three forms across an 

ecotone on the eastern plateau of Inaccessible Island. This is probably due to a large variation of 

seed sizes occurring at low densities, which favours greater diversity in bill-sizes (Ryan et al. 1994; 

Chapter 2). 

 

MHC may be useful as a population marker if there is divergence in a population driven by 

differential adaptation to local parasite load, or assortative mating due to local mate choice. 

Nesospiza buntings are believed to be highly philopatric with a maximum adult dispersal distance 

of 400 m observed on Inaccessible Island (Ryan et al. 1994). However, immature birds have been 

found to disperse up to 1.6 km (Ryan et al. 1994). Selection on the MHC due to local parasite load 

on the small populations found at the different habitats across Inaccessible Island would result in 

fine-scale population structure. Population structure may also result from assortative mating due to 

mate choice, which is in turn influenced by song, plumage and morphological variation (e.g. Hill 

2006; Riebel 2009). The differences in songs between small- and large-billed Nesospiza buntings, 

as well as the differences in plumage between upland and lowland morphs of the small-billed 

buntings, may thus act as mating cues and lead to assortative mating between populations. MHC 

class II has, however, been found to be under balancing selection in many other populations (e.g. 

Aguilar & Garza 2007; Xu et al. 2008; Lenz et al. 2009). Balancing selection maintains allelic 

diversity and will thus counter the effects of population divergence that may result from adaptation 

to local parasite load or assortative mating. 

 

Despite the relatively high expected levels of MHC polymorphism in passerines, some cases of 

extremely low levels of diversity have been described. This has been attributed to low 

pathogenicity, non-random or monogamous mating systems, and bottlenecks or small population 

sizes (Trowsdale et al. 1989; Slade 1992; Murray & White 1998; Seddon & Baverstock 1999; 

Richardson & Westerdahl 2003; Lehman et al. 2004; Miller & Lambert 2004a, b; Bollmer et al. 

2007). In the last case the effect of genetic drift will be stronger than that of balancing selection, 

resulting in a loss of allelic variation. Balancing selection maintains alleles in a population for a far 

greater time than under neutrality, thus requiring very small population sizes over a longer time 

period for a similar amount of loss in variation as could be expected under neutrality. In a large 

population, however, balancing selection will maintain alleles, thus high levels of MHC 

polymorphism are expected. It follows that in comparing MHC polymorphism between mainland 

and island populations, small and isolated island populations are expected to have lower diversity 

(e.g. Seddon & Baverstock 1999; Richardson & Westerdahl 2003; Miller & Lambert 2004a, b). A 

high parasite load of diverse parasite fauna may be an important factor promoting MHC variation, 
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as can be seen in many temperate marine species (e.g. Trowsdale et al. 1989; Slade 1992; 

Murray & White 1998; Lehman et al. 2004; Bollmer et al. 2007). 

 

The sympatric distribution and hybridisation of Nesospiza populations on Inaccessible Island 

allows for high levels of allelic exchange at neutral loci (Ryan et al. 2007; Chapter 2), and only 

markers closely linked to genes under selection may be able to identify the genetic variation and 

geographical structure of adaptive traits. A gene under divergent selection in different directions in 

different populations, such as genes coding for bill morphology in the two different Nesospiza 

habitats, is likely to show more pronounced population structure than neutral markers. In contrast, 

genes under balancing selection such as the MHC should be less diverged than neutral markers. 

In this study, I characterise levels of genetic variation and attempt to infer the pattern of selection 

of MHC class II ß exon 2 (MHCIIß) of Nesospiza spp. and Rowettia goughensis, a putative sister 

species (Rand 1955). I use these data, and data gathered from the literature (e.g. Richardson & 

Westerdahl 2003; Miller & Lambert 2004 a, b; Travis et al. 2006; Bollmer et al. 2007; Anmarkrud et 

al. 2010), to compare levels of genetic variation at the MHCIIß between populations of Nesospiza, 

as well as between Nesospiza and other passerine species. 

 

 

Materials & Methods 

 

Sampling 

 

I analysed MHCIIß exon 2 of Nesospiza buntings (n = 14) from the Tristan da Cunha archipelago 

and their putative sister species, R. goughensis (n = 2), from Gough Island (Rand 1955). 

Individuals were mist-netted or caught with hand nets during two breeding seasons: September 

1999 – February 2000 and September – November 2004. Brachial vein blood samples were 

collected and stored in EDTA or lysis buffer (PG Ryan pers. comm.). Two to three individuals were 

chosen to represent each of the sampled populations: Rowettia goughensis from Gough Island, N. 

wilkinsi and N. questi from Nightingale Island, and N. a. dunnei, N. a. fraseri, N. a. acunhae and 

individuals from the hybrid zone on Inaccessible Island (Fig. 4.1). These individuals were used as 

part of this preliminary study to determine if MHC sequences can detect population structure 

among Nesospiza buntings. 

 

DNA extraction and amplification 

 

DNA was extracted from whole blood by standard phenol:chloroform methods (Sambrook et al. 

1989, Chapter 2). The primers 2zffw1 (5’ TGT CAC TTC AYK AAC GGC ACG GAG 3’) and 2zfrv1 

(5’ GTA GTG TGC CGG CAG TAC GTG TC 3’), previously designed in Zebra Finch (Taeniopygia 
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guttata) (Balakrishnan et al. 2010), were used to amplify 159 bp of MHCIIß exon 2. These primers 

are not locus-specific and amplify exon 2 of multiple copies of the MHCIIß gene. Amplifications 

were performed in 10 µl volumes, each containing 5 µl QIAGEN Multiplex PCR Master Mix, 10 pM 

of each primer, and 10 ng of template DNA. PCR cycling conditions involved an initial denaturing 

step of 15 minutes at 95˚C, followed by 35 cycles of 30 seconds at 94˚C, 1 minute 30 seconds at 

64˚C and 1 minute 30 seconds at 72˚C. PCR products were visualised by 2% (w/v) agarose gel 

electrophoresis in 0.5x TBE with GelRedTM Nucleic Acid Gel Stain (Biotium, Hayward, CA, USA). 

 

Cloning and sequencing 

 

PCR products of all individuals were cloned using the TOPO TA Cloning® kit (Invitrogen). Vectors 

(pCR® 2.1-TOPO®) with inserted PCR product were used to transform chemically competent 

Escherichia coli cells (OneShot®), according to the manufacturer’s instructions. Transformed cells 

were cultured on S.O.C medium (Invitrogen) for one hour in a shaking incubator at 37°C and then 

incubated overnight at 37°C on LB-medium supplement ed with 50 µg/ml Ampicillin and 50 µl of X- 

gal (40 mg/ml). For each sample 30 positive colonies were picked with a sterile toothpick, diluted 

in 100 µl Sabax water (Adcock Ingram) and used directly as DNA template for PCR. Amplification 

reactions contained 2 µl QIAGEN Multiplex Master Mix, 10 pM each of M13 forward and M13 

reverse primers (included in the kit), and 2 µl of the colony diluted in Sabax water. The same PCR 

cycling conditions were used as before (see above). All clones were sequenced in both directions 

on an ABI Prism 3100 capillary sequencer (Applied Biosystems) following cycle sequencing 

(BigDye Terminator v3.1 Cycle Sequencing Kit, Applied Biosystems) according to the 

manufacturer’s recommendations. 

 

Data analysis 

 

Nucleotide sequences were edited and aligned using CLC Main Workbench 5.0.2 (CLC Bio). 

Mutations or artefacts during PCR, such as mispriming or Taq error or mismatch heteroduplex 

repair by E. coli often occur during cloning (Zorn & Krieg 1991). To avoid including such false 

haplotypes, sequences were only accepted if they were present in two or more individuals (Table 

4.1). The number of alleles, nucleotide diversity (π), number of segregating sites (S), and average 

number of differences between sequences (K) were calculated using DNASP 5.0 (Librado & 

Rozas 2009). Results were compared to those of the Galápagos Penguin (Spheniscus 

mendiculus) (Bollmer et al. 2007), New Zealand (Petroica a. australis) and Chatham Island Black 

Robins (Petroica traversi) (Miller & Lambert 2004a, b), Hawaiian honeycreepers (Drepanidinae) 

(Jarvi et al. 2004, with separate analysis of Hemignathus virens and Himatione sanguinea), 

Common Yellowthroat (Geothlypis trichas) (Bollmer et al. 2010), Bluethroat (Luscinia svecica) 

(Anmarkrud et al. 2010), and House Sparrow (Passer domesticus) (Bonneaud et al. 2004). 
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Information was either obtained directly from these studies or calculated using sequences from 

GenBank. In order to verify the sequences, each of the alleles was compared to the nucleotide 

collection (nr/nt) database available through NCBI using the BLASTN 2.2.24 algorithm (Zhang et 

al. 2000) and optimising for highly similar sequences (MEGABLAST). Of the 23 unique alleles 

identified, 21 alleles (Neso01 – 21) showed high identity (87-96%, with coverage of 80-98%) to 

known passerine MHCIIß coding genes, and two alleles (Neso22 and Neso23) showed high 

identity (92-93%, with 98% coverage) with passerine pseudogenes (Appendix 4.1). This suggests 

that Neso22 and Neso23 are non-functional, thus they were excluded from the selection tests. 

 

Preliminary tests based on allele frequencies of 2-3 individuals per population were conducted to 

determine if MHC sequences can be used to identify population structure in Nesospiza buntings. 

Allele frequencies were calculated as the number of individuals with a specific allele divided by the 

population size and were compared between N. wilkinsi, N. questi, N. a. dunnei, and a combined 

population of N. a. acunhae and N. a. fraseri. 

