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Frontispiece. Cleavage maps for mitochondrial DNA of human, guenon, 
rhesus and baboon (upper to lower).  Cleavage sites for each restriction 
endonuclease are identified by vertical lines topped with one of 11 symbols, each 
representing a specific restriction endonuclease. The linear maps have been 
derived from the original, circular maps by assigning the 0 position to the origin 
of DNA replication; length is given in per cent of total. The direction of DNA 
replication is to the right. From the landmark study entitled “Ra pid evolution of 
animal mitochondrial DNA” by W.M. Brown, M. Jr. George and A.C. Wilson (1979), 
who predicted that mitochondrial DNA was “likely to be an extremely useful 
molecule to employ for high-resolution analysis of the evolutionary process”.  
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SYNOPSIS 

Mutations give rise to the variation that is seen across all levels of biological 

organisation.  Microevolution, i.e. the collective process that changes allele frequencies 

in populations, acts on the lower levels of the hierarchy of levels of biological 

organisation and operates over short timescales. Thus microevolutionary studies 

represent the basis for evolution at the population and species level. This thesis 

investigates how microevolution acts on different levels of biological organisation, i.e. 

molecule (Section 6), organelle (Section 5), cell (Section 5), tissue (Section 5), organism 

(Section 5), population (Section 3 & 4) and species (Section 2). Mitochondrial DNA is 

commonly used in population and conservation genetics studies because of its high 

mutation rate that typically translates into high resolution analyses of evolutionary 

mechanisms and processes over short time scales.  

Two different methods are presented that facilitate the recovery of complete 

mitochondrial genomes. The first uses only three primer pairs and is designed to 

amplify the mitochondrial genome for any avian species. The method can be adapted to 

amplify the mitochondrial genomes for any animal class using the super conserved 

prime site principle. The second method uses the endonuclease RecBCD to digest the 

linearised nuclear DNA in a whole blood DNA extract, leaving only the circular 

mitochondrial genomes. This method is potentially applicable to the study of any 

animal species and has the advantage of recovering the true mitochondrial genotype 

frequencies, due to the absence of amplification bias. Both methods can thus greatly 

facilitate the recovery and characterisation of mitochondrial genomes in combination 

with second generation sequencing. The recovery of complete mitochondrial genomes 

allows the study of microevolution at high resolution and thus increases confidence in 

subsequent analyses. 
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Previously identified heteroplasmic Adélie penguin (Pygoscelis adeliae) individuals are 

monitored for their heteroplasmies over time and over different tissues. The results 

show that neutral heteroplasmic ratios may change drastically over time and within and 

across tissues. These results imply that studies using somatic samples should take this 

time-dependent segregation within tissues into account. The cause of the time-

dependent segregation effect may originate in hematopoietic stem cells due to chance 

changes in haplotypes from one generation to the next. The analysis of single cell 

heteroplasmies within an individual’s tissue shows that cells and thus their 

mitochondria may not contain all mitochondrial genotypes. These observations suggest 

a cell configuration where individual cells and mitochondria differ in heteroplasmic 

ratios, and that cells contain mitochondria with different genome numbers. The 

configuration further supports the hypothesis that the time-dependent segregation 

effects may originate in hematopoietic stem cells due to a bottleneck that occasionally 

selects physiologically extreme mitochondria. Heteroplasmic segregation can thus have 

drastic effects on allele frequencies, including when it is measured in somatic cells, and 

is the microevolutionary basis for any subsequent mitochondrial evolution. 

Using mitochondrial genomic methods applied to ancient specimens, king penguin 

(Aptenodytes patagonicus) populations were monitored for changes in their genetic 

diversity over time. Despite a drastic population bottleneck in the numbers of 

individuals in this species around 1930, the mitochondrial DNA analysis shows similar 

levels of genetic diversity in both the modern and ancient population of this species. 

This observation indicates that any lost genetic diversity in this population has been 

recovered within just ~80 years.  This is likely due to conservation efforts, which 

included the initial halt to culling king penguins and the designation of Macquarie 

Island as a nature reserve. Such microevolutionary analyses are thus able to detect 

changes in population diversity, thereby potentially reflecting any environmental 

impacts, including the effectiveness of conservation measures. 
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Microevolutionary analyses for populations can thus be of particular importance; 

similarly, microevolutionary change in species can reveal how animals respond to their 

environment or to new environments. A review on the impacts of temperature change 

on Adélie penguins reveals how the species responds to the resulting changes in ice 

conditions. The Adélie penguins nest in ice free areas of the Antarctic coastline and 

therefore their distribution moves in accordance with temperature and ice change.  

Current models of climate change suggest that, as global warming causes temperatures 

to increase, the Adélie penguin will not be able to move to colder environments.  

Therefore it is predicted that the species will either have to adapt to its changing 

environment or extinction is likely. This species then provides a unique model for 

observing the role of microevolutionary change detailing how species react to their 

environment and reflect their ability to cope with change. 

Environmental and other barriers to gene flow can initiate speciation, this is the last 

level of biological organisation at which microevolution can act, subsequent levels are 

subject to macroevolution. Another study involving ancient mitochondrial DNA, aimed 

at understanding the taxonomic status of modern emu (Dromaius novaehollandiae) 

and its extinct relative the King Island emu (Dromaius ater). This study indicates that 

both taxa are conspecific on the basis of genetic distances. Subsequent analyses reveal 

that taxonomic differences in skull morphology are in fact insignificant. Further ancient 

DNA studies reported here show that the gene most likely to cause observed differences 

in plumage colour shows no differences between both these taxa. The results imply that 

recent peripheral isolation probably caused the observed paraphyly and that 

phenotypic plasticity may have led to the rapid differentiation in size.  
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1. INTRODUCTION 

Evolution is commonly regarded as a process whereby mutations accumulate over time to 

give rise to all levels of biological variation and organisation (Kauffman, 1993, Pavé, 2005). 

According to this definition, microevolutionary processes play a crucial role in evolution in 

that they determine which mutations are reproduced over time in individuals, populations 

and species (Templeton, 2006, Hedrick, 2011).  This then determines the course of evolution. 

Microevolutionary change in the frequencies of a de novo mutation is also driven by genetic 

drift, gene flow and selection (Templeton, 2006). Using a number of avian species (2 

penguin species and 2 conspecific emu taxa), this thesis investigates how microevolution acts 

at the different levels of biological organisation (species, populations and within organisms) 

(Figure 1), its implications for subsequent levels of biological organisation and how this may 

eventually relate to larger scale evolutionary changes, i.e. macroevolution. 

The study of microevolution is restricted to gene pools (i.e. before speciation) and thus short 

timescales, as opposed to the study of macroevolution which involves separate gene pools 

 
 
Figure 1. The different levels of biological organisation and their associated 
types of evolution. Marked in green are those investigated in this thesis.  
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(i.e. after speciation) and thus large timescales (Gould, 2002). To study microevolution a 

DNA locus is required that can effectively reflect evolutionary mechanisms and processes 

acting on short time scales. Mitochondrial DNA is the obvious candidate for this purpose and 

accordingly, has been used extensively. Traditionally it is known to have considerably higher 

mutations rates than nuclear DNA (Brown et al., 1979), to not recombine due to its maternal 

inheritance (at least not commonly)  (Avise and Lansman, 1983), to have a low effective 

population size (Chapman et al., 1982) and to be under very little selection (Avise and Ellis, 

1986). Therefore, it has stood the test of time in regard to its reliability as a population / 

evolutionary genetic marker (Wilson et al., 1985). More recent research has however cast 

some doubts on some of these favourable characteristics of mitochondrial DNA.  
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1.1 MITOCHONDRIAL DNA: THE GOOD, THE BAD AND THE UGLY 

MUTATION RATE 

Mutation rates in the mitochondrial genome are considerably higher than those in the 

nuclear genome of animals (Lynch et al., 2006).  For example, in Drosophila synonymous 

substitution rates have been shown to be 4.5-9.0 times higher in the mitochondrial genome 

than those on average in the nuclear genome (Moriyama and Powell, 1997). In human 

pedigree studies the mutation rate for the mitochondrial DNA has been shown to be 

approximately 100-1000 times higher than those for pseudo-genes in nuclear DNA 

(Schneider and Excoffier, 1999, Nachman and Crowell, 2000). Phylogenetic studies in 

animals show more conservative estimates for animal classes, mutation rates for the 

mitochondrial genome are consistently higher than those in the nuclear genome though; in 

mammals and birds the mitochondrial genome mutates approximately 25 and 14 times faster 

than the nuclear genome, respectively (Lynch et al., 2006).  

Several regions on the nuclear genome display far higher mutation rates when compared to 

the average nuclear mutation rate.  These include Short Tandem Repeats (STRs), and the 

Major Histocompatibility Complex (MHC). Pedigree studies show that these mutation rates 

may go up to 18,000 and 1,000 times faster than those in pseudo-genes on the human 

nuclear genome, respectively (Takahata and Satta, 1998, Whittaker et al., 2003), and may 

therefore be considered nuclear loci suitable for the study of short term evolution. The fact 

that these regions fall in the nuclear genome presents several problems however when 

compared to the mitochondrial genome locus.  The mutation rate in STRs is highly length 

biased (Whittaker et al., 2003) and the MHC in particular is subject to selection bias 

(Hughes and Nei, 1988, Hughes and Nei, 1989).  In addition both regions and others located 

on the nuclear genome are subject to recombination. 

Higher mutation rates cause more variation to be generated over time, thereby increasing 

the diversity and thus the resolution of evolutionary analyses. High mutations rates however 
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increase the likelihood over time that a single position may mutate twice, thereby biasing the 

evolutionary information from that position.  This saturation problem can however easily be 

corrected for by using a range of substitution models (Jukes and Cantor, 1969). In addition, 

the likelihood of mutations from one base to another (e.g. transitions and transversions) may 

differ per site and can bias the overall rate. This bias is particularly evident if base 

frequencies are unequal (i.e. individual bases do not constitute 25% of the sequence), but 

both problems may again be countered by substitution modelling (Tavaré, 1986). 