 

Nucleotide positions associated with the PBR were assigned according to the PBR regions 

determined for the human antigen binding region (Brown et al. 1993). Selection may be tested 

based on the ratio of nonsynonymous (dN) to synonymous (dS) substitutions (dN/dS = ω). Under 

strict neutrality the number of nonsynonymous and synonymous substitutions will be equal, while 

regions under selection are expected to undergo more nonsynonymous substitutions. The 

parameter ω was calculated in MEGA 4 (Tamura et al. 2007) using the method of Nei and 

Gojobori (1986) with Jukes Cantor corrections and 1000 bootstrap replicates. A z-test (Nei & 

Gabori 1986) was used to determine the probability of positive selection based on the selection 

parameter (ω) against a null hypothesis of strict neutrality (dN = dS). Standard selection tests 

(Tajima’s D, Fu & Li’s F* and Fu & Li’s D*) were calculated in DNASP 5 (Librado & Rozas 2009). 

Substitution rates, ω, and the probability of positive selection on PBR and non-PBR regions were 

compared to the Galápagos Penguin (Bollmer et al. 2007), New Zealand and Chatham Island 

Robins (Lambert et al. 2004a, b), Hawaiian honeycreepers (Jarvi et al. 2004), Common 

Yellowthroat (Bollmer et al. 2010), and House Sparrow, with results obtained from these studies or 

calculated using sequences from GenBank (Appendix 4.2). 

 

In a second test of selection, the maximum likelihood method implemented in CODEML in the 

package PAML 3.14 (Phylogenetic Analysis by Maximum Likelihood) (Yang 1997, 2007) was used 

to identify the sites in the MHCIIβ sequence that are under selection. The advantage of this 

method is that no prior knowledge is needed of sites expected to be under selection, and results 

can be compared with putative PBR- and non-PBR sites. Likelihood ratio tests in CODEML were 

used to test neutral models and models of selection. In a first comparison a neutral model M1a (ω0 

< 1, ω1 = 1) was tested against M2a, a model for positive selection (ω2 > 1). Model M1a assumes 
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that sites are either conserved and under purifying selection (ω0 < 1), or selectively neutral (ω1 = 

1). Model M2a considers a third class of sites where sites may be under positive selection (ω2 > 

1). A second comparison tested a neutral model M7 (0 < ω < 1) against a model for positive 

selection, M8 (0 < ω < 1, ω > 1). Model M7 is based on a β distribution and estimates ω as a value 

between 0 and unity. In M8 the parameter ω is estimated directly from the data for one class of 

sites which allows for ω > 1. Both these tests are routinely used to identify sites under selection 

(Yang et al. 2005). The best model for the data was determined using a likelihood ratio test for 

each model comparison, thus the likelihood of positive selection could be evaluated (Yang et al. 

2000). The difference in likelihood values of the null model (M1a, M7) and the alternative model 

(M2a, M8) was compared with the χ2 distribution. Degrees of freedom were calculated as the 

difference in the number of parameters for each test. The Bayes Empirical Bayes method is 

implemented in the CODEML package to calculate the posterior probability for each site class in 

the M2a and M8 models. A site is likely to be under positive selection when the posterior mean of 

ω > 1 (Yang et al. 2005).  

 

All phylogenetic analyses were conducted in MRBAYES v 3.1.2 (Ronquist & Huelsenbeck 2003). 

A concatenated data set comprising MHCIIβ sequences of Zebra Finch, Bengalese Finch 

(Lonchura striata), House Finch (Carpodacus mexicanus), Red-winged Blackbird (Agelaius 

phoeniceus), Little Greenbul (Andropadus virens), New Zealand and Chatham Island Black 

Robins, Florida Scrub Jay (Aphelocoma coerulescens), Great Reed Warbler (Acrocephalus 

arundinaceus), White Wagtail (Motacilla alba), Vegetarian Finch (Platyspiza crassirostris), House 

Sparrow, and Common Yellowthroat obtained from GenBank (accession numbers in Appendix 4.2) 

was analysed with all Nesospiza alleles (Neso01 – Neso23). The passerine species most closely 

related to Nesospiza, chosen as the top ten hits for each Nesospiza allele using BLAST (Appendix 

4.1), and several other passerine species (chosen to represent passerine diversity) were used for 

the phylogenetic analyses. Sequences were only included if there was sequence alignment of 

more than 100 bp, thus some species (e.g. Poephila acuticauda) identified to be in the top ten 

closest matches to one on the Nesospiza alleles were not included. This cut-off was made to 

enable a more robust result from the phylogenetic analysis.  

 

Sequences were aligned and edited in CLC Main Workbench (CLC Bio). The best model for 

nucleotide substitution as determined by JMODELTEST (Posada 2008, 2009) was fit to each 

codon position independently. Models were chosen based on the Akaike Information Criterion 

(Akaike 1974) for the first (TIM2+G, gamma shape = 0.578), second (TPM1uf+G, gamma shape = 

0.458), and third (HKY+G, gamma shape = 1.211) codon positions. Divergent Zebra Finch 

sequences were chosen as an appropriate root for passerine MHCIIβ as determined by 

Balakrishnan et al. (2010). MrBayes was run for 3 million generations with four incrementally 

heated chains. Trees were sampled every 3000 generations with 10% of the generations (300 
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000) discarded as burn-in. A consensus tree and posterior probabilities were calculated from the 

sampled trees. The average standard deviation of split frequencies were monitored between two 

simultaneous runs to determine if the two results converged within the 300 000 generations. 

 

Recombination is often found in avian MHC genes (Edwards et al. 1995; Hess & Edwards 2002) 

and may be associated with creating MHC allelic diversity (Bos & Waldman 2006; Hosomichi et al. 

2008). The RDP3 Beta 27 (Martin et al. 2005) package was used to test for signatures of 

recombination using multiple algorithms simultaneously. Different methods available for testing for 

signatures of recombination may all be affected differently by parameters of the data set, such as 

sequence divergence or nucleotide substitution rates, and vary in accuracy. Thus it is useful to 

compare results from many different algorithms. The program was run with the following methods: 

RDP (Martin & Rybicki 2000), GENECONV (Padidam et al. 1999), BootScan (Martin et al. 2005), 

MaxChi (Maynard Smith 1992), Chimaera (Posada & Crandall 2001), and 3Seq (Boni et al. 2007). 

The default settings were used in all cases, and the significance level was set to 0.05. Bonferroni 

corrections for multiple comparisons were applied (Rice 1989). 

 

 

Results 

 

PCR amplification and cloning of partial MHC class II β genes 

 

Sequences of 159 bp in length were obtained from 14 Nesospiza from the Tristan da Cunha 

archipelago and two R. goughensis from Gough Island. A total of 366 clones of MHCIIβ exon 2 

PCR products were sequenced with 12 – 28 clones per individual (average = 22.88). Apart from 

several unique sequences that were found only in one individual and were attributed to Taq- 

polymerase errors and exluded, 23 unique alleles were identified (Table 4.1). 

 

The primers used in this study amplify multiple loci and no one allele can be assigned to a 

particular locus. Thus, the standard nomenclature of MHC alleles (Klein et al. 1990) cannot be 

used, and alleles were named Neso01 – Neso23. No stop codons or frameshift mutations were 

present in any of the sequences, although one of the sequences (Neso02) contained an in-frame 

two codon insert. BLAST analysis indicated high similarity (87-96%, with coverage of 80-98%) of 

21 alleles (Neso01- Neso21) to functional passerine MHCII alleles, whereas Neso22 and Neso23 

had higher similarity (92-93%, with 98% coverage) to passerine pseudogenes. Unless mRNA 

sequences of MHC are obtained, non-expressed genes (pseudogenes) can only be identified by 

frameshift nonsense mutations in the sequence. The identification of two Nesospiza pseudogenes 

based only on sequence identity with other passerine pseudogenes emphasises the need to apply 
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caution when analysing and interpreting MHC results. Unless otherwise stated the presumed 

pseudogenes were excluded from further analyses.  

 

 

Table 4.1 The number of clones of each of the MHC alleles, Neso01-23, obtained from all 

Nesospiza and Rowettia goughensis individuals. Alleles were only accepted if they were present in 

two or more individuals. 

  01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

N. a. acunhae 01 1    1            21   1    

N. a. acunhae 02 1   2     1   1   21     1   

N. a. acunhae 03    1  2        15  7   1  2  

N. a. fraseri 01  2   1           15    1   2 

N. a. fraseri 02        2  1  1       10     

N. a. dunnei 01      1     1    9  10     2  

N. a. dunnei 02     1 1         20   1  1  2  

Hybrid 01    3   2   2     10 8       2 

Hybrid 02   1  1     1   1  14     3 1 2  

Hybrid 03        6  1  1       4     

N. questi 01         1  1  1 1 18         

N. questi 02 1          1    20     1  1  

N. wilkinsi 01    1         1  8  10     1  

N. wilkinsi 02   1    2      2  16   1  1   2 

R. goughensis 01            1 2 13  8       

R. goughensis 02       1       1           21               1 

 

 

 

Measures of diversity 

 

Each individual contained 3-7 different functional alleles of MHCIIβ (average = 4.63). When 

considering the highest number of alleles obtained for an individual (7) and assuming that all loci 

are heterozygous, the minimum number of MHCIIβ loci that must exist is for Nesospiza is four. 

There were 55 polymorphic sites in the 21 different 159 bp MHCIIβ sequences. For all Nesospiza 

populations together, the average number of nucleotide differences (K) was 18.59, and nucleotide 

diversity (π) was 0.12. The estimated minimum number of loci (4) is similar to most passerine 

species (3-7), with the exception of Common Yellowthroat (20), which has high levels of gene 

duplication (Bollmer et al. 2010) (Table 4.2). Within the Nesospiza populations the number of 
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alleles range from six (in N. wilkinsi) to 12 (in N. a. acunhae), while the nucleotide diversity ranges 

from 0.07 (in N. questi) to 0.12 (in N. a. fraseri). The upper limit of the diversity indices is similar to 

that of the outbred passerine species, but higher than in the two bottlenecked species (Chatham 

Island Robin and Galápagos penguin). The number of alleles (7) and nucleotide diversity (0.04) 

found in the two R. goughensis individuals is similar to that of the Chatham Island Robin.  

 

 

Table 4.2 Comparison of the minimum number of loci (# loci), number of alleles (# alleles), 

percentage of segregating sites (S), average number of nucleotide differences (K), and nucleotide 

diversity (π) of Nesospiza, Rowettia goughensis and other passerine species. The hybrid group 

refers to hybrid individuals between all sub-species from Inaccessible Island (see text for details). 

The putative pseudogene sequences (Neso22 and 23) were not included (see text for details).  

Comparisons Common Name n # loci #Alleles S K π 
N. a. fraseri  2 2 9 38 19.54 0.12 
N. a. acunhae  3 3 12 38 13.00 0.08 
N. a. acunhae & N. a. 
fraseri  5 3 16 41 15.50 0.10 
N. a. dunnei  2 3 8 36 11.95 0.08 
Hybrids  3 4 15 41 22.20 0.14 
All Inaccessible Nesospiza  10 4 21 42 17.51 0.11 
N. questi Nightingale Bunting 2 3 10 36 10.69 0.07 
N. wilkinsi Wilkins’ Bunting 2 3 6 38 17.59 0.11 
All Nightingale Nesospiza  4 3 14 39 13.36 0.08 
All Tristan da Cunha 
Nesospiza  14 4 21 33 18.59 0.12 
Rowettia goughensis Gough Bunting 2 2 7 38 6.72 0.04 
Spheniscus mendiculus Galápagos Penguin 30 1 3 1.5 2.00 0.01 
Petroica australis australis New Zealand Robin 16 7 41 33* 24.43* 0.11* 
Petroica traverse Chatham Island Robin 10 2 4 8.6* 35.70* 0.05* 
Drepanidinae Hawaiian honeycreepers 38 3 51 43 - - 
Hemignathus virens Amakihi - - 20* 40* 16.94* 0.13* 
Himatione sanguinea Apapane - - 3* 27* 24.67* 0.18* 
Geothlypis trichas Common Yellowthroat 3 20 39 75 29.40 0.18 
Luscinia svecica Bluethroat 20 5 61 81 25.95 0.15 
Passer domesticus House Sparrow 5 3 13 52 33.50 0.20 
* indicates results calculated from GenBank sequences of each species. All other results were 

obtained from previously published research.  

 

 

 

Phylogenetic analysis  

 

Phylogenetic relationships for passerine MHCIIβ were reconstructed based on exon 2 sequences 

(Fig. 4.2). Avian phylogenies based on MHC sequences are expected to cluster by species if there 

is recent gene duplication and concerted evolution, or by allelic similarity indicating trans-species 
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evolution (Hess & Edward 2002). The alleles from Nesospiza form three highly supported distinct 

groups. The position of Group 1 (Neso22 & Neso23) and the Red-winged Blackbird (APAF030990) 

as a highly supported, diverged cluster A second Red-winged Blackbird pseudogene 

(APAF030994) and Vegetarian Finch pseudogene (PCAY064469), however, group with functional 

MHC sequences. Group 2 is highly diverged and seems to be a well supported cluster unique to 

Nesospiza and R. goughensis. Group 3, which also contains sequences shared by Nesospiza and 

R. goughensis, is well supported, but clusters more closely with sequences from the distantly 

related New Zealand Robin, Chatham Island Robin, Florida Scrub Jay, Vegetarian Finch and 

Common Yellowthroat. Of the other passerine species the Zebra Finch, Florida Scrub Jay, and 

Little Greenbul (with the exception of one sample) cluster by species or, in the case of New 

Zealand and Chatham Island Robins, with sister species. Sequences of the Great Reed Warbler 

are scattered throughout the phylogeny as small groups or single alleles, apart from one highly 

supported group divergent from most other passerine sequences. The sequences of several 

passerines, namely House Finch, Vegetarian Finch, Red-winged Blackbird, and Common 

Yellowthroat, cluster with those of other species throughout the phylogeny. 

 

 

 

Fig. 4.1 Allele frequency distributions of 21 different Nesospiza MHC haplotypes (Neso01-21) and 

the two putative pseudogenes (Neso22-23) in populations on Nightingale (N. wilkinsi, N. questi) 

and Inaccessible islands (N. a. dunnei, N. a. acunhae, N. a. fraseri). 
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Fig. 4.2 Gene tree of the MhcIIβ exon 2 sequences of Nesospiza and sequences of several other 

passerine species obtained from GenBank (Appendix 4.2). Alleles Neso01-23 from Nesospiza 

form three well supported groups. Bayesian posterior probabilities are indicated at the nodes. 

Values < 0.95 are not shown.  
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Selection and recombination 

 

For further analyses the amino acid residues associated with the PBR were identified after 

alignment with the human HLA-DRB*04 amino acid sequence (Fig. 4.3). Traditional selection 

statistics did not uncover any selection patterns statistically different from neutral expectations 

(Tajima’s D = 0.61, P-value > 0.10, Fu & Li’s D* = 0.30, P-value > 0.10, Fu & Li’s F* = 0.46, P- 

value > 0.10). The z-test for positive selection revealed that neither the PBR nor non-PBR regions 

are under selection for any of the sampled populations (Table 4.2). The comparison of rates of 

synonymous and non-synonymous mutations with that of other passerines revealed that the lack 

of MHC variation in Nesospiza is due to small numbers of both synonymous and non-synonymous 

mutations, rather than higher levels of synonymous mutations (Table 4.3). 

 

Models of positive selection were tested against neutral models in CODEML (PAML 14.1) to 

identify sites under selection. The likelihood ratio test for the comparison of models of positive 

selection (M2a and M8) against neutral models (M1a and M7) showed that the null models were 

more likely with non-significant test statistics obtained for M1 vs. M2a (1.82) and M7 vs. M8 (1.75). 

Only one site was likely to be under positive selection (Table 4.4) according to the M8 model, 

although the likelihood ratio tests indicate that the models cannot be used for positive selection on 

this data set. Tests for recombination in RDP3 Beta 27 showed no significant recombination 

events under any of the implemented algorithms 

 

 

 

Fig. 4.3  Alignment of amino acid sequences of Neso01 – 23 indicating amino acid differences 

between groups 1-3 (see Fig 4.3). Amino acid identity is shown by “.” and an alignment gap by “-“. 

Alignment with human HLA-DRB*04 (GenBank accession: NM_021983) was used to assign 

peptide binding sites (*) according to Brown et al. (1993). 
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Table 4.3 Comparison of the number of nonsynonymous (dN) and synonymous (dS) substitutions in the PBR and non-PBR regions of Nesospiza 

and other passerines. A ratio of dN/dS > 1.0 suggests that the region is under positive selection. The likelihood of positive selection is calculated 

using the z-test (Nei & Gabori 1986). 

    PBR       non-PBR       
Comparisons N dN (±SE) dS (±SE) dN/dS z-test dN (±SE) dS (±SE) dN/dS z-test 
Neso01-23 23 0.337 (±0.132) 0.176 (±0.138) 1.92 n.s. (0.17) 0.337 (±0.132) 0.176 (±0.144) 1.92 n.s. (0.17) 

Neso01-21 21 0.328 (±0.118) 0.184 (±0.153) 1.78 n.s. (0.27) 0.333 (±0.137) 0.179 (±0.157) 1.78 n.s. (0.21) 

Group1 2 0.033 (±0.033) 0.000 (±0.000) n/a n.s. (0.15) 0.011 (±0.011) 0.037 (±0.039) 0.30 n.s. (1.00) 

Group2 15 0.009 (±0.006) 0.000 (±0.000) n/a n.s. (0.06) 0.027 (±0.007) 0.040 (±0.028) 0.68 n.s. (0.31) 

Group3 6 0.078 (±0.035) 0.042 (±0.066) 1.86 n.s. (0.25) 0.022 (±0.011) 0.013 (±0.013) 1.69 n.s. (0.30) 

Inaccessible 19 0.309 (±0.113) 0.172 (±0.148) 1.80 n.s. (0.26) 0.309 (±0.129) 0.172 (±0.145) 1.80 n.s. (0.26) 

Nightingale 12 0.381 (±0.143) 0.233 (±0.180) 1.64 n.s. (0.28) 0.184 (±0.150) 0.328 (±0.142) 0.56 n.s. (0.27) 

Tristan da Cunha  21 0.328 (±0.118) 0.184 (±0.153) 1.78 n.s. (0.27) 0.323 (±0.134) 0.184 (±0.152) 1.78 n.s. (0.21) 

Rowettia goughensis 6 0.473 (±0.196) 0.274 (±0.249) 1.73 n.s. (0.27) 0.473 (±0.195) 0.274 (±0.258) 1.73 n.s. (0.28) 

Galápagos penguin 3 0.008 (±0.008) 0.000 (±0.000) n/a n.s. 0.014 (±0.027) 0.000 (±0.000) n/a n.s. 

New Zealand Robin 41 0.339 (±0.078) 0.094 (±0.059) 3.6 <0.005 0.076 (±0.019) 0.039 (±0.013) 1.95 n.s. 

Chatham Island Robin 4 0.373 (±0.086) 0.135 (±0.078) 2.76 <0.05 0.099 (±0.024) 0.020 (±0.014) 5.05 <0.005 

Hawaiian honeycreepers 51 0.341 (±0.103) 0.076 (±0.095) 4.49 <0.001 0.121 (±0.038) 0.092 (±0.053) 1.32 n.s. 

Common Yellowthroat 39 0.608 (±0.120) 0.211 (±0.111) 2.88 <0.05 0.135 (±0.034) 0.137 (±0.034) 0.99 n.s. 

House Sparrow* 12 0.470 (±0.109) 0.123 (±0.095) 3.82 <0.0001 0.203 (±0.047) 0.200 (±0.051) 1.02 n.s. 
 