Other more general problems relating to the mutation rate and potentially affecting any 

evolutionary DNA analyses are rate heterogeneity and the non-constancy of the molecular 

clock. For mitochondrial DNA however, these problems have been intensively studied and 

documented. The mutation rate is indeed non-uniform  (rate heterogeneous) across the 

mitochondrial genome; protein and ribosomal coding regions, perhaps expectedly due to 

differing structural constraints that limit mutability, show different rates (Subramanian et 

al., 2009a), but also different regions of the non-coding control region may display different 

rates between the individual hypervariable regions and the regions that surround them 

(Walberg and Clayton, 1981). The fact that the range of regions display varying rates may in 

fact benefit the study of evolution on the diverse levels of biological organisation; the faster 

hypervariable regions, for example, provide the highest resolution for evolutionary distances 

between individuals, whereas cytochrome c oxidase I suffers from less saturation over the 

same amount of time and is therefore more useful for species discrimination (Hebert et al., 

2003, Lambert et al., 2005). 

As briefly mentioned, mutation rates have been shown to differ between studies, i.e. pedigree 

and mutation accumulation lines show far higher rates than those inferred from 

phylogenetic data. This observation has been attributed to the time-dependency hypothesis, 

which states that more recent mutation rates (over the last 1 or 2 million years) are much 

higher than those in the far past and has been explained with purifying selection (Ho et al., 

2005). This hypothesis would also imply that the mutation rate (or molecular clock) is 
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variable, making the dating of divergences in trees difficult. A wide range of errors and 

natural biases have been attributed to  contribute to this observation since; including non-

representative sampling and calibration, parameterisation, and tree inaccuracy  (Emerson, 

2007, Subramanian et al., 2009a). These biases, and reasons related to the use of relaxed 

clock models, were shown to be particularly related to long term evolution and its analyses 

(Ho et al., 2011) and therefore do not, or insignificantly, bias the analysis of 

microevolutionary mechanisms and processes.  Subramanian and Lambert (2012) recently 

found that time-dependent mutation rates primarily result from purifying selection and that 

neutral DNA sequences showed no time-dependent mutation rates in human genomes. 

RECOMBINATION 

Nuclear DNA is subject to a wide variety of recombination mechanisms; mitochondrial DNA, 

due to its uniparental inheritance, has always been considered one of the few exceptions to 

this rule. Its mutation frequencies have therefore not been considered to be biased as a result 

of this process in animals, recombination has been observed in yeast however (Birky Jr, 

2001). The generally strict maternal inheritance of mitochondrial DNA prevents mutations 

due to recombination. During and after fertilisation of the ovum several processes prevent 

the paternal DNA from being passed on. In mammals sperm mitochondria are tagged with 

ubiquitin during spermatogenesis, which prompts the ovum to destroy the sperm’s nearly 

one hundred mitochondria post-fertilisation (Sutovsky et al., 1999). Other animals display 

different rigorous biological processes to prevent the inheritance of paternal mitochondrial 

DNA. These include an absence of mitochondrial genomes in sperm themselves, a failure of 

mitochondria to enter the ovum at fertilisation, enzymatic destruction of mitochondria in the 

zygote and dramatic dilution by maternal genotypes. This diversity has been observed in, for 

example, crayfish, sea squirts, sea urchins and frogs, respectively (Lima-de-Faria, 1983).  

Despite these seemingly fool-proof systems, several studies have observed (potential) partial 

paternal inheritance in animals instead, which in turn may allow recombination in 

mitochondria. Hybrid mice, between two inbred strains with clear differentiation in 
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mitochondrial genotypes, showed that paternal leakage occurred at a frequency of 1 in 

10,000 compared to female genotype (Gyllensten et al., 1991). In humans a single case has 

been identified where an individual had inherited paternal mitochondrial DNA and which 

accounted for 90 % of the individual’s DNA in a muscle sample, this inheritance was possibly 

due to the survival of one or a few unrecognised sperm during fertilisation (Schwartz and 

Vissing, 2002). Other studies indicating potential parental leakage in humans, due to 

observation of different mitochondrial genotypes from the mitochondrial DNA phylogeny, 

were shown to be artefacts introduced due to contamination and sample mix up however 

(Bandelt et al., 2005). In animals certain mussel species display a different system of 

mitochondrial DNA inheritance whereby males transfer the parental mitochondrial DNA to 

their sons, besides the regular maternal inheritance (Zouros et al., 1992, Zouros et al., 1994). 

Paternal leakage has also been suggested to occasionally occur in sheep (Zhao et al., 2004) 

and has been particularly often observed after hybridisation events; in moths (Arunkumar et 

al., 2006), birds (Kvist et al., 2003) and fruit flies (Kondo et al., 1990, Ballard, 2000a, 

Ballard, 2000b). The instance where paternal leakage occurred in a bird was the result of the 

hybridisation of two great tit species, this observation was made in a single individual and is 

thus extremely rare in birds (Kvist et al., 2003).  

All forms of paternal inheritance of the mitochondrial genome may facilitate recombination. 

Given that parental inheritance of the mitochondrial genome has been documented in so few 

cases, it is extremely unlikely that actual recombination of the mitochondrial genomes occurs 

widely in animals. One study revisiting the human individual with partial parental 

mitochondrial DNA, found a frequency of ~0.7 % recombinant mitochondrial genomes, but 

cautioned interpretations mainly due to the strong selection for and resulting frequency of 

the paternal DNA (Kraytsberg et al., 2004).  Human cell lines have shown that mitochondrial 

genomes within the same organelle may sometimes spontaneously rearrange, explaining the 

origin of the wealth of mitochondrial genome architectures in other vertebrates (Macey et al., 

1997) and indicating that the mechanisms for recombination are present in mitochondria.  

The organelle would probably represent a barrier for maternal mitochondrial genomes to 
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recombine with DNA from the paternal mitochondrial genome though (Holt et al., 1997, 

Tang et al., 2000). As a consequence of the uniparental inheritance and near absence of 

recombination in the mitochondrial genome, asexual lineages are created that are 

particularly vulnerable to deleterious mutation accumulation, a process known as Muller’s 

ratchet (Muller, 1932, Muller, 1964) and potentially harmful or fatal to its bearer. 

The near absence of recombination also implies that the mitochondrial genome should be 

seen as single locus, i.e. different genes or regions on the mitochondrial genome normally 

reflect exactly the same evolutionary history, although the resolution of each may vary. 

Different genes or regions from the mitochondrial genome should thus be treated as a single 

locus when being compared to nuclear sequences. There is no use in comparing different 

mitochondrial regions for their reflection of evolutionary history, instead concatenating the 

different regions will give greater resolution and confidence with complete mitochondrial 

genomes giving the maximum resolution. If the initial analytical approach and DNA 

mutation model do not fit well with the data, additional sequences may not resolve the 

analysis any better though (Karl et al., 2012). The single locus status of mitochondrial 

genomes also implies that the entire molecule will display genetic hitchhiking. In this 

scenario polymorphisms under selection may force neutral polymorphisms on the same 

locus to display changes in allele frequencies. These changes in allele frequencies for the 

neutral polymorphisms may show similarity to genetic drift, this observation is therefore 

referred to as genetic draft (Gillespie, 2000). 

SELECTION 

The effective population size of mitochondrial DNA is about a quarter of that of the 

corresponding nuclear DNA (Ballard and Whitlock, 2004), the small effective population 

size of mitochondrial genomes makes them more susceptible to drift but also to selection 

bias. Because mitochondria and their genomes play a crucial role in providing energy, small 
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differences in fitness for a particular mitochondrial genome may therefore in theory be 

under significant selection pressures. 

The direct impact of different mitochondrial genomic variants on fitness has been observed 

in only a few animals.  These studies have primarily focussed on fruit flies. De Stordeur 

(1997), for example, showed that that certain wildtype mitochondrial genomes were 

repeatedly lost after injection into the cytoplasm of fruit fly eggs, which were then left to 

develop into adults. Other mitochondrial genotypes always survived and where shown to 

increase in frequency over time, the range of mitochondrial genomes tested showed a clear 

hierarchy with respect to fitness. In mice a particular strain’s mitochondrial genome has 

been shown to have a replicative advantage over other strains, no matter from which strain 

the nuclear DNA originated.  In embryos the particular mitochondrial genotype always 

started outnumbering the other, showing a different segregation pattern (Takeda et al., 

2000). Copepods (small crustaceans) have been shown to display three different 

mitochondrial genotypes, one of these was shown to be highly correlated with the survival of 

an experimentally introduced pesticide within just 24 hours (Schizas et al., 2001).  The 

pesticide was known to target voltage-sensitive sodium channels which are involved in the 

mitochondrial cytochrome oxidase pathway (Barron et al., 2004). Mice, with induced 

mitochondrial genome mutations at far higher rates than in nature, have also been shown to 

exhibit rapid and strong purifying selection in laboratory settings (Stewart et al., 2008). It is 

clear that when highly deleterious mutations arise that involve mitochondrial pathways, 

purifying selection may alter the frequency of mitochondrial genomes drastically and 

rapidly, thereby severely biasing any subsequent evolutionary analyses.  

Some mitochondrial genotypes have also been shown to be correlated with environmental 

temperature, certain human mitochondrial genotypes show higher abundance in arctic 

regions (Mishmar et al., 2003) and certain mitochondrial genomes in fruit flies have been 

shown to be change in frequencies due to temperature-dependency in controlled laboratory 

settings (Doi et al., 1999). So far, 538 mitochondrial mutations have been associated with 
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disease in humans, according to MITOMAP, the majority of which would have drastic effects 

on fitness in natural populations (Brandon et al., 2005).  

Several biological processes causing indirect selection of mitochondrial genomes have also 

been identified. Mitochondrial-encoded subunits interact with those from the nuclear 

genome in the electron transport system. Amino acid changes in one of the interacting 

residues between the two subunits could drastically alter their interaction. Strong purifying 

selection therefore removes non-synonymous mutations at these sites. This observation, 

referred to as intergenomic co-selection or co-evolution, has been observed in humans, cows, 

mice, rats and copepods (Schmidt et al., 2001, Willett and Burton, 2004). Genes involved in 

the mitochondrial electron transport chain have also been shown to be under co-selection in 

primates (Grossman et al., 2004), perhaps explaining the “bad molecular clock” in some 

primate phylogenetic studies (Holmquist et al., 1988). In other rare circumstances some 

species may show fertile XY chromosomal females, besides the usual XX chromosomal 

females, meiotic drive of sex chromosomes may bias any associated mitochondrial genomes 

in this case (Hoekstra, 2003). This would be particularly severe in species with 

heterogametic females, like birds, (Ballard and Whitlock, 2004), but has not yet been 

observed. Any factor that can have an impact on fitness and is maternally inherited may 

cause change in mitochondrial genome frequencies in populations, e.g. Wolbachia and other 

symbionts have been shown to accommodate this mechanism (Turelli and Hoffmann, 1991, 

Turelli and Hoffmann, 1995, Hurst and Jiggins, 2005).  