* Values were calculated from Genbank sequences (Appendix 4.2). 
ǂ Does not include the putative pseudogenes Neso22 and Neso23. 
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Table 4.4 The log-likelihood values and parameter estimates for each of the models tested in 

CODEML. Amino acid sites identified to be under positive selection are shown for each model. 

Model  Log-likelihood Parameter estimates 
Positively 
selected sites 

M1a (nearly neutral)  -576.502 
p0=0.385, p1=0.615, 
ω0=0.038,  Not allowed 

   ω1=1.000   
M2a (Positive 
selection)  -574.685 

p0=0.311, p1=0.628, 
p2=0.061 , None 

   
ω0=0.000, ω1=1.000 , 
ω2=4.847  

M7 (beta)  -576.474 p=0.033, q=0.018 Not allowed 

M8 (beta and omega)  -574.720 
p0=0.941, p1=0.059, 
p=0.028,  37N 

     q=0.015, ω=4.612   
 

 

Discussion 

 

This study describes the polymorphism and genetic diversity of the MHCIIβ genes in Nesospiza 

spp. and Rowettia goughensis. Passerine MHC typically is more complex than in other avian 

species, with more genes and greater levels of genetic variation (e.g. Freeman-Gallant et al. 

2002; Richardson & Westerdahl 2003; Promerová et al. 2009; Anmarkrud et al. 2010). The overall 

variation found in Nesospiza was comparable to that of outbred passerine species (Table 4.1). 

Lower levels of variation were found within each sampled population, although (with the 

exception of R. goughensis) allele numbers and nucleotide diversity were still higher than in the 

severely bottlenecked Chatham Island Robin population (Miller & Lambert 2004b). 

 

Lower levels of diversity within populations may be attributed to the lack of balancing selection 

on MHCIIβ exon 2 of Nesospiza and R. goughensis. However, despite the lack of evidence for 

selection, ratios of dN/dS >1.0 in Rowettia and all Nesospiza populations suggest that the loci 

are currently under weak balancing selection, or that ancestral balancing selection has been 

acting on the loci before colonisation of the islands. In most vertebrate species, the maintenance 

and creation of MHC variation is attributed to balancing selection driven by sexual selection or 

adaptation to a wide range of pathogens through host-parasite interactions (Hedrick 1999; 

Bernatchez & Landry 2003). Lack of strong positive selection is likely due to a decreased 

pathogen load in both Nesospiza and R. goughensis. Similarly, low levels of diversity in 

Galápagos Penguins have been attributed to a lower parasite load (Travis et al. 2006; Bollmer et 

al. 2007). Limited exposure to pathogens in cold marine environments is suggested to be the 

reason for reduced MHC variation in some whales (Trowsdale et al. 1989; Murray & White 1998) 

and seals (Slade 1992; Lehman et al. 2004). Passerines are generally less parasitised by lice and 

ectoparasites than other avian orders (R Palma pers. comm.). This is particularly true of small 
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populations on isolated oceanic islands (R Palma pers. comm.). In a study of lice in the genus 

Myrsidea found on passerine hosts from the Galápagos Islands, an extremely low prevalence 

(6.4%) was found across 12 species of Darwin’s finches (Palma & Price 2010). On Tristan da 

Cunha and Gough Island, different louse species (order Phthiraptera) have been found on 20 

bird species, including the Tristan Thrush (Nesocichla eremita) (Hänel & Palma 2007). Hand 

searches of Nesospiza buntings yielded no lice or ectoparasites (PG Ryan pers. comm.). The 

absence of parasites could be due to an uninfected founding population (“missing the boat”, 

Paterson & Gray 1997), or subsequent extinction from the host after colonisation. Parasites may 

also merely appear to be absent due to insufficient sampling (Paterson et al. 1999), but 

considering that hundreds of Nesospiza buntings have been handled it is likely that there is a very 

low prevalence of ectoparasites in the Nesospiza population. 

 

A second explanation for the reduced genetic diversity in each sampled Nesospiza and Rowettia 

population is genetic drift. Following the initial colonisation of the archipelago, the Nesospiza 

population spread to all three islands and subsequently radiated to form two non-hybridising 

species on Nightingale and two diverging populations on Inaccessible Island. Apparently only a 

single population occurred on the main island of Tristan, but its extinction shortly after humans 

colonised the island limit knowledge of this population (Ryan 2008). As of result of up to two 

founder events and consistently small population sizes, it follows that some alleles are shared 

between populations, but others have been lost due to genetic drift. Other cases of low MHC 

variation have been found in small or severely bottlenecked populations. In birds, only three 

alleles were found in the Galápagos Penguin, with nucleotide diversity of 0.013 (Bollmer et al. 

2007). In passerine species, the Chatham Island Robin, which recovered from a population 

bottleneck of only five individuals in 1980 to approximately 250 individuals, only four MHCII alleles 

were found and the population was fixed for three of these (Miller & Lambert 2004b). The 

Seychelles Warbler (Acrocephalus sechellensis) had a much lower MHC diversity when 

compared to the more widespread Great Reed Warbler (Richardson & Westerdahl 2003). In 

small populations, the effect of genetic drift can be stronger than balancing selection, thus 

reducing allelic variation. 

 

Avian MHCIIβ genes usually show patterns of recent duplication and increased rates of 

convergence, thus species-specific phylogenetic clustering (Edwards et al. 1995; Hess & Edwards 

2002). Gene conversion has been documented within and between loci and can erase locus-

specific allelic associations (Högstrand & Böhme 1999). Despite this general pattern, a few cases 

of trans-species polymorphism have been described in passerine species (e.g. Miller & Lambert 

2004b; Anmarkrud et al. 2010). In the gene tree of Nesospiza MHCIIβ exon 2 with other passerine 

species, patterns of both ancestral polymorphism and concerted evolution are evident. Both 
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Groups 2 and 3 contain only Nesospiza alleles and form highly supported independent groups. 

Although several species were included due to the similarity between their MHCIIβ alleles and 

those of Nesospiza, the observed divergent clustering of Group 2 could be explained by a lack of 

closely related species in the analysis. The species-specific clustering of Nesospiza may also be 

attributed to a long period since species divergence from the other passerine species, thus 

MHCIIβ has had time to diverge given that the degree of balancing selection likely has not been 

too strong (Aguilar et al. 2006). The divergence of Groups 2 and 3 and the clustering of Group 3 

close to the distantly related species of Chatham Island Robin, New Zealand Robin, Florida Scrub 

Jay, and Vegetarian Finch, however, suggest some evidence of ancestral polymorphism. From the 

estimated minimum number of loci in Nesospiza (4) it is evident that these are not locus-specific 

groups, but likely represent alleles from independent duplication events and convergent evolution. 

Of the 23 unique Nesospiza alleles, 21 (with representatives from all three groups) are found in at 

least two populations, and 15 in populations from both islands. Six of the 23 alleles, including one 

pseudogene, are also shared with R. goughensis. This overlap in allelic range between species 

and subspecies, together with the lack of private alleles, suggests that the extant variation found at 

Tristan da Cunha can be attributed to ancestral polymorphism. Despite the apparent lack of strong 

selection and the large number of shared alleles, there is evidence of population variation based 

on allele frequency comparisons. Amino acid sequences are more similar between Groups 1 and 3 

(Fig. 4.3). This could either be evidence of recombination with the pseudogenes, producing a new 

group of functional sequences, or that the pseudogenes resulted from gene duplication events of 

Group 3 sequences.  

 

Copying errors during gene duplication and recombination events may result in non-functional 

genes (pseudogenes). The lack of functional constraint on evolutionary processes acting on 

pseudogenes (such as mutation) result in rapid sequence divergence (Swanson & Vacquier 2002). 

This is evidently the case for the two non-functional alleles, Neso22 and Neso23, which form a 

well supported group with a Great Reed Warbler pseudogene which clusters sister to all the 

included functional passerine sequences. Some pseudogenes (e.g. Red-winged Black bird, 

APAF030994, and Vegetarian Finch, PCAY064439), however, do not show evidence of rapid 

divergence as seen from the gene tree (Fig. 4.2). This could be attributed to ongoing 

recombination of pseudogenes with functional genes, thus leading to sequence conservation. 

Alternatively, not enough time may have passed since the genes became non-functional for them 

to become highly diverged. That the Nesospiza pseudogenes were so readily identified lends 

support to the correct identification of the remaining alleles as functional. The position of these 

pseudogenes in the gene tree and their clear distinction from the functional alleles supports this 

conclusion. 
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Conclusions 

 

The founder effect from recent colonisation of the Tristan da Cunha archipelago, followed by 

genetic drift in the small populations that subsequently formed on two islands, resulted in the low 

extant MHC allelic diversity. In natural populations, MHC diversity is typically higher in large 

populations due to the maintenance of alleles through balancing selection. Contrary to this, small 

populations tend to have lower levels of MHC diversity because of the effects of drift outweigh 

those of balancing selection. This is particularly relevant in isolated island species that have 

experienced a recent founder event and have small population sizes, compared to outbred 

continental populations. An increased parasite load tends to increase the MHC diversity in 

populations as their immune systems adapt to pathogens. Conversely, small parasite loads could 

result in little or no selection on the MHC, thus divergence will occur at the same rate as 

selectively neutral markers. Lack of evidence of selection on the PBR, probably due to decreased 

parasite loads, suggests that population variation of MHCIIβ among Nesospiza and Rowettia is 

due to ancestral polymorphism and drift rather than local selective forces. With larger sample sizes 

over the entire geographic range, geographic- and species-specific variation will be more 

adequately addressed. 
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Appendix 

 

Appendix 4.1 The 10 most significant results from a BLAST search of Neso01 – Neso23 

  Accession Description 

Max 

score Coverage 

E 

value 

Max 

ident 

Neso01 GQ247606.1 

Geothlypis trichas MHC class II antigen 
(Getr-DAB) gene, Getr-DAB*44 allele, 
partial cds 

143 80% 

3.00E

-31 87% 

Neso01 GQ247629.1 

Geothlypis trichas MHC class II antigen 
(Getr-DAB) mRNA, Getr-DAB*67 allele, 
partial cds 

143 80% 

3.00E

-31 87% 

Neso01 GU390291.1 

Motacilla alba MHC class II antigen beta 
(Moal-DAB4) gene, Moal-DAB4*01 allele, 
exons 1, 2 and partial cds 

132 80% 

7.00E

-28 85% 

Neso01 EF535487.1 

Poephila acuticauda haplotype Poac10.05 
MHC class II antigen B gene, exon 2 and 
partial cds 

126 65% 

3.00E

-26 88% 

Neso01 EF535484.1 

Poephila acuticauda haplotype Poac10.02 
MHC class II antigen B gene, exon 2 and 
partial cds 

126 65% 

3.00E

-26 88% 

Neso01 EF535424.1 

Poephila acuticauda haplotype Poac06.07 
MHC class II antigen B gene, exon 2 and 
partial cds 

126 65% 

3.00E

-26 88% 

Neso01 EF535420.1 

Poephila acuticauda haplotype Poac06.03 
MHC class II antigen B gene, exon 2 and 
partial cds 126 65% 

3.00E

-26 88% 

Neso01 EF535385.1 

Poephila acuticauda haplotype Poac17.02 
MHC class II antigen B gene, exon 2 and 
partial cds 

126 65% 

3.00E

-26 88% 

Neso01 EF535384.1 

Poephila acuticauda haplotype Poac17.01 
MHC class II antigen B gene, exon 2 and 
partial cds 126 65% 

3.00E

-26 88% 

Neso01 EF535423.1 

Poephila acuticauda haplotype Poac06.06 
MHC class II antigen B gene, exon 2 and 
partial cds 

121 65% 

1.00E

-24 87% 

Neso02 AF030989.1 

Agelaius phoeniceus MHC class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

122 81% 

4.00E

-25 83% 

Neso02 EF535470.1 

Poephila acuticauda haplotype Poac03.09 
MHC class II antigen B gene, exon 2 and 
partial cds 

115 81% 

7.00E

-23 83% 

Neso02 EF535468.1 

Poephila acuticauda haplotype Poac03.07 
MHC class II antigen B gene, exon 2 and 
partial cds 

115 81% 

7.00E

-23 83% 

Neso02 EF535467.1 

Poephila acuticauda haplotype Poac03.06 
MHC class II antigen B gene, exon 2 and 
partial cds 

111 80% 

9.00E

-22 82% 

Neso02 EF535491.1 

Poephila acuticauda haplotype Poac13.04 
MHC class II antigen B gene, exon 2 and 
partial cds 

110 81% 

3.00E

-21 82% 

Neso02 EF535474.1 

Poephila acuticauda haplotype Poac05.06 
Mhc class II antigen B gene, exon 2 and 
partial cds 

89.8 80% 

4.00E

-15 80% 

Neso02 EF535433.1 

Poephila acuticauda haplotype Poac12.03 
Mhc class II antigen B gene, exon 2 and 
partial cds 

86.1 64% 

6.00E

-14 82% 

Neso02 EF535490.1 

Poephila acuticauda haplotype Poac13.03 
Mhc class II antigen B gene, exon 2 and 
partial cds 

82.4 81% 

7.00E

-13 78% 
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Neso02 EF535364.1 

Poephila acuticauda haplotype Poac03.01 
Mhc class II antigen B gene, exon 2 and 
partial cds 

82.4 63% 

7.00E

-13 82% 

Neso02 EF535492.1 

Poephila acuticauda haplotype Poac13.05 
Mhc class II antigen B gene, exon 2 and 
partial cds 

78.7 67% 

9.00E

-12 80% 

Neso03 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

154 80% 

1.00E

-34 88% 

Neso03 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

154 78% 

1.00E

-34 88% 

Neso03 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso03 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 89% 

Neso03 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

145 73% 

9.00E

-32 89% 

Neso03 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 89% 

Neso03 GQ247621.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*59 allele, 
partial cds 143 80% 

3.00E

-31 87% 

Neso03 AF163622.1 

Geospiza scandens clone D2EE19 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso03 AF163621.1 

Geospiza scandens clone D2ME6 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso03 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

139 81% 

4.00E

-30 86% 

Neso04 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

159 80% 

3.00E

-36 89% 

Neso04 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

154 78% 

1.00E

-34 88% 

Neso04 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso04 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

150 81% 

2.00E

-33 87% 

Neso04 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso04 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

145 73% 

9.00E

-32 88% 

Neso04 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso04 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

139 77% 

4.00E

-30 87% 

Neso04 AF163622.1 

Geospiza scandens clone D2EE19 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 
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Neso04 AF163621.1 

Geospiza scandens clone D2ME6 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso05 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

159 80% 

3.00E

-36 89% 

Neso05 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

154 78% 

1.00E

-34 88% 

Neso05 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso05 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

145 77% 

9.00E

-32 88% 

Neso05 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso05 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

145 73% 

9.00E

-32 88% 

Neso05 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso05 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 145 81% 

9.00E

-32 87% 

Neso05 AF163622.1 

Geospiza scandens clone D2EE19 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso05 AF163621.1 

Geospiza scandens clone D2ME6 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso06 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

154 80% 

1.00E

-34 88% 

Neso06 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

148 78% 

7.00E

-33 88% 

Neso06 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 89% 

Neso06 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso06 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

139 73% 

4.00E

-30 88% 

Neso06 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso06 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

139 81% 

4.00E

-30 86% 

Neso06 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

134 77% 

2.00E

-28 86% 

Neso07 

 

AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

161 81% 

9.00E

-37 89% 

Neso07 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

159 80% 

3.00E

-36 89% 
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Neso07 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

154 78% 

1.00E

-34 88% 

Neso07 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso07 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso07 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

145 73% 

9.00E

-32 88% 

Neso07 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso07 GQ247622.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*60 allele, 
partial cds 

143 80% 

3.00E

-31 86% 

Neso07 GQ247608.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*46 allele, 
partial cds 

143 80% 

3.00E

-31 86% 

Neso07 GQ247604.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*42 allele, 
partial cds 

143 80% 

3.00E

-31 86% 

Neso08 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 171 80% 

1.00E

-39 90% 

Neso08 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

165 78% 

7.00E

-38 90% 

Neso08 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

161 73% 

9.00E

-37 91% 

Neso08 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

156 73% 

4.00E

-35 90% 

Neso08 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

156 73% 

4.00E

-35 90% 

Neso08 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

156 73% 

4.00E

-35 90% 

Neso08 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

156 81% 

4.00E

-35 88% 

Neso08 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

150 77% 

2.00E

-33 88% 

Neso08 AF163622.1 

Geospiza scandens clone D2EE19 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso08 AF163621.1 

Geospiza scandens clone D2ME6 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso09 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

159 80% 

3.00E

-36 89% 

Neso09 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

148 78% 

7.00E

-33 88% 

Neso09 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

 
 
 



140 
 

Neso09 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

145 81% 

9.00E

-32 87% 

Neso09 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

139 77% 

4.00E

-30 87% 

Neso09 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso09 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

139 73% 

4.00E

-30 88% 

Neso09 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso09 AF163622.1 

Geospiza scandens clone D2EE19 major 
histocompatibility class 2 antigen gene, 
partial cds 

135 70% 

5.00E

-29 88% 

Neso09 AF163621.1 

Geospiza scandens clone D2ME6 major 
histocompatibility class 2 antigen gene, 
partial cds 

135 70% 

5.00E

-29 88% 

Neso10 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

165 80% 

7.00E

-38 90% 

Neso10 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 159 78% 

3.00E

-36 89% 

Neso10 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

156 73% 

4.00E

-35 90% 

Neso10 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso10 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

150 73% 

2.00E

-33 89% 

Neso10 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso10 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

150 81% 

2.00E

-33 87% 

Neso10 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

145 77% 

9.00E

-32 88% 

Neso10 AF163622.1 

Geospiza scandens clone D2EE19 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso10 AF163621.1 

Geospiza scandens clone D2ME6 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso11 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

159 80% 

3.00E

-36 89% 

Neso11 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

154 78% 

1.00E

-34 88% 

Neso11 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso11 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

150 81% 

2.00E

-33 87% 
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Neso11 GQ247621.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*59 allele, 
partial cds 

148 80% 

7.00E

-33 87% 

Neso11 GQ247591.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*29 allele, 
partial cds 

148 80% 

7.00E

-33 87% 

Neso11 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso11 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

145 73% 

9.00E

-32 88% 

Neso11 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso11 AF163622.1 

Geospiza scandens clone D2EE19 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso12 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

145 81% 

9.00E

-32 87% 

Neso12 GQ247606.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*44 allele, 
partial cds 

137 80% 

1.00E

-29 86% 

Neso12 GQ247629.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) mRNA, Getr-DAB*67 allele, 
partial cds 137 80% 

1.00E

-29 86% 

Neso12 EF535467.1 

Poephila acuticauda haplotype Poac03.06 
Mhc class II antigen B gene, exon 2 and 
partial cds 

134 79% 

2.00E

-28 85% 

Neso12 EF535470.1 

Poephila acuticauda haplotype Poac03.09 
Mhc class II antigen B gene, exon 2 and 
partial cds 

132 80% 

7.00E

-28 85% 

Neso12 EF535468.1 

Poephila acuticauda haplotype Poac03.07 
Mhc class II antigen B gene, exon 2 and 
partial cds 

132 80% 

7.00E

-28 85% 

Neso12 GU390291.1 

Motacilla alba Mhc class II antigen beta 
(Moal-DAB4) gene, Moal-DAB4*01 allele, 
exons 1, 2 and partial cds 