Selection for the mitochondrial gen0me is rare on short, directly observable time scales, 

except where highly deleterious mutations are rapidly removed by purifying selection. The 

only strong support for positive selection comes from observations of replicative advantage 

amongst mitochondrial genomes (Takeda et al., 2000). Studies have also investigated the 

neutrality of mitochondrial DNA on longer time scales. Several regions in in the 

mitochondrial genome of fruit flies, mice and humans have been shown to possess high 

dN/dS ratios indicating positive selection for these regions. Further investigation of this 
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observation has shown that some regions appeared to be under positive selection whereas 

others appeared neutral or mildly deleterious. Different evolutionary pressures could thus 

act on different regions of the mitochondrial genome (Rand and Kann, 1996). Bazin et al. 

(2006) showed that mitochondrial genetic diversity does not correlate with population size 

across the animal kingdom and suggested positive natural selection caused this observation, 

nuclear sequences did however correlate. Mulligan et al. (2006) show that this observation is 

not true for the more exhaustively studied mammals. Wares et al. (2006) pointed out that 

the neutrality index used in Rand and Kann (1996) and Bazin et al. (2006) is not suitable for 

distantly related species and biased towards finding selection in these cases, thereby 

explaining why mitochondrial DNA diversity correlates with population size in mammals 

(Mulligan et al., 2006), as opposed to the sporadically sampled invertebrates used in the 

study by Bazin et al. (2006). Meiklejohn et al. (2007) argued that the conclusion of positive 

selection did not agree with previous studies constantly reporting purifying selection, and 

instead outlined arguments supporting the validity of both mechanisms. McCusker and 

Bentzen (2010) showed in fish that both mitochondrial and microsatellite data reflected the 

population size well and found no evidence of selection.  Karl et al. (2012) remarked that the 

mitochondrial DNA diversity was always roughly three fold higher than the nuclear DNA 

diversity in Bazin et al. (2006).  Selective sweeps, for advantageous loci, must therefore be 

extremely rare. Wares (2010) calculated neutrality statistics for an exhaustive animal 

cytochrome oxidase I dataset to show that there is a persistent degree of uncertainty in 

genetic diversity which cannot be explained by current null hypotheses. Hahn (2008) 

proposed that an alternative null hypothesis is needed that includes selection and 

demographic history. Mitochondrial DNA thus appears to be a mostly neutral and reflective 

marker, except for the occasional purifying selection.  To further investigate the persistent 

degree of uncertainty it is perhaps better to first fully understand the actual biology of 

mitochondria, their genomes and their inheritance, in order to identify the mechanisms and 

processes acting on mitochondrial genome frequencies (Birky Jr, 2001, Rand, 2001, Ballard 

and Whitlock, 2004). The biological characteristics of mitochondria and their genomes have 
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been surprisingly little studied, despite the popularity of mitochondrial DNA for evolutionary 

analyses. 

There are thus several mechanisms and processes that act on mitochondrial DNA, those 

mechanisms and processes that bias mitochondrial representation are generally rare or act 

on long time scales. Ultimately it thus depends on the subject and aim of study that decides 

which locus is the best candidate for evolutionary analyses.  Preferably multiple nuclear and 

mitochondrial loci are investigated simultaneously, but this is not always feasible. 

Mitochondrial DNA has more power than any other single nuclear locus to detect population 

divergence and even short sequences may suffice to reflect evolutionary mechanisms and 

processes (Karl et al., 2012). When studying microevolution over short time scales using a 

single locus, the mitochondrial genome is the locus of choice because of its high mutation 

rate and because it is undergoes far less recombination and selection. An additional 

advantage using mitochondrial DNA is its abundance; i.e. much higher copy numbers exist 

per cell when compared to the nuclear genome. This is particularly important for ancient 

DNA studies.  Most animal cell cultures exhibit approximately 1000-5000 mitochondrial 

genomes per diploid cell (Bogenhagen and Clayton, 1974, Reis and Goldstein, 1983). 

Assuming that this extreme ratio roughly translates to other tissues (Schwarz et al., 2009), it 

is no wonder that studies involving degraded or small samples have far greater success 

amplifying mitochondrial DNA; particularly ancient DNA studies benefit from this property 

(Hofreiter et al., 2001). 
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1.2 MITCHONDRIAL MICROEVLOTION WITHIN INDIVIDUALS 

HETEROPLASMY 

Heteroplasmies are eventually fixed, i.e. one polymorphism survives, resulting in the 

mutations that we observe and are therefore at the base of evolution. Heteroplasmy is when 

two or more genotypes exist in an organellar genome (e.g. mitochondrial or chloroplast) 

within a cell or individual.  It is relatively rare due to the uniparental inheritance and lack of 

recombination in mitochondrial genomes.  In the few cases mentioned earlier where parental 

leakage of the mitochondrial genome has been observed in animals, the offspring normally 

displays heteroplasmy (partial parental inheritance), and has been associated with low levels 

of recombination in a single instance (Kraytsberg et al., 2004). All other cases of 

heteroplasmy thus primarily result from de novo mutations and can only be passed on to the 

next generation when occurring in gametic cells (Barbieri, 1989). In the case of de novo 

mutations, heteroplasmies originate when one or more molecules from a homoplasmic 

organellar genome population mutate into one or more variants. The bases that differ 

between the genotypes are known as heteroplasmic sites, but are often simply referred to as 

heteroplasmy as well.  This thesis will refer to the former to keep a clear distinction. The 

frequencies of multiple genotypes in a cell (or any other level of organisation within an 

individual, e.g. a specific tissue) are expressed as the heteroplasmic ratio in percentage here.  

Heteroplasmies are detected most commonly using Polymerase Chain Reaction (PCR).  

Other methods used in the past include restriction digests (Solignac et al., 1984, Ashley et al., 

1989) and cloning followed by subsequent sequencing (Wu et al., 2000). One downside of 

the PCR approach is that it introduces mutations itself due to mis-incorporations of dNTP’s 

by the polymerase, thereby potentially introducing false positives. Second generation 

sequencing may offer a solution in this respect if no antecedent amplification has taken place 

(Li et al., 2010, Goto et al., 2011).  
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Mitochondrial heteroplasmies originating from de novo mutation have been shown for many 

animals, particularly length polymorphisms, which often result from tandem repeats in the 

mitochondrial genome. At least a total of 23 vertebrates have been shown to harbour this 

type of heteroplasmy, including fish, newts, frogs, lizards, birds and mammals (Rand, 1993); 

heteroplasmies have been identified all over the animal kingdom. In insects, when tandem 

loci are repeated more than twice, length heteroplasmies often result.  A wide range of 

insects have thus been shown to display length heteroplasmy: locusts, grasshoppers, fruit 

flies, mosquitos, butterflies, moths, bark weevils and bees (Zhang and Hewitt, 1997). This 

observation was particularly common in bark weevils where every individual from a sample 

of 219 individuals  was shown to be heteroplasmic to some degree (Boyce et al., 1989).  

A total of 277 mutations, associated with mitochondrial disease, have so far been shown to 

occur as part of heteroplasmies in humans and occur in all shapes and sizes, i.e. point 

mutations and insertions and deletions of different lengths (Brandon et al., 2005). Most in-

depth studies involving heteroplasmies have, however, focussed on point mutations. 

Holstein cows were shown to exhibit heteroplasmy by Hauswirth and Laipis (1982), who 

concluded that multiple shifts in heteroplasmic ratio, or segregation, must have occurred in 

the previous 20 years. Ashley et al. (1989) monitored the heteroplasmic ratios across four 

generations of Holstein cows and noted that drastic changes in ratio could occur. Neutral 

mitochondrial genotypes in offspring from the same female were shown to segregate in 

different directions, indicating drift as opposed to selection to cause this observation. 

Heteroplasmy could be lost within several or even a single generation and result in 

homoplasmy. Wu et al. (2000) showed that Holstein cows, and thus single species, could 

harbour a wealth of heteroplasmic mutations.  Transitions, transversions, insertions and 

deletions were identified, five of which were shown to occur in more than half the lineages, 

the other 12 occurring in one or a few lineages. Solignac et al. (1984) studied the descendants 

of five heteroplasmic female fruit flies, each showing two different genotypes due to a length 

polymorphism. The five heteroplasmic females were the sole maternal founders of different 

strains.  Afterwards all lines displayed neutral evolution with the exception of one where the 
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longer genotype was selected against. Both stochastic and selective processes were shown to 

interfere, but stochastic processes being the more dominant process overall. The number of 

segregating units was estimated to be 380 per germ cell.  Solignac et al. (1984) indicated that 

this was more congruent with the number of mitochondria than with the number of 

mitochondrial genomes, indicating that the former presented a bottleneck during 

inheritance. 

Although most studies on heteroplasmy have focussed on humans, one other study stands 

out for its exhaustive investigation of heteroplasmic inheritance in Adélie penguins. Millar et 

al. (2008) sequenced the hypervariable region I for 508 families including 915 chicks and 

their parents. The study showed that using PHRED quality scores (Ewing and Green, 1998) 

and bidirectional sequencing reads, heteroplasmic ratios could be estimated from their 

chromatographs with a standard error of approximately 5 %.  In total 62 heteroplasmies 

were found, one of which was due to a transversion and the remainder due to transitions; 59 

(95.2 %) of the heteroplasmies corresponded with polymorphic sites previously detected in 

population studies (Lambert et al., 2002, Ritchie et al., 2004); underlining the heteroplasmic 

basis, and not paternal inheritance or recombination, for variation in mitochondrial DNA. Of 

the families, 55 (10.8 %) were shown to harbour heteroplasmies, 48 of which displayed a 

single heteroplasmic site and seven of which showed two heteroplasmic sites due to point 

mutation. All heteroplasmies appeared to occur in the germline because all were observed to 

be transmitted to at least 1 chick, heteroplasmies in Adélie penguins may thus be transmitted 

across many generations. Using an intergenerational age of 6.46 years the observed rate of 

heteroplasmies was shown to be 54.9 substitutions/ site/ million years and gave an 

estimated mutation rate of 0.55 substitutions / site/ million years and 38.3 segregating 

mitochondrial units. This study underlined the importance of understanding heteroplasmic 

mitochondrial inheritance as it determined the basic mutation rate.  

A range of human heteroplasmic sites have been identified for forensic purposes (Budowle et 

al., 2003). In humans most studies investigating heteroplasmy have, however, focussed on 
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associated disease. Lutz-Bonengel et al. (2008) determined heteroplasmic ratios in single 

lymphocytes and found that 96% were homoplasmic, indicating that heteroplasmy is often a 

result of accumulated cells most of which harbour a single genotype. In this case, overall 

heteroplasmic ratio is thus mostly dependent on the ratio of cells showing different 

homoplasmies. He et al. (2010) found that most human cells were showing heteroplasmy 

and that heteroplasmic ratios differed between tissues from the same individual. One 

individual showed eight heteroplasmic sites in healthy mucosa cells, with the minority 

genotypes ranging in frequency from approximately two to 30%. Another six heteroplasmic 

sites were associated with tumour cells; overall the tissues from this individual showed that 1 

heteroplasmy was observed in all 10 tissues monitored, whereas the other 13 heteroplasmies 

were highly associated with 1 to 3 tissues. Additionally, in a family it was shown that a 

mother had contributed 2 heteroplasmies to her children, there was no sign of paternal 

leakage, indicating that the additional heteroplasmies in their children (4 in the first child 

and 3 different heteroplasmies in the second child) originated from de novo mutations. 

Mitochondrial heteroplasmies have also been shown to be particularly common in different 

ratios in hairs when compared to blood (Grzybowski, 2000, Grzybowski et al., 2003, 

Sekiguchi et al., 2004). Santos et al. (2005) investigated the inheritance of heteroplasmies in 

26 extensive families, 72% of which showed at least one occasion of heteroplasmy. Both 

point and length mutation heteroplasmies were observed, of the 11 point mutation 

heteroplasmies 5 appeared to be somatic and the other 6 germline linked. The authors 

assumed all heteroplasmies to be neutral as no observable diseases were associated with 

them. Heteroplasmic mutation rates were again shown to be high, but approached 

phylogenetic mutation rates when corrected for loss of genotypes due to gender imbalance 

and probability of fixation. This research supported the ideas that drift alone could explain 

differences in heteroplasmic ratios across inheritance for constant small bottlenecks and that 

the initial ratio of a heteroplasmy determined the likelihood of inheritance under neutral 

conditions. It was slowly becoming apparent that humans might display heteroplasmy in 

healthy individuals at high frequencies.  Li et al. (2010) aimed to investigate these actual 
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frequencies and sequenced mitochondrial DNA for 131 individuals from 5 Eurasian 

populations. In 32 individuals, on 34 sites, 37 heteroplasmies were found that occurred at 

frequencies of 10% or higher. Again heteroplasmies were shown to be highly correlated with 

known polymorphic sites and where introduced at much higher rates than the regular 

mutation rate.  

Mitochondrial heteroplasmies thus probably occur in all animals, as would be expected, in 

all shapes (e.g. point and STR mutations) and sizes throughout the body of an individual and 

their ratios may differ from tissue to tissue and cell to cell. The heteroplasmic mutations that 

occur in somatic and gametic cells get introduced at a much higher rate than the mutation 

rates inferred from non-pedigree data. Pedigree rates corrected for somatic mutations and 

maternal inheritance, are however congruent with phylogenetic rates (Santos et al., 2005, 

Millar et al., 2008). As mentioned before, selection has been shown to occasionally act on 

mitochondrial genomes, but a range of studies have shown that drift is the primary driver of 

changes in heteroplasmic ratios.    

INHERITANCE AND DRIFT 

To understand the genetic drift that acts on mitochondrial genomes during reproduction it is 

important to understand the size of bottlenecks and at which stage they act on the 

mitochondrial genome population, as well as the segregating unit for the mitochondrial 

genomes. These factors can all have drastic impacts on the likelihood of each mitochondrial 

genome’s inheritance. As opposed to homoplastic mitochondrial genome populations, where 

no change is seen across generations, heteroplasmic mitochondrial genome populations 

change in ratio across generations and may give us valuable clues about mitochondrial 

inheritance. 

Mitochondrial genome variants sometimes segregate rapidly between generations, causing 

heteroplasmic ratios to change dramatically or even become homoplasmic, despite their high 

copy number in oocytes; for instance 105 in mice (Pikó and Taylor, 1987). Drift alone cannot 
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explain this rapid segregation; there must thus be a substantial bottleneck that amplifies the 

effect of genetic drift and causes the wealth of heteroplasmic ratios after reproduction. 

Jenuth et al. (1996) created mice carrying heteroplasmy and showed that the effective 

number of segregating units was about 200 mitochondrial genomes per oogonia. The effect 

of rapid segregation had been often observed in Holstein cows suggesting that either a small 

pool of mitochondrial genomes was amplified during oogenesis or that the mitochondrial 

genomes were unequally partitioned in the early embryo (Hauswirth and Laipis, 1982, Olivo 

et al., 1983, Laipis et al., 1988). Rapid segregation had also been shown in humans between 

tissues and individuals (Cavelier et al., 2000a, Goto et al., 2011). Bergstrom and Pritchard 

(1998) hypothesised that the mitochondrial bottleneck from oocyte to offspring counteracted 

Muller's ratchet by decreasing the likelihood of inheriting rare mildly deleterious mutations. 

Modelling showed that drift could increase the frequency of mildly deleterious mutations to 

such an extent that natural selection could act instantly. Cree et al. (2008) exhaustively 

investigated the mouse mitochondrial genome copy number at different stages from oocytes 

to primordial germ cells (Figure 2). Oocytes, 2-, 4-, 8-, etcetera, 64- pre-implantation 

blastomere stages and blastocysts were shown to harbour a total (for the entire complex) 

mitochondrial copy number of around 250 x103. The copy number per sub-cell would thus 

steadily decrease per stage. Only post implantation would the total mitochondrial genome 

copy numbers increase, between 7.5 and 14.5 days post coitum, in primordial germ cells until 

the matured oocyte.  Previous models of the mitochondrial genetic bottleneck, where a single 

random sample of mitochondrial genomes repopulated each primary oocyte (Bendall et al., 

1996, Poulton et al., 1998) or where a constant bottleneck was present during each of the cell 

divisions before the primary oocytes (Wright, 1984, Jenuth et al., 1996), where shown to be 

incorrect. Instead, the authors showed that the mitochondrial genomes were not subject to a 

bottleneck until approximately 7.5 days post coitum during the formation of approximately 

40 primordial germ cells, the bottleneck then slowly relaxed over another 9-10 cell divisions. 

Because models of relaxed replication of mitochondrial genomes 9 days post coitum in the 

primordial germ cells could explain the heteroplasmic variation, the results also indicated 
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that the mitochondrial genomes were the actual segregating units. Multicopy compartments 

like mitochondria were thus not the segregating units, thereby falsifying the hypothesis of 

Jacobs et al. (2000) who suggested that nucleoids could be the segregating units. Wai et al. 

(2008) recognised that the conclusions from Cree et al. (2008) were challenged by a study 

that suggested that the bottleneck occurred without a reduction in germline mitochondrial 

genome content. Cao et al. (2007) had conducted a similar study and found that after 7.5 

days post coitum in primordial germ cells no increase of copy numbers was seen, indicating 

no bottleneck for  primordial germ cells. To further investigate this discrepancy, Wai et al. 

(2008) directly measured heteroplasmic variation and mitochondrial genome copy number 

in single mouse cells (or clusters thereof) during embryogenesis and oogenesis.  These 

authors found that between day 8.5 and 10.5 (primordial follicle to mature oocyte) the copy 

number drastically increased agreeing with the findings from Cree et al. (2008). 

Additionally, they were able to show that the copy number in fertilised ova decreased at least 

700 fold in sub-cells of subsequent cell complexes before the mitochondrial genome 

replication started again, and just before the primordial germ cell differentiation (Figure 2).  

 
Figure 2. Mitochondrial DNA inheritance during embryogenesis and oogenesis  
(including folliculogenesis). Two bottlenecks are marked with vertical purple bars, the 
first is the potential bottleneck during selection of primordial cells in an embryo an d 
the second gradually easing bottleneck acts during mitochondrial DNA replication. A. 
coitum; a sperm enters a haploid mature oocyte to result in, B. a fertilised oocyte now 
diploid, C-F. blastocyst stage with 2,4,8 etcetera up to 64 cells. G. blastocyst and 
implantation, H. primordial germ cells, I. oogonia, J. primordial follicle, K. primary 
oocyte, L. secondary oocyte and M. mature haploid oocyte.  
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No significant heteroplasmic variance was seen in early primordial germ cells and lead to the 

conclusion that the mitochondrial bottleneck did not occur during oogenesis, contradicting 

Cree et al. (2008) on this point. Further analyses showed that germ cells containing high 

copy numbers of mitochondrial genomes (mature ovulated oocytes, primary oocytes in 

secondary follicles) showed a far larger ratio variance than those containing fewer 

(primordial germ cells, oogonia and primary oocytes in primordial follicles). This 

observation indicated that the mitochondrial bottleneck occurred during the growth and 

maturation of the primordial follicles as a result of selective replication of a subset of 

mitochondrial genomes. This theory was subsequently confirmed in vivo using fluorescent 

markers to label replicating mitochondrial genomes. In conclusion, selection may select 

against deleterious mutations in the physical bottleneck of 200 mitochondrial genomes in 

the earliest primordial germ cells, possibly due to replicative competition (Shoubridge and 

Wai, 2008).  In addition, drift of (near) neutral mutations occurs during folliculogenesis due 

to replication of a mitochondrial genome subpopulation. 

 As opposed to the previous gametic heteroplasmy studies, most heteroplasmies are 

measured from somatic tissues to investigate their inheritance and estimate mutation rates. 