126 80% 

3.00E

-26 84% 

Neso12 EF535491.1 

Poephila acuticauda haplotype Poac13.04 
Mhc class II antigen B gene, exon 2 and 
partial cds 

126 80% 

3.00E

-26 84% 

Neso12 EF535487.1 

Poephila acuticauda haplotype Poac10.05 
Mhc class II antigen B gene, exon 2 and 
partial cds 

121 65% 

1.00E

-24 87% 

Neso12 EF535484.1 

Poephila acuticauda haplotype Poac10.02 
Mhc class II antigen B gene, exon 2 and 
partial cds 

121 65% 

1.00E

-24 87% 

Neso13 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

145 81% 

9.00E

-32 87% 

Neso13 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

137 74% 

1.00E

-29 87% 

Neso13 GQ247569.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*07 allele, 
partial cds 

134 69% 

2.00E

-28 88% 

Neso13 GQ247568.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*06 allele, 
partial cds 

134 69% 

2.00E

-28 88% 

Neso13 GQ247622.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*60 allele, 
partial cds 

132 80% 

7.00E

-28 85% 
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Neso13 GQ247608.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*46 allele, 
partial cds 

132 80% 

7.00E

-28 85% 

Neso13 GQ247604.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*42 allele, 
partial cds 

132 80% 

7.00E

-28 85% 

Neso13 GQ247564.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*02 allele, 
partial cds 

122 69% 

4.00E

-25 86% 

Neso13 GQ247573.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*11 allele, 
partial cds 

121 80% 

1.00E

-24 83% 

Neso13 Z74422.1 
G.cornirostris Mhc gene, Class IIB 

121 79% 

1.00E

-24 84% 

Neso14 AY064443.1 

Poospiza hispaniolensis isolate 
PohiC5Si2 Mhc class IIB antigen gene, 
exon 2 and partial cds 

207 81% 

1.00E

-50 95% 

Neso14 AY064441.1 

Geospiza fortis isolate GefoD5i1 Mhc 
class IIB antigen gene, exon 2 and partial 
cds 

202 81% 

5.00E

-49 94% 

Neso14 AY064431.1 

Poospiza hispaniolensis isolate PohiE1U 
Mhc class IIB antigen gene, exon 2 and 
partial cds 

196 79% 

2.00E

-47 94% 

Neso14 AY064459.1 

Pinaroloxias inornata isolate PiinDIK10 
Mhc class IIB antigen gene, exons 2 and 
3 and partial cds 196 81% 

2.00E

-47 93% 

Neso14 AY064458.1 

Pinaroloxias inornata isolate PiinDIJ3 Mhc 
class IIB antigen gene, exons 2 and 3 and 
partial cds 

196 81% 

2.00E

-47 93% 

Neso14 AY064456.1 

Pinaroloxias inornata isolate PiinDIJ1 Mhc 
class IIB antigen gene, exons 2 and 3 and 
partial cds 

196 81% 

2.00E

-47 93% 

Neso14 AY064455.1 

Loxigilla noctis isolate LonoC62i1 Mhc 
class IIB antigen gene, exon 2 and partial 
cds 

196 81% 

2.00E

-47 93% 

Neso14 AY064453.1 

Melanospiza richardsoni isolate 
Meri1C9i4 Mhc class IIB antigen gene, 
exon 2 and partial cds 

196 81% 

2.00E

-47 93% 

Neso14 AY064451.1 

Platyspiza crassirostris isolate PlcrD7i8 
Mhc class IIB antigen gene, exon 2 and 
partial cds 

196 81% 

2.00E

-47 93% 

Neso14 AY064450.1 

Camarhynchus pauper isolate 
CapuD10Ai1 Mhc class IIB antigen gene, 
exon 2 and partial cds 

196 81% 

2.00E

-47 93% 

Neso15 AY064443.1 

Poospiza hispaniolensis isolate 
PohiC5Si2 Mhc class IIB antigen gene, 
exon 2 and partial cds 

213 81% 

2.00E

-52 96% 

Neso15 AY064441.1 

Geospiza fortis isolate GefoD5i1 Mhc 
class IIB antigen gene, exon 2 and partial 
cds 

207 81% 

1.00E

-50 95% 

Neso15 AY064431.1 

Poospiza hispaniolensis isolate PohiE1U 
Mhc class IIB antigen gene, exon 2 and 
partial cds 

202 79% 

5.00E

-49 95% 

Neso15 AY064459.1 

Pinaroloxias inornata isolate PiinDIK10 
Mhc class IIB antigen gene, exons 2 and 
3 and partial cds 

202 81% 

5.00E

-49 94% 

Neso15 AY064458.1 

Pinaroloxias inornata isolate PiinDIJ3 Mhc 
class IIB antigen gene, exons 2 and 3 and 
partial cds 

202 81% 

5.00E

-49 94% 

Neso15 AY064456.1 

Pinaroloxias inornata isolate PiinDIJ1 Mhc 
class IIB antigen gene, exons 2 and 3 and 
partial cds 

202 81% 

5.00E

-49 94% 
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Neso15 AY064455.1 

Loxigilla noctis isolate LonoC62i1 Mhc 
class IIB antigen gene, exon 2 and partial 
cds 

202 81% 

5.00E

-49 94% 

Neso15 AY064453.1 

Melanospiza richardsoni isolate 
Meri1C9i4 Mhc class IIB antigen gene, 
exon 2 and partial cds 

202 81% 

5.00E

-49 94% 

Neso15 AY064451.1 

Platyspiza crassirostris isolate PlcrD7i8 
Mhc class IIB antigen gene, exon 2 and 
partial cds 

202 81% 

5.00E

-49 94% 

Neso15 AY064450.1 

Camarhynchus pauper isolate 
CapuD10Ai1 Mhc class IIB antigen gene, 
exon 2 and partial cds 

202 81% 

5.00E

-49 94% 

Neso16 AY064443.1 

Poospiza hispaniolensis isolate 
PohiC5Si2 Mhc class IIB antigen gene, 
exon 2 and partial cds 

207 81% 

1.00E

-50 95% 

Neso16 AY064441.1 

Geospiza fortis isolate GefoD5i1 Mhc 
class IIB antigen gene, exon 2 and partial 
cds 

202 81% 

5.00E

-49 94% 

Neso16 AY064431.1 

Poospiza hispaniolensis isolate PohiE1U 
Mhc class IIB antigen gene, exon 2 and 
partial cds 

196 79% 

2.00E

-47 94% 

Neso16 AY064459.1 

Pinaroloxias inornata isolate PiinDIK10 
Mhc class IIB antigen gene, exons 2 and 
3 and partial cds 

196 81% 

2.00E

-47 93% 

Neso16 AY064458.1 

Pinaroloxias inornata isolate PiinDIJ3 Mhc 
class IIB antigen gene, exons 2 and 3 and 
partial cds 196 81% 

2.00E

-47 93% 

Neso16 AY064456.1 

Pinaroloxias inornata isolate PiinDIJ1 Mhc 
class IIB antigen gene, exons 2 and 3 and 
partial cds 

196 81% 

2.00E

-47 93% 

Neso16 AY064455.1 

Loxigilla noctis isolate LonoC62i1 Mhc 
class IIB antigen gene, exon 2 and partial 
cds 

196 81% 

2.00E

-47 93% 

Neso16 AY064453.1 

Melanospiza richardsoni isolate 
Meri1C9i4 Mhc class IIB antigen gene, 
exon 2 and partial cds 

196 81% 

2.00E

-47 93% 

Neso16 AY064451.1 

Platyspiza crassirostris isolate PlcrD7i8 
Mhc class IIB antigen gene, exon 2 and 
partial cds 

196 81% 

2.00E

-47 93% 

Neso16 AY064450.1 

Camarhynchus pauper isolate 
CapuD10Ai1 Mhc class IIB antigen gene, 
exon 2 and partial cds 

196 81% 

2.00E

-47 93% 

Neso17 AY064443.1 

Poospiza hispaniolensis isolate 
PohiC5Si2 Mhc class IIB antigen gene, 
exon 2 and partial cds 

219 81% 

5.00E

-54 96% 

Neso17 AY064441.1 

Geospiza fortis isolate GefoD5i1 Mhc 
class IIB antigen gene, exon 2 and partial 
cds 

213 81% 

2.00E

-52 96% 

Neso17 EF535495.1 

Poephila acuticauda haplotype Poac15.04 
Mhc class II antigen B gene, exon 2 and 
partial cds 

207 98% 

1.00E

-50 90% 

Neso17 AY064431.1 

Poospiza hispaniolensis isolate PohiE1U 
Mhc class IIB antigen gene, exon 2 and 
partial cds 

207 79% 

1.00E

-50 96% 

Neso17 AY064459.1 

Pinaroloxias inornata isolate PiinDIK10 
Mhc class IIB antigen gene, exons 2 and 
3 and partial cds 

207 81% 

1.00E

-50 95% 

Neso17 AY064458.1 

Pinaroloxias inornata isolate PiinDIJ3 Mhc 
class IIB antigen gene, exons 2 and 3 and 
partial cds 

207 81% 

1.00E

-50 95% 

Neso17 AY064456.1 

Pinaroloxias inornata isolate PiinDIJ1 Mhc 
class IIB antigen gene, exons 2 and 3 and 
partial cds 

207 81% 

1.00E

-50 95% 
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Neso17 AY064455.1 

Loxigilla noctis isolate LonoC62i1 Mhc 
class IIB antigen gene, exon 2 and partial 
cds 

207 81% 

1.00E

-50 95% 

Neso17 AY064453.1 

Melanospiza richardsoni isolate 
Meri1C9i4 Mhc class IIB antigen gene, 
exon 2 and partial cds 

207 81% 

1.00E

-50 95% 

Neso17 AY064451.1 

Platyspiza crassirostris isolate PlcrD7i8 
Mhc class IIB antigen gene, exon 2 and 
partial cds 