Hendy et al. (2009) developed a mathematical model to study the inheritance of 

mitochondria from somatic tissues, this model however assumed inheritance across a single 

bottleneck. Elaborating on the Adélie penguin study Millar et al. (2008) found that 

segregating units numbered 36.5 in the single bottleneck model, which was comparable with 

previous results from this dataset. Wolff et al. (2011) subsequently used a variation of this 

method to study heteroplasmic pedigree data from chinook salmon females to oocytes to 

offspring. They found that the segregating units numbered 88.3 during oogenesis and 80.3 

during embryogenesis. The results indicated that the segregation of mitochondrial genomes 

was effectively finished by the end of oogenesis, in accordance with the process suggested by 

Wai et al. (2008).  The mechanism of the mitochondrial genome bottleneck is thus conserved 

in distant vertebrates, despite their highly variable reproductive biologies. The previous 

modelling studies estimated segregating units as a result of a single bottleneck that in reality 
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are two bottlenecks, explaining their lower estimates of segregating units. The number of 

segregating units probably differs per species though, given that different species show 

different frequencies of heteroplasmy (Rand, 1993, Zhang and Hewitt, 1997). 

DISEASE 

A total of 538 mitochondrial mutations have  been shown to be associated with disease in 

humans, 277 of which have been observed as heteroplasmic mutations (Brandon et al., 

2005). Mitochondrial DNA diseases have extremely variable phenotypes due to the crucial 

function of the mitochondrial genome, and can be present at any age.  The most common 

diseases are related to deafness, neuropathy, encephalopathy, myopathy and diabetes 

(Greaves et al., 2012).  Pathogenic mitochondrial DNA is estimated to be present in 1 in 200 

people, disease is however usually not detectable due to the insignificant low copy number of 

the molecules (Manwaring et al., 2007, Elliott et al., 2008). It has been estimated that for 1 

in 10,000 people  disease actually manifests itself  and another estimated 1 in 6,000 is  at 

risk of developing mitochondrial disease (Schaefer et al., 2008). Treatment for 

mitochondrial disease is currently primarily focussed on symptom mitigation (Parikh et al.,  

2009), although the use of gene therapy is studied to permanently treat the cause  

(Flemming, 2012). The cost of mitochondrial disease for society is  unknown, the biopsies 

alone needed for diagnosis cost 10,000USD per individual however (The Cleveland Clinic 

Foundation, 2010). Heteroplasmic and mitochondrial inheritance are therefore crucial to our 

understanding; the processes involved determine the likelihood of disease associated 

molecules to get passed on.   



21 
 

1.3 MITOCHONDRIAL MICROEVOLUTION WITHIN POPULATIONS 

GENETIC DRIFT AND GENE FLOW 

After (near) neutral mutations have been established in the mitochondrial genomes of 

individuals, as a result of heteroplasmic segregation toward homoplasmy, they can reveal 

population mechanisms and processes, or microevolution, within species. Neutrality is 

counteracted by selection at different levels of biological organisation. When selection occurs 

the effects on variation and distribution of the mitochondrial genomes are often so dramatic 

that other mechanisms and processes show no detectable trace (Schizas et al., 2001). Many 

microevolutionary mechanisms and processes exist, together with measures to study them. 

Microevolutionary studies often focus on diploid or multi locus systems, this section will 

primarily refer to those applicable to the haploid single locus mitochondrial genome. 

Linkage disequilibrium is typically measured for nuclear loci, but is worth considering here. 

Because mitochondria are normally considered a single locus, different regions should not 

display any linkage disequilibrium. This microevolutionary measure can however be applied 

to different loci on the mitochondrial genome, in order to test for recombination. Awadalla et 

al. (1999) did exactly that. They found that linkage disequilibrium declined as a function of 

the distance between sites on mitochondrial genomes in chimpanzee and humans and 

attributed the pattern to recombination. Hedrick and Kumar (2001) reanalysed the data and 

found no such pattern however, discrediting the presence of recombination, and showing 

that any signals associated with linkage disequilibrium could be explained by stochastic  

mutations. The linkage disequilibrium measure is thus not often calculated for animal 

mitochondrial loci, due to their lack of recombination.  It remains, however, a potential 

measure to detect recombination in mitochondrial genomes (McCauley and Ellis, 2008).  

Mitochondrial genomes show considerable variation between individuals and within and 

between populations, and can thus be used to monitor which female individuals pass on their 

DNA, which in turn reflects if the female population stays constant, increases or decreases in 
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size (Moritz et al., 1987). When the male and female ratio is relatively constant (which is not 

always the case), mitochondrial genome variation can be used to estimate how many male 

and female individuals pass on their DNA.  This in turn shows if the entire population stays 

constant, increases or decreases in size. Genetic drift can cause certain haplotypes to 

randomly increase or decrease in frequency from generation to generation without the 

tendency to return to the ancestral allele frequencies. The effective population size 

determines how rapidly drift can alter haplotype frequencies, where the effective population 

size is inversely correlated with resulting microevolutionary variation due to drift. 

Fragmentation of populations thus always results in an increases in haplotype frequency 

differences among populations (Buri, 1956).  Only random mating can halt this effect. 

Genetic drift can also cause dramatic shifts in haplotype frequencies in larger populations 

that display little mitochondrial genome variation due to a founder or bottleneck effect. In 

this case haplotypes carried by founding or surviving individuals automatically become 

common in the founding or surviving population due to genetic drift, and in extreme cases 

resulting in inbreeding. The mean time until fixation for a given locus depends on its initial 

frequency and the population size, and is thus often rapid after bottleneck or founder effects, 

but slow in large variation-rich populations.  

Effective population size is an idealised population size that may be used to measure the 

strength of genetic drift and thus also bottleneck and founder effects. A range of methods 

exist to calculate effective population size from measures of gain or loss of, for example, 

alleles or heterozygosity and thereby reflect inbreeding or population expansion (Wang, 

2005). The ratio of effective population size and breeding population size can measure the 

impact of environmental impacts. Inbreeding, variance and eigenvalue effective population 

size are probably the most common measures of effective population size, which measure 

loss and gain of haplotypes and variation, and are often highly correlated.  This leads to 

misconceptions about them measuring the same unit, they may however vary with complex 

population histories (Crandall et al., 1999). These measures assume that mutations are 

neutral, though in the case that selection does occur in mitochondrial genomes, it can highly 
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bias estimates of effective population size. A neutrality test, which compares the ratio of 

segregating sites and the average nucleotide differences from pairwise comparison, may 

reveal to which extend selection has acted on the alleles (Tajima, 1989). Coalescent effective 

population size is often heralded as the most informative measure of effective population size 

since it is calculated from all genetic data available and takes the mutation rate into account, 

thereby measuring the effective population size for a particular point in time that is less 

likely to be misused (Sjödin et al., 2005). The effective population size measures an entire 

population, and not individual subpopulations, and may thus number higher than the census 

size. 

Gene flow within or between populations represents the exchange of gametes as a result of 

dispersal and the mating system. Gene flow is measured as the migrating portion of the 

effective population size. Gene flow causes non-random evolution, decreasing locus 

frequency differences between populations and increasing variability within populations. 

Both genetic and non-genetic factors may influence the amount of gene flow. Gene flow thus 

has the opposite effect to genetic drift on populations. The balance of genetic drift and gene 

flow together determine the genetic population structure and the total level of variation. 

Subdivision of a population causes overall loss of variation due to limited gene flow between 

subpopulations.  This is known as the Wahlund effect (Wahlund, 1928). Isolation by distance 

may further increase the loss of variance due to limited gene flow and drift within the 

isolated population, and pairwise comparisons for populations may be used to estimate the 

average population genetic distance.  

Measuring spatial variation in DNA is influenced by a range of factors that have occurred 

historically or are reoccurring (i.e. mutation, gene flow, genetic drift and selection). Multi 

locus studies are therefore preferred and may better reflect the mechanisms and processes at 

work, alternatively, spatial variation may be measured using pedigree data or ancient DNA 

which may reflect these mechanisms and processes and take their variation over time into 

account. The mitochondrial DNA relations among individuals in a population or species may 
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be displayed as a tree or haplotype network; where the tree displays relations across time 

and the network displays the possible routes of evolution from one haplotype to another. The 

relations among individuals may in their turn reflect which microevolutionary events have 

occurred in the past. 

GENETIC DIVERSITY 

Together mutation rate, genetic drift and gene flow thus determine the genetic variation, or 

genetic diversity, in a population. Mutation rate, genetic drift and gene flow are hard to 

measure individually since one usually has a direct impact on the other.  Genetic diversity 

however represents the combined results of all three and is easier to measure. Genetic 

diversity is one of the multiple levels that constitute biodiversity. Under neutral 

circumstances the genetic diversity of one or more loci can represent the genetic diversity of 

all other loci within in a population. Genetic diversity may thus indicate the diversity of, for 

example, antigens and other loci that may potentially confer a benefit to their bearer, and 

result in an increased ability of a population to cope with environmental change. For 

mitochondrial DNA, genetic diversity is usually measured as the nucleotide diversity. 

Nucleotide diversity is calculated as the average number of nucleotide polymorphisms per 

site between any two randomly chosen sequences in the population of interest.  

The ability to reflect genome-wide diversity by genetic diversity measured from a single locus 

is thus very dependent on the genome-wide neutrality of loci. Comparison of mitochondrial, 

Y-chromosomal and autosomal loci in humans has shown that the genetic diversity for all 

three is, perhaps surprisingly, substantially congruent. All three genetic systems showed 

consistent population structure and genetic diversity (Jorde et al., 2000).  Selection however 

occurs throughout the genome, and the fact that selection is probably the least active in 

mitochondrial genomes, when compared to autosomal or Y-chromosomal loci, makes the 

mitochondrial genome probably the most appropriate single locus marker to reflect genome-

wide genetic diversity. 
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EXAMPLES FROM ANCIENT DNA 

Measures of microevolution may be estimated for modern populations, the resulting values 

however have little meaning since they reflect a single point in time and do not measure any 

change. As a result many studies extrapolate past measures from modern data, and although 

extrapolation data may indicate change over generations, the data may be overpowered by 

stochastic change.  Pedigree studies suffer from less stochasticity but are often restricted to 

relatively short time scales. Ancient DNA analyses offer an alternative here, in that they 

allow the monitoring of microevolutionary change over longer periods of time. Examples are 

given here that represent some of the largest mitochondrial ancient DNA datasets and 

exemplify the study of different microevolutionary events in these. 

ADÉLIE PENGUIN (Pygoscelis adeliae) 

Lambert et al. (2002) investigated 96 Adélie penguin bones which dated up to 7786 years 

before present. The Adélie penguin population shows significant structure in that it consists 

of two very distinct mitochondrial lineages separated by at least 8 point mutations.  One of 

these lineages is restricted to the Ross Sea area (the Ross Sea Lineage) and the other occurs 

around the Antarctic continent (the Antarctic lineage). The evolutionary rate was estimated 

to be 0.96 and 0.93 substitutions/ site/ million years for constant and exponential growth 

models, respectively. Later, Ritchie et al. (2004) compared phylogenetic and ancient DNA 

rates and found that the latter was more consistent with environmental impacts. The 557 

sequenced individuals showed 440 haplotypes and showed mostly transitional mutations. 

The nucleotide diversity numbered 0.0043 (π) in total and there was no significant deviation 

from neutrality in the evolution of the mutations. The distance was on average greater 

between the Antarctic and Ross Sea lineages than within. Of the polymorphic sites 25.4% 

was shared between both lineages, 50.8% occurred in the Antarctic and 23.8% occurred in 

the Ross Sea lineage. As a consequence of the presence of both lineages occurring in the Ross 

Sea area, nucleotide diversity was far greater here (π = 0.042) than the rest of Antarctica (π 

=0.019). The Ross Sea lineage appeared to decrease in frequency with latitude. The 
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frequency of both lineages showed a clear geographic pattern , where most regions differed 

significantly, but two pairs of locations appeared to be closely related, perhaps due to 

substantial gene flow. Significant differences in lineage frequency were observed between the 

oldest and modern populations, the depth between the Antarctic and Ross Sea lineages was 

also deeper in the modern population, which might have indicated detectable evolutionary 

change through time. The authors showed that the recent date of divergence between both 

lineages (~75 thousand years before present) coincided with a glacial cycle which would 

likely have pushed the Adélie penguins into refugia.  A long separation of the population over 

two refugia would explain the origin of these two lineages. Subramanian et al. (2009a) 

further investigated the mutation rate, but this time across the entire mitochondrial genome. 

They showed that the rate in constrained sites (including nonsynonymous sites and RNAs) 

could vary twofold with time, as opposed to the constant rate at synonymous sites. In 

addition, transfer RNAs appeared to evolve faster than ribosomal RNAs which in turn 

evolved faster than nonsynomous sites. With the help of ancient DNA a range of 

microevolutionary measures, processes and mechanisms have thus been identified in Adélie 

penguins, e.g. mutations and their rate, gene flow between populations and genetic diversity 

and population structure. 

BISON (Bison sp.) 

Shapiro et al. (2004) investigated part of the mitochondrial control region for 220 bison 

samples from permafrost deposits in North America and Siberia ranging up to ~60 thousand 

years before present. The mutation rate was estimated to number 0.32 substitutions/ site/ 

million years. The genus bison was known to have invaded the Americas by crossing the 

Bering Straits land bridge from Eurasia, after which they were isolated by glaciation and 

developed unique polymorphisms.  The detection of these polymorphisms in Asia at later 

times indicates that gene flow reoccurred with populations in North America. Around the 

start of the Holocene however, the corridor became impenetrable again separating the Asian 

and American bison. Effective population size was calculated and plotted over time to show a 
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clear increase in effective population size 37 thousand ago and a decrease afterwards.  At its 

height, the effective population size was about 230 times that of the modern population. 

When the effective population size was plotted for the modern clade alone, it peaked around 

1 thousand years before present and was followed by rapid decline, indicative of the 

population bottleneck caused by overhunting in the late 1800s. With the help of ancient DNA 

a range of microevolutionary measures, processes and mechanisms have thus been identified 

in the bison genus, e.g. mutation rates, gene flow between populations, genetic diversity and 

population sizes. 

CAVE BEAR (Ursus spelaeus) 

Hofreiter et al. (2002) investigated 12 cave bears from different ages and from 9 caves that 

ranged in age from about 26,500 to at least 49,000 years. They showed that the genetic 

diversity in cave bears was about 1.8 times lower than that of modern brown bears, but 

similar to individual brown bear clades.  The study also showed that the smaller cave bears 

from high Alpine regions were polyphyletic and thus were more closely related to distant 

populations, than they were to each other. This in turn also suggested large size must have 

evolved independently twice in cave bears (if this trait was genetic), given the phylogenetic 

relations. Orlando et al. (2002) studied another 21 samples sometimes older than 50,000 

years old and, combined with previous data, showed that the cave bear population consisted 

of 4 haplogroups. Two of the haplogroups appeared across wide geographic areas indicating 

considerable amounts off gene flow. The genetic diversity for cave bears from one particular 

cave could be correlated with climatic change in the past. Hofreiter et al. (2004) focussed on 

the respective cave bear populations from two caves at 10 km distance from each other, 

ranging in age from more than 50 to ~25 thousand years. Despite the close proximity of both 

cave bear populations, the authors found no evidence of gene flow between the two during 15 

thousand years of occupation. One of the cave populations was shown, however, to display 

gene flow with a cave population 200km away.  These results indicate that both cave bear 

populations may in fact have been biologically distinct species. With the help of ancient 
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DNA, a range of microevolutionary measures, processes and mechanisms have thus been 

identified in cave bears, e.g. gene flow between populations and genetic population structure. 
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1.4 MITOCHONDRIAL MICROEVOLUTION APPROACHING 

MACROEVOLUTION 

 PHYLOGEOGRAPHY 

As microevolutionary mutations accumulate and locus frequencies differentiate, intricate 

genetic population structures result. Such population genetic structuring may in some cases 

be correlated with the geographic distribution of a species. Avise et al. (1987) observed the 

correlation of these two and coined the term phylogeography. Phylogeography is closely 

related to historical biogeography which looks at the correlation of historical environmental 

processes and geographical distribution. 

Avise et al. (1987) suggested the use of mitochondrial DNA as an indicator of 

phylogeographic patterns for the obvious reasons: ubiquitous distribution, easy analysis, 

simple genetic structure, simple genetic inheritance, characters displaying reasonable 

parsimony to explain phylogeny and a high mutation rate. The mitochondrial genome only 

represents the evolution of the female population though and different microevolutionary 

events may have occurred in males. Avise et al. (1987) showed how specific evolutionary 

histories could likely explain different genetic population structures and proposed 4 

scenarios with a range of intermediate stages (Figure 3).  Phylogenetic discontinuity with 

spatial separation was most common and likely caused by barriers to gene flow and/ or 

extinctions of intermediate genotypes (Figure 3, blue). No good empirical examples showed 

phylogenetic discontinuity with lack of spatial separation, but were likely caused by 

secondary admixture or intrinsic barriers (Figure 3, red). Phylogenetic continuity with 

spatial separation was common and was likely caused by limited gene flow or short-term 

barriers (Figure 3, green). Phylogenetic continuity with lack of spatial separation proved to 

be rare and was likely caused by extensive gene flow in a subdivided population (Figure 3, 

purple). An example of one of the many types of intermediate situations is where 

phylogenetic continuity with partial spatial separation occurs; this particular situation would 



30 
 

have most likely been caused by intermediate gene flow between the assemblages (Figure 3, 

orange). 

Microevolutionary studies may reveal the presence of phylogeographic patterns in a 

population or species, and may indicate the separation of populations, which potentially 

results in speciation.  
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Figure 3. Five phylogeographic scenarios. For full description refer to main text. 
Letters represent phylogenetic units and boxes assemblages. Lines with perpendicular 
dashes represent the genetic distance. 
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APPROACHING SPECIATION 

Speciation is may occur where there is no gene flow between populations due to some form 

of barrier. Because speciation is an arguably gradual process, and depending on the species 

concept, using DNA to determine when geographically separate populations have actually 

formed two species is difficult. We can however determine when gene flow is reduced or even 

ceases between two populations and thus indicate the potential onset of speciation or not. 

Additionally, because mitochondrial DNA only reflects the female history of a population it 

cannot determine whether or not male gene flow still exists between populations, unless a 

definite barrier to gene flow exists, nuclear DNA marker may solve this problem though. 

The most obvious indication of reduced gene flow is when the haplotypes of multiple 

individuals from a population form the same distinct clusters as the biologically recognisable 

subpopulations, e.g. the individuals of a population show a geographical or morphological 

differentiation and the exact same individuals of that population show the same two distinct 

clades of haplotypes. This observation is most common for lack of gene flow between 

subpopulations and making both subpopulations monophyletic. Subpopulations may 

however show two other types of phylogenetic relationships which may indicate potential 

onset of speciation in an early stage; paraphyly and polyphyly. Paraphyly and polyphyly are 

similar in that two or more subpopulations/clades from one population, respectively, are 

separated phylogenetically by lineages from another subpopulation (Figure 4). Monophyly, 

paraphyly and polyphyly of populations can have many other causes other than isolation due 

 
 

Figure 4. Examples of monophyly (A), paraphyly (B) and polyphyly(C). A, B and C 
represent different subpopulations in this phylogeny. After (Funk and Omland, 2003). 
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to barriers, which first have to be considered and do not need to indicate potential onset of 

speciation per se (Funk and Omland, 2003). 

Once populations have started to diverge their relation will show a more distant relationship 

over time, thereby deepening the phylogenetic branching. The degree of this divergence can 

be compared with that of other known species and can indicate the extent to which 

populations of interest are congruent (with respect to genetic distance, not phylogeny). This 

method of identifying potential species has been applied using the DNA barcoding approach 

(Kerr et al., 2007), which was originally introduced to facilitate the ultimate goal of 

cataloguing all life. Molecular barcoding gives a unique DNA identifier to each species and 

can be used to identify potential species. The DNA barcode is the sequence of a DNA locus 

that evolves at a rate whereby species can be easily distinguished given the amount of 

variation. The Consortium for the Barcode of Life aims to identify specific barcoding regions, 

which show low sequence variability within and high sequence variability between species, 

for each organismal kingdom. The mutation rate for barcoding regions is fundamentally 

important, slow mutating regions would not provide enough segregating resolution, whereas 

fast mutating regions would suffer from excessive saturation. Newly discovered organisms 

can be barcoded and compared to a database which determines if the particular specimen 

falls within the variation of previously barcoded species or not. The barcoding locus for 

animals is the cytochrome c oxidase 1 region on the mitochondrial genome (Hebert et al., 

2003). The barcoding approach is thus essentially the same for any organism, only the 

barcoding locus may differ. In North American birds the barcoding region differed on 

average 18 times more between than within species (Hebert et al., 2004), underling the 

discriminatory power for species with this method. Identifying provisional species from the 

DNA barcoding data alone was shown possible, the authors used a conservative cut off value 

of 10x the average intraspecific variation, which would have identified 90% of the already 

known species in their dataset. The barcoding approach is thus not only useful for identifying 

specimens but may also facilitate the discovery of new species or those that are potentially in 

the process of speciating.   
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THESIS 

To study microevolution within and across levels of biological organisation the research in 

this thesis is focused on several subjects for reasons mentioned below. 