207 81% 

1.00E

-50 95% 

Neso18 AY064443.1 

Poospiza hispaniolensis isolate 
PohiC5Si2 Mhc class IIB antigen gene, 
exon 2 and partial cds 

207 81% 

1.00E

-50 95% 

Neso18 AY064441.1 

Geospiza fortis isolate GefoD5i1 Mhc 
class IIB antigen gene, exon 2 and partial 
cds 

202 81% 

5.00E

-49 94% 

Neso18 AF163659.1 

Geospiza scandens clone D2AE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

185 79% 

5.00E

-44 92% 

Neso18 AF163644.1 

Geospiza scandens clone D2KE17U 
major histocompatibility class 2 antigen 
gene, partial cds 

183 98% 

2.00E

-43 88% 

Neso18 AJ404374.1 
Acrocephalus arundinaceus mRNA for 
Mhc class II beta antigen, clone cO23 

178 83% 

8.00E

-42 91% 

Neso18 AJ404373.1 
Acrocephalus arundinaceus mRNA for 
Mhc class II beta antigen, clone cO22 178 83% 

8.00E

-42 90% 

Neso18 AF163645.1 

Geospiza scandens clone D2DE4 major 
histocompatibility class 2 antigen gene, 
partial cds 

178 86% 

8.00E

-42 90% 

Neso18 U24407.1 Acrocephalus arundinaceus clone 99.2.2 
Mhc class II B gene, partial cds 

174 81% 

1.00E

-40 90% 

Neso18 AJ404372.1 
Acrocephalus arundinaceus mRNA for 
Mhc class II beta antigen, clone cO1 

172 83% 

4.00E

-40 90% 

Neso18 AF163642.1 

Geospiza scandens clone D2JE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

169 79% 

5.00E

-39 90% 

Neso19 EF535499.1 

Poephila acuticauda haplotype Poac16.06 
Mhc class II antigen B gene, exon 2 and 
partial cds 

217 100% 

2.00E

-53 91% 

Neso19 AF163649.1 

Geospiza scandens clone D2ME16 major 
histocompatibility class 2 antigen gene, 
partial cds 

211 98% 

8.00E

-52 91% 

Neso19 AF163648.1 

Geospiza scandens clone D2ME7 major 
histocompatibility class 2 antigen gene, 
partial cds 

211 98% 

8.00E

-52 91% 

Neso19 AF163641.1 

Geospiza scandens clone D2JE20U 
major histocompatibility class 2 antigen 
gene, partial cds 

211 98% 

8.00E

-52 91% 

Neso19 EF535473.1 

Poephila acuticauda haplotype Poac05.05 
Mhc class II antigen B gene, exon 2 and 
partial cds 

207 98% 

1.00E

-50 90% 

Neso19 AF165157.1 

Platyspiza crassirostris isolate D72EI12 
Mhc class IIB antigen gene, exon 2 and 
partial cds 

206 98% 

4.00E

-50 90% 

Neso19 AF163640.1 

Geospiza scandens clone D2KE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

206 98% 

4.00E

-50 90% 

Neso19 Z74446.1 
G.fortis Mhc gene, Class IIB 

206 88% 

4.00E

-50 92% 
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Neso19 GU390290.1 

Motacilla alba Mhc class II antigen beta 
(Moal-DAB3) gene, Moal-DAB3*01 allele, 
exons 1, 2 and partial cds 

202 81% 

5.00E

-49 94% 

Neso19 GQ247601.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*39 allele, 
partial cds 

202 98% 

5.00E

-49 89% 

Neso20 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

167 79% 

2.00E

-38 90% 

Neso20 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

165 78% 

7.00E

-38 90% 

Neso20 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

161 73% 

9.00E

-37 91% 

Neso20 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

156 73% 

4.00E

-35 90% 

Neso20 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

156 73% 

4.00E

-35 90% 

Neso20 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

156 73% 

4.00E

-35 90% 

Neso20 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 152 79% 

5.00E

-34 88% 

Neso20 AF163622.1 

Geospiza scandens clone D2EE19 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso20 AF163621.1 

Geospiza scandens clone D2ME6 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso20 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

147 76% 

2.00E

-32 88% 

Neso21 GQ247610.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*48 allele, 
partial cds 

156 79% 

4.00E

-35 89% 

Neso21 AF163636.1 

Geospiza scandens clone D2CE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

154 78% 

1.00E

-34 88% 

Neso21 AF163619.1 

Geospiza scandens clone D2LE5 major 
histocompatibility class 2 antigen gene, 
partial cds 

150 73% 

2.00E

-33 89% 

Neso21 AF163623.1 

Geospiza scandens clone D2ME2 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso21 AF163620.1 

Geospiza scandens clone D2JE16U 
major histocompatibility class 2 antigen 
gene, partial cds 

145 73% 

9.00E

-32 88% 

Neso21 AF163618.1 

Geospiza scandens clone D2LE3 major 
histocompatibility class 2 antigen gene, 
partial cds 

145 73% 

9.00E

-32 88% 

Neso21 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

141 79% 

1.00E

-30 86% 

Neso21 AF163622.1 

Geospiza scandens clone D2EE19 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 

Neso21 AF163621.1 

Geospiza scandens clone D2ME6 major 
histocompatibility class 2 antigen gene, 
partial cds 

139 73% 

4.00E

-30 88% 
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Neso21 GQ247621.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*59 allele, 
partial cds 

134 79% 

2.00E

-28 86% 

Neso22 AF030990.1 
Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) pseudogene, exon 2 

231 98% 

6.00E

-58 93% 

Neso22 GQ247604.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*42 allele, 
partial cds 

106 56% 

4.00E

-20 87% 

Neso22 GQ247568.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*06 allele, 
partial cds 

106 56% 

4.00E

-20 87% 

Neso22 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

102 72% 

5.00E

-19 82% 

Neso22 GQ247622.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*60 allele, 
partial cds 

100 56% 

2.00E

-18 86% 

Neso22 GQ247608.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*46 allele, 
partial cds 

100 56% 

2.00E

-18 86% 

Neso22 GQ247569.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*07 allele, 
partial cds 

100 56% 

2.00E

-18 86% 

Neso22 GQ247564.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*02 allele, 
partial cds 100 56% 

2.00E

-18 86% 

Neso22 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

100 56% 

2.00E

-18 86% 

Neso22 GQ247573.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*11 allele, 
partial cds 

97.1 47% 

2.00E

-17 89% 

Neso23 AF030990.1 
Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) pseudogene, exon 2 

226 98% 

3.00E

-56 92% 

Neso23 GQ247604.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*42 allele, 
partial cds 

108 53% 

1.00E

-20 89% 

Neso23 GQ247568.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*06 allele, 
partial cds 

108 53% 

1.00E

-20 89% 

Neso23 GQ247622.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*60 allele, 
partial cds 

102 53% 

5.00E

-19 88% 

Neso23 GQ247608.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*46 allele, 
partial cds 

102 53% 

5.00E

-19 88% 

Neso23 GQ247569.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*07 allele, 
partial cds 

102 53% 

5.00E

-19 88% 

Neso23 GQ247564.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*02 allele, 
partial cds 

102 53% 

5.00E

-19 88% 

Neso23 AF181837.1 

Agelaius phoeniceus Mhc class II antigen 
(Agph-DAB) gene, Agph-DAB02 allele, 
partial cds 

102 72% 

5.00E

-19 82% 

Neso23 AF030989.1 

Agelaius phoeniceus Mhc class II B 
(Agph-DAB1) gene, exon 2 and partial 
cds 

102 53% 

5.00E

-19 88% 

Neso23 GQ247573.1 

Geothlypis trichas Mhc class II antigen 
(Getr-DAB) gene, Getr-DAB*11 allele, 
partial cds 

97.1 47% 

2.00E

-17 89% 
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Appendix 4.2 GenBank accession numbers of passerine sequences used in the phylogenetic 

analysis.  

Species  Accession number  
Lonchura striata 
domestica L42334 - L42335  
Carpodacus mexicanus  U23968 - U23969  
Agelaius phoeniceus  U23967, U23970, U23971  
Acrocephalus 
arundinaceus  

AJ404371 - AJ404376, 
U24405  

Andropadus virens  AY437900 - AY437912 
Petroica australis  AY428561 - AY428568  

Petroica traversi  
AY258333 - AY248335, 
AY428569  

Aphelocoma 
coerulescens  

U23958 - U23966, U23972, 
U23973, 
U23975  

Taeniopygia guttata  XM_002192161  
XM_002193356  
XM_002196138  
XM_002197722  
XM_002198130  
XM_002198161  
XM_002199709  
XM_002200257  

Platyspiza crassirostris  
AF165156 - AF165157, 
AF165159  
Z74424 - Z74428  
AY064425, AY064439, 
AY064451  

Geothlypis trichas  GQ247601 - GQ247606  
GQ247608 - GQ247609  
GQ247613 - GQ247614  
GQ247616 - GQ247622  

Motacilla alba  GU390288 - GU390291  
  AY518171 - AY518183  
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The aim of this project was to characterise the fine-scale population structure of Nesospiza 

buntings on Inaccessible Island and to identify genes under divergent selection that are driving the 

adaptive radiation at the Tristan da Cunha archipelago. The complex population dynamics on 

Inaccessible Island has proven difficult to resolve due to the extensive gene flow and the resultant 

low levels of genetic differentiation between sampled populations. Previous theoretical work has 

shown that at comparatively low levels of genetic differentiation, at least 24 neutral microsatellite 

loci are needed to accurately estimate population assignment and more than 48 loci are needed to 

accurately determine the level of introgression (Vähä & Primmer 2006). Taking into consideration 

the philopatry and estimated low dispersal distances of individuals, spatial genetic structure was 

expected. However, no patterns of isolation by distance were found, and individuals within a 

location were found to be less related to each other than would be expected from random. This 

implies high levels of gene flow with much larger dispersal distances than previously described 

(Ryan et al.1994). Alternatively, this result may be attributed to the distance between the two 

small-billed N. a. acunhae populations, which were sampled on the east and west coast of the 

island. The large geographic distance between them with no or little genetic differentiation may 

counteract any patterns of IBD that may exist between the other populations on the island.  