 Mitochondrial DNA, for its high resolution and reflection of short-term 

microevolution. 

 Ancient DNA (where possible), for its direct reflection of microevolution. 

 Birds: Penguins, because ancient DNA is preserved well and is chronologically 

deposited, emu taxa because of their rapid morphological differentiation. 

The section entitled “Ancient DNA suggests dwarf and 'giant' emu are conspecific” concerns 

the taxonomy and microevolution of emu taxa potentially approaching speciation. It 

investigates how microevolutionary processes and mechanisms can inform us about species 

level taxa with important implications for taxonomy and systematics. 

The section entitled “King penguin population on Macquarie Island recovers ancient DNA 

diversity after heavy exploitation in historic times” concerns the microevolution of genetic 

diversity within a population of king penguins. It investigates how genetic diversity changes 

over time due to environmental impacts. 

The section entitled “Adélie penguins and temperature changes in Antarctica: a long-term 

view” reviews the big picture of microevolution in Adélie penguins, how it is correlated with 

their live history and how this may relate to future scenarios of environmental change. 

The section entitled “Physical distribution of mitochondrial heteroplasmies” concerns the 

mutation and microevolution of mitochondrial genomes in organelles, cells, tissues and 

individuals. It presents two methods to that investigate changes in heteroplasmic ratio and 

the physical distribution of mitochondrial genomes. 

The section entitled “Complete mitochondrial genome recovery” concerns the mitochondrial 

molecule itself. It presents two methods that may facilitate a much more rapid and practical 

characterisation of mitochondrial genomes and their mutations.  
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2. ANCIENT DNA SUGGESTS DWARF AND 'GIANT' EMU ARE 

CONSPECIFIC 

2.1 STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED 

PAPER 

This section includes material from a co-authored published paper. The bibliographic details 

of the co-authored published paper, including all authors, are: 

HEUPINK, T. H., HUYNEN, L. & LAMBERT, D. M. 2011. Ancient DNA suggests dwarf and 

'giant' emu are conspecific. PLoS One, 6, e18728. (Heupink et al., 2011) February 22, 2012 

online in advance of the print journal. 

 

My contribution to the published paper involved: 

 Collection of modern specimens 

 Design of the experiments 

 Perform the experiments excluding the independent replication 

 Computational analyses 

 Morphological comparison and photographs 

 Drafting figures 1 and 2 

 Creating figures 3 and 4, table 1 

 Initial drafts of the paper, its angle and the final version 

 Submission of the paper 

 

 

 

_________________________________ 

Tim H. Heupink 

 

 

___________________________ 

Supervisor and corresponding author of published paper: Prof. David M. Lambert 

 

The aforementioned paper has been reformatted and expanded for this section (an original 

copy can be found in appendix 1). 
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ABSTRACT 

The King Island emu (Dromaius ater) of Australia is one of several extinct emu taxa whose 

taxonomic relationship to the modern emu (D. novaehollandiae) is unclear. King Island emu 

were mainly distinguished by their much smaller size and a reported darker colour compared 

to modern emu. 

We investigated the evolutionary relationships between the King Island and modern emu by 

the recovery of both nuclear and mitochondrial DNA sequences from sub-fossil remains. The 

complete mitochondrial control (1,094 bp) and cytochrome c oxidase subunit I (COI) region 

(1,544 bp), as well as a region of the melanocortin 1 receptor gene (57 bp) were sequenced 

using a multiplex PCR approach. The results show that haplotypes for King Island emu fall 

within the diversity of modern emu. 

These data demonstrate the close relationship of these emu when compared to other 

congeneric bird species and indicate that the King Island and modern emu share a recent 

common ancestor. King Island emu possibly underwent insular dwarfism as a result of 

phenotypic plasticity. The close relationship between the King Island and the modern emu 

suggests it is most appropriate that the former should be considered a subspecies of the 

latter. Although both taxa show a close genetic relationship they differ drastically in size. 

This study also suggests that rates of morphological and neutral molecular evolution are 

decoupled. 
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INTRODUCTION 

Modern bird species are divided into two major clades, the Neognathae and Palaeognathae, 

the latter of which display more basal taxonomical features, particularly the jaw morphology. 

The Palaeognathae are therefore at the base of the modern bird phylogeny and consist of the 

iconic flightless birds, the ratites, and tinamous, which have not lost the ability of flight. 

Ratite species live throughout the southern hemisphere and were always thought to 

represent the result of vicariance due to the break up of Gondwana into South America, 

Africa, Australia and New Zealand. The phylogenetic relationship between ratites and 

tinamous is a contentious subject; traditionally tinamous have been considered the basal 

sister group of ratites, but more recent studies using DNA have placed them anywhere within 

the ratites (for a review and the most recent results see: Smith et al., 2012). Harshman et al. 

(2008), for example, showed that tinamous fell within ratites in several phylogenies based 

on nuclear genes. The placement of tinamous also implied that loss of flight must have at 

least occurred three times independently in ratites, a remarkable example of parallel or 

convergent evolution. Phillips et al. (2010) find a similar phylogeny after remodelling 

sequence evolution, grouping tinamous together with moa and rhea and ostrich basal to all 

these birds and other ratites. Both studies suggest that tinamous are ratites and not a sister 

group. The several independent losses of flight also provide a more (yet still complex) 

parsimonious alternative to the vicariance hypothesis that had grown increasingly complex 

to explain observed phylogenies ;  instead some lineages may have simply flown to other 

landmasses. 

Two ratite families went extinct in historical times; the elephant birds from Madagascar and 

the moa from New Zealand. Both families were compromised of a range of species, some of 

which were the largest birds this world has seen. Today five ratite families survive.  

Struthionidae, or ostriches, are endemic to Africa and today compromise several subspecies. 

In addition, an extinct subspecies inhabited the Arabian Peninsula and parts of Eurasia. The 

Rheidae, or rhea, are endemic to South America and occur as two species; the American and 
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Darwin’s rhea. The Apterygidae, or kiwi, are indigenous to New Zealand and are represented 

by five species; the great spotted, little spotted, Okarito brown, southern brown, and North 

Island brown kiwi. Australia is unique in that it still harbours two living ratite families. The 

Casuariidae, or cassowaries, inhabit north-eastern Australia and New Guinea as three 

species; the southern, northern and dwarf cassowary. The Dromaiidae, or emus, occur 

throughout mainland Australia in the form of several subspecies of modern emu, although 

several taxa lived on offshore islands and no longer exist. Extinction has thus occurred 

throughout the ratites, with many families, species and subspecies being lost. Studies 

investigating how these extinct taxa are related to their modern relatives may thus explain 

the evolution of the extreme morphological diversity within ratites. 

During the Late Quaternary Australia’s largest bird the emu (Dromaius novaehollandiae) 

had several, often smaller relatives living on a number of offshore islands of mainland 

Australia (Fuller, 2001). These included taxa found on Kangaroo Island (D. baudinianus), 

King Island (D. ater) and Tasmania (D. n. diemenensis), all of which are now extinct, the 

modern emu still lives throughout mainland Australia (Figure 5.). The smallest taxon, the 

King Island emu, was confined to a small island situated in the Bass Strait between Tasmania 

and Victoria, approximately 100 km from both coasts. King Island was once part of the land 

bridge which connected Tasmania and mainland Australia, but rising sea levels following the 

last glacial maximum eventually isolated the island (Lambeck and Chappell, 2001).  

 The King Island emu was first mentioned in January 1802 in exploration surveys of King 

Island, which described ‘woods full’ of emu and other animals (Alexander, 1922), soon after 

English sealers settled on the island because of the abundance of elephant seals. In 

December 1802 Péron, a French naturalist who was part of Baudin’s expedition, visited the 

island and was the last person to record descriptions of the King Island emu (Milne-Edwards 

and Oustalet, 1899). The little we know today about the King Island emu stems from 

interviews Péron conducted with the sealers. The emu was described as a small form and 

‘‘quite black’’ compared with the mainland species. Soon after the visit by Péron the King 
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Island emu went extinct. The interviews with the sealers suggested why this bird did not 

survive for long. Péron described how dogs were purpose-trained to hunt down emu and a 

variety of cooking recipes are mentioned; one of the sealers even claimed to have killed no 

fewer than 300 emu. Today we know that several King Island emu specimens were sent to 

France’s Jardin des Plantes and Empress Josephine as part of Baudin’s expedition (Jouanin, 

1959, Jouanin, 1960, Balouet and Jouanin, 1990), several of which survive as specimens in 

museums throughout Europe today (Figure 6). 

Initially all emu taxa where referred to as a single taxon, something that was not unheard of 

during their time of discovery, animals that looked alike were simply lumped together. This  

 
 
Figure 5. Geographic distribution of emu taxa. Modern emu are currently 
found throughout mainland Australia. Extinct emu taxa were restricted to their 
respective islands: the Kangaroo Island emu, the King Island emu and the 
Tasmanian emu. 
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caused great confusion regarding the taxonomic status and geographic origin of the 

individual emu taxa, so much so that the King Island emu was forgotten once the dwarf 

species had gone extinct. Scientists from then on assumed that all the dwarf emu specimens 

and remains accumulated in Europe stemmed from the Kangaroo Island emu, which were 

also transported to France as part of the Baudin expedition. Future research showed that the 

expeditions logbooks had failed to clearly state where and when dwarf emu individuals were 

collected. This led to both taxa being interpreted as a single taxon and that it originated from 

Kangaroo Island. More recent finds of sub-fossil material and subsequent studies on King 

and Kangaroo Island emu confirm their separate geographic origin and distinct morphology 

(Spencer, 1910, Morgan and Sutton, 1928, Parker, 1984, Balouet and Jouanin, 1990). This 

also led to further discoveries including the only historic visual record of both dwarf emu 

species (Pfennigwerth, 2010). There are few morphological differences that distinguish 

dwarf emu taxa from modern emu besides their size (Figure 7), but all three taxa are now 

nevertheless considered separate species. The remains of the Tasmanian emu are scarce,  

 
 
Figure 6. Juvenile and adult King Island emu specimens originating from the 
Baudin expedition and housed in the Natural History Museum, Paris.  Picture 
courtesy of S. Pfennigwerth.  
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which is remarkable as records exist of them being plentiful and even kept as pets (Le Souef, 

1904). There are suggestions this bird was slightly smaller than the modern emu, but in 

conflict, other evidence (including descriptions of Pleistocene remains) indicates that both 

are similar in size. The Tasmanian  emu has to date, been considered a subspecies of the 

modern emu. This is likely to continue until more conclusive evidence clarifies this matter. 