 

For adaptive divergence to result in speciation, divergent selection and assortative mating should 

be higher than gene flow. The current situation indicates some level of assortative mating, such as 

between the small-billed and large-billed populations at Location 1 (Fig. 2.7), but gene flow is 

currently too high for this differentiation to lead to speciation. That there is fine-scale structure of 

Nesospiza buntings on Inaccessible Island has been shown in this study and in previous work 

(Ryan et al. 2007). However, the low levels of differentiation, confounded by small number of 

neutral markers, resulted in too low resolution to disentangle the population structure at such a 

fine-scale.  

 

Due to the low level of genetic differentiation between the hybridising populations as tested in 

Chapter 2, the definitive characteristics of a hybrid zone (e.g. increased heterozygosity) will not 

necessarily be seen. It would be interesting to contrast the two scenarios of hybridisation and 

phenotypic plasticity using a larger number of markers that can differentiate between the potential 

parental populations. In order to differentiate between the two scenarios a similar approach to the 

one used in Chapter 2 may be implemented using more markers. Analyses of simulated hybrids 

using parents chosen based on genotype or phenotype can be compared to the population found 

at the ecotone. In Chapter 2 I made use of summary statistics such as heterozygosity and average 

number of private alleles to compare the two scenarios, but it may be useful to use the program 

STRUCTURE (Pritchard et al. 2000) to compare their genotypic distributions. If it is indeed a 

hybrid zone, it would represent a variation of the “bounded hybrid superiority model” (Moore 1977), 

since the intermediate population as a whole is at least as fit as small-billed birds elsewhere on the 
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island (Ryan et al. 1994). This is a particularly interesting dynamic of the radiation on Inaccessible 

Island, since it contributes to the population continuity and will counteract the effects of divergent 

selection, and thus speciation on the island. This would suggest that the current phenotypic and 

genotypic distribution on Inaccessible is fairly stable, with divergent selection driving adaptation 

and specialisation at one extreme, but maintaining intermediate individuals at the ecotone.  

 

One of the most interesting questions raised by this thesis regarding the population dynamics of 

Nesospiza pertains to the factors maintaining population differentiation, despite high levels of gene 

flow between all populations (Chapter 2). Intermediate individuals occurring at the ecotone 

(Location 2, Fig. 2.2) are likely the result of more migration between locations than previously 

described (Ryan et al. 1994, Chapter 2), and a break down of assortative mating. Due to the high 

heritability of morphology (Ryan 2001), a range of intermediate phenotypes are continuously 

generated and occur across the ecotone. Of particular interest is the maintenance of the upland N. 

a. fraseri, with the highest levels of gene flow occurring between this population at Location 3, and 

the intermediates at Location 2. A possible explanation for the persistence of N. a. fraseri as a 

morphologically distinct population may be attributed to their plumage. Variation in colour between 

the upland and lowland morphs have been attributed to deposition of carotenoid in the feathers of 

upland buntings (Brush 1990). Since the source of this carotenoid is diet-related, plumage 

differentiation will persist in the buntings occurring at Location 3, despite ongoing gene flow. This 

in turn may promote some level of assortative mating of N. a. fraseri, thus ensuring the persistence 

of small bills in this population. The strong population differentiation at Location 1 is probably the 

most intuitive, since bimodal seed sizes will promote divergent selection and assortative mating. 

Additionally, Location 1 buntings are the most isolated of all the locations, with sheer cliffs forming 

a significant barrier to dispersal between Location 1 and the ecotone on the escarpment.  

 

After characterising fine-scale population structure using neutral nuclear markers, I further 

investigated the possibility of identifying and characterising genes that are under divergent 

selection using the candidate gene approach. None of the candidate genes tested were found to 

be under selection based on nucleotide sequence variation in Nesospiza buntings. However, bill-

size (BMP2 and 4), song development (FoxP2), and plumage colour (MC1R, MC3R, and MC4R) 

genes have all been associated with expression level variation in other species. There may also 

be cis- or trans-acting elements influencing variation. Further analyses are needed to exclude the 

possibility that these genes are differentially expressed or under indirect selection in the Nesospiza 

species complex. These aspects could not be addressed in the current study due to the small 

population size used and the lack of RNA for expression studies.  
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The results from the characterisation of MHCIIβ in Nesospiza show little variation between 

populations, as well as allelic distributions similar to that of R. goughensis. No local selection 

associated with parasite load could be identified. This result is of particular interest, since 

passerine MHCIIβ is characterised by multiple gene duplications and recombination, thus are 

expected to be more polymorphic than most avian species. Although divergence was found 

between Nesospiza MHCIIβ and other passerine MHCIIβ genes, there was little or no 

differentiation within or between Nesospiza or R. goughensis populations. At the Tristan da Cunha 

archipelago, this can probably be attributed to the close proximity and continuous gene flow 

between populations. Even though Location 1 and 4 individuals are both taxonomically N. a. 

acunhae, they are not likely to interbreed due to the distance of their localities from each other and 

the difficulties encountered in crossing the escarpment between their locations. Nevertheless, the 

continuous movement between Location 1 and 3, Location 2 and 3, and 3 and 4, result in a fairly 

homogenous population that is genetically very similar. However, the similarity of Nesospiza and 

R. goughensis MHCIIβ genes suggests that there has been little selection acting on these genes 

that can be attributed to parasite load or sexual selection, with ancestral polymorphism ensuring 

similarity between these sister species.  

 

Many theoretical questions regarding avian and ecological speciation can still be addressed. 

Speciation is suggested to have occurred in sympatry on Nightingale Island (Ryan et al. 2007), 

which would make Nesospiza buntings one of the only known avian systems in which this can be 

shown (Coyne & Price 2000). In many cases diverging populations with sympatric distributions 

may be undergoing micro-allopatric speciation by, for example, mating or nesting in different 

habitats. Nest sites that have been recorded on Inaccessible Island showed that the lowland N. a. 

acunhae and N. a. dunnei both typically nest in Spartina tussock or in the fern understorey (Ryan 

& Moloney 2002). To investigate this further, an intensive behavioural study documenting breeding 

habits, breeding locations, mate choice, and dispersal distances of adults will need to be 

undertaken. Having geographic co-ordinates of nest sites will also be useful in determining fine-

scale geographic patterns in population structure using programs such as GENELAND (Guillot et 

al. 2005), which find likely breeding populations in HWE (similar to STRUCTURE), but also 

consider geographic patterns in the genotypic distribution. Although long-term observational 

studies may be problematic due to the isolation of the archipelago, it may initially be more 

practically implemented on Nightingale Island, given its small size, the clear distinctions between 

populations, and their small population sizes (Ryan 2008). Besides the obvious theoretical 

contributions, resolving the taxonomic status of Nesospiza buntings will also have an impact on 

the strategies to conserve their biodiversity.  

 

Using a population genomics approach could be extremely beneficial with regards to resolving the 

fine-scale population structure and the status of the intermediate individuals occurring on 
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Inaccessible Island. This would not only provide accurate estimation of relatedness and gene flow 

between populations, it would provide enough resolution to differentiate between hybridisation and 

phenotypic plasticity in the population. Furthermore, population genomics approaches can also be 

used to identify genomic regions that are potentially under positive selection (Vasemägi & Primmer 

2005). 

 

The results presented in this study are a stepping stone in the process of unravelling the complex 

and varied modes of avian speciation. Resolving the complexities of the adaptation and speciation 

processes of Nesospiza at Tristan da Cunha will no doubt contribute towards our understanding of 

how the interactions between ecology, behaviour, morphology, and genetics shape the population 

history and dynamics of species. 

 

 

 

 

 
 
 



153 
 

References 

 

Brush AH (1990) Metabolism of carotenoid pigments in birds. The Journal of the Federation of 

American Societies for Experimental Biology, 4, 2969-2977. 

Coyne JA, Price TD (2000) Little evidence for sympatric speciation in island birds. Evolution, 54, 

2166-2171. 

Guillot G, Mortier F, Estoup A (2005) Geneland: a computer package for landscape genetics. 

Molecular Ecology Resources, 5, 712-715. 

Moore WS (1977) An evaluation of narrow hybrid zones in vertebrates. Quarterly Review of 

Biology, 52, 23-277. 

Pritchard JK, Stephens M, Donnely P (2000) Inference of population structure using multilocus 

genotype data. Genetics, 155, 945-959. 

Ryan PG (2001) Morphological heritability in a hybrid bunting complex: Nesospiza at Inaccessible 

Island. The Condor, 103, 429-438. 

Ryan PG (2008) Taxonomic and conservation implications of ecological speciation in Nesospiza 

buntings on Tristan da Cunha. Bird Conservation International, 18, 20-29. 

Ryan PG, Moloney CL (2002) Breeding behaviour, clutch size and egg dimensions of Nesospiza 

buntings at Inaccessible Island, Tristan da Cunha. Ostrich, 73, 52-58. 

Ryan PG, Moloney CL, Hudon J (1994) Colour variation and hybridisation among Nesospiza 

buntings on Inaccessible Island, Tristan da Cunha. Auk, 111, 314-327. 

Ryan PG, Bloomer P, Moloney C, Grant TJ, Delport W (2007) Ecological speciation in South 

Atlantic island finches. Science, 315, 1420-1423. 

Vasemägi A, Primmer CR (2005) Challenges for identifying functionally important genetic 

variation: the promise of combining complementary research strategies. Molecular 

Ecology, 14, 3623-3642. 

Vähä J-P, Primmer CR (2006) Efficiency of model-based Bayesian methods for detecting hybrid 

individuals under different hybridization scenarios and with different numbers of loci. 

Molecular Ecology, 15, 63-72. 

 

 
 
 