Fossil emu from mainland Australia display a more ‘‘average’’ range of sizes between that of 

the dwarf and modern taxa (Patterson and Rich, 1987). 

 To investigate the relationship between the modern emu and the King Island emu the 

complete mitochondrial control region and cytochrome c oxidase subunit I (COI) were 

characterised as well as part of the nuclear encoded melanocortin 1 receptor (MC1R) gene. 

The control region reflects genetic variation within taxa because of its high mutation rate. 

However, this region may also be used to discriminate taxa that have recently diverged or are 

in the progress of divergence.  The COI gene on the other hand has a slower mutation rate 

and has been shown in barcoding studies to be able to discriminate (potential) species 

without significant saturation of sequence data (Kerr et al., 2007). Mutations in the MC1R 

gene have been associated with a wide variety of plumage melanism variants (Mundy, 2005, 

Nadeau et al., 2006) and may therefore explain the genetic base of differences in plumage 

colour between the modern and King Island emu. 

In contrast to previous unsuccessful attempts to isolate DNA from King Island emu (Rowley 

et al., 1986), we used a multiplex PCR approach (Figure 8) to amplify loci from sub-fossil 

King Island emu remains  found in dune depositions on King Island (Green and McGarvie, 

1971), and report the first ancient DNA sequences recovered for this taxon. 
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Figure 7. Modern and extinct emu. The modern emu (centre) and King Island 
emu (right) with human outline shown approximately to scale. Apart from 
obvious size differences, there were reports of colour differences between these 
emu taxa. 
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Figure 8. Multiplex amplification  targets the control region and cytochrome c 
oxidase subunit I gene on the mitochondrial genome (A). B: Amplicons are 
designed to overlap and amplify in two mutually exclusive reactions, odd and 
even (red and blue), to prevent nearby primers from amplifying short erroneous 
products. The example here just shows COI, in reality the same applied for the 
control region. C: During the first stage of amplification two reactions amplify the 
odd and even products separately and simultaneously for both the control region 
and COI gene. D: During the second stage of amplification individual amplicons 
are then amplified from aliquots from the first stage amplification. E. The 
individual amplicons are sequenced in two directions and aligned to a modern 
reference sequences to result in consensus sequences for the target regions from 
the King Island emu. 
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MATERIALS AND METHODS 

EXTRACTION 

DNA was extracted from five King Island emu sub-fossil bones (Table 1, K05 was excluded 

from further analysis after molecular damage proved too excessive) together with a mock 

extraction in a dedicated ancient DNA facility at Griffith University, Nathan, Australia. 

Positions 5457–5636 and 16108– 16332 of the cytochrome c oxidase subunit I gene and 

control region, respectively, were independently replicated for KI02 and KI04 at the Alan 

Wilson Centre for Molecular Ecology and Evolution at Massey University, Albany, New 

Zealand. Approximately 200 mg of bone was incubated overnight in 3 ml of 0.5 M EDTA 

with 0.5 mg/ml Proteinase K and 0.1% Triton X-100. The solution was extracted with equal 

amounts of phenol and phenol/chloroform/isoamyl-alcohol (25:24:1) subsequently. The 

aqueous layer was incubated with 0.5 volumes of 7.5 M ammonium acetate, 2.5 volumes 

ethanol and 50 ml of linear polyacrylamide (LPA) and incubated at -20°C for 20 min. The 

DNA/LPA complex was centrifuged at 20,000 x g for 15 min and the supernatant was 

washed with 200 ml of isopropanol and redissolved in 200 ml of ddH2O. Where required, 

DNeasy Blood & Tissue Kit (Qiagen) and Vivaspin Sample Concentrators (GE Healthcare) 

were used according to manufacturer’s instructions to remove any PCR-inhibitors. DNA was 

extracted from the modern emu blood samples (Table 1) using the former kit and in 

accordance with the manufacturer’s instructions. 

AMPLIFICATION 

A multiplex PCR approach (Figure 8) was used to amplify overlapping fragments of the 

complete mitochondrial control region (CR) and of the cytochrome c oxidase subunit I (COI) 

gene, a separate PCR amplified a fragment from the nuclear melanocortin 1 receptor (MC1R) 

gene (7x 214 bp avg., 10x 209 bp avg. and 1x 95 bp amplicons respectively). 
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Table 1. Emu samples used in this study. 

Sample # Taxon Origin Tissue 
Museum  
Victoria # 

K01 King Island emu King Island Subfossil bone B 22643 

K02 King Island emu King Island Subfossil bone B 22645 

K03 King Island emu King Island Subfossil bone B 22650 

K04 King Island emu King Island Subfossil bone B 22655 

K05 King Island emu King Island Subfossil bone B 22657 

AU01 modern emu Australian emu Farm Dried blood NA 

AU02 modern emu Australian emu Farm Dried blood NA 

AU03 modern emu Australian emu Farm Dried blood NA 

AU04 modern emu Australian emu Farm Dried blood NA 

AU05 modern emu Australian emu Farm Dried blood NA 

AU06 modern emu Australian emu Farm Dried blood NA 

AU07 modern emu Australian emu Farm Dried blood NA 

AU08 modern emu Australian emu Farm Dried blood NA 

AU09 modern emu Australian emu Farm Dried blood NA 

AU10 modern emu Australian emu Farm Dried blood NA 

AU11 modern emu Australian emu Farm Dried blood NA 

AU12 modern emu Australian emu Farm Dried blood NA 

AU13 modern emu Australian emu Farm Dried blood NA 

AU14 modern emu Australian emu Farm Dried blood NA 

AU15 modern emu Australian emu Farm Dried blood NA 

AU16 modern emu Australian emu Farm Dried blood NA 

NZ01 modern emu New Zealand emu Farm Dried blood NA 

NZ02 modern emu New Zealand emu Farm Dried blood NA 

 

The first stage 50 ml multiplex reaction contained 5 µl template, 16PCR buffer, 1 mg/ml 

Bovine Serum Albumin, 2.5 mM MgCl2, 0.4 mM of each primer, 0.5 mM of each dNTP and 2 

units of Platinum Taq (Invitrogen), thermocycling was as follows: 1 min 94°C, 40x (30 sec 

94°C, 30 sec 55°C, 30 sec 72°C), 5 min 72°C. The odd primer mix contained: 5’-3’ (eCR1F: 

ACGGTCTGAAAAACCRTCG- eCR1R: GAATATGAGGTAAATATAAGTATGTACG); (eCR3F: 

TTCAGTGCTGTTACGGTCTAC- eCR3R: AGGAATGACCTCGACTTAGGA); (eCR5F: 

TAACCTTCAACGTACCCCC- eCR- 5R: GTGGAAATACCATAACCAGATG); (eCR7F: 
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AACRCATCGTTAACACACATT- eCR7R: CTTCAGTGCCATGCTTTGATG); (eCOI1F: 

AGGACTACAGCCTAACGCTTAeCOI1R: TGGTCATCTCCTAGTAGTGTT); (eCOI3F: 

GTGCTCCAGACATGGCATT- eCOI3R: GATGGAGGAAACACCAGCTA); (eCOI5F: 

TCCTACTATCGCTCCCAGT- eCOI- 5R: TTCCCTGCGTAATAAGTCAC); (eCOI7F: 

TCCGCTACCATAATCATCGC- eCOI7R: GAGAGGACATAATGGAAATGGG); (eCOI9F: 

ACCTTCTTCCCACAACACTTC- eCOI9R: ATGGATTCACTCAATGTTGGT); The even primer 

mix contained: 5’-3’ (eCR2F: CATTCAATATACGTACTATACCCAT- eCR2R: 

ATCCCGATTGACGAGCAG); (eCR4F: CCTGCCCACAACATGGT- eCR4R: 

TAAATTGTGAGCCTGCTGAC); (eCR6F: CATTCGGRCTCTGATGCAC- eCR- 6R: 

TGTAACTCCAGTACTGATGAC); (eCOI2F: CCTACTTATCCGTGCTGAACT- eCOI2R: 

GGTAAGAGTCAAAAGCTCATGTT); (eCOI4F: GGCTTCTGTAGATCTTGCCATeCOI4R: 

AGGTTTCGGTCTGTGAGGA); (eCOI6F: CCCAGGCTTTGGAATAATCTC- eCOI6R: 

TAGCTAATCAGCTGAATACCTTA); (eCOI8F: ATCGCCCTACATGATACATACTA- eCOI8R: 

TGAGTATCGTCGTGGTATTCC); (eCOI10- F: AAAGTTGCCCAACCAGAACTA- eCOI10R: 

GAGGTTCGATTCCTTCCTTTC); keeping overlapping amplicons in separate reactions. The 

second stage 20 ml multiplex contained 1 µl template, 1xPCR buffer, 1 mg/ml Bovine Serum 

Albumin, 1.5 mM MgCl2, 0.4 mM of each primer (single pair), 0.2 mM of each dNTP and 1 

unit of Platinum Taq, thermocycling was as follows: 1 min 94°C, 40x (30 sec 94°C, 30 sec 

70°C, 30 sec 72°C), 5 min 72°C. The MC1R PCR contained 1 µl template, 1x PCR buffer, 1 

mg/ml Bovine Serum Albumin, 1.5 mM MgCl2, 0.4 mM of each primer (5’ eMC1RF: 

TGCTGCCTGGCCGTCTCC- eMC1RR: TGGATCACCAGCACGCCGTG 3’), 0.2 mM of each 

dNTP and 1 unit of Platinum Taq, thermocycling was as follows: 1 min 94uC, 506 (30 sec 

94°C, 30 sec 70°C, 30 sec 72°C), 5 min 72°C. DNA from the modern emu specimens was 

amplified using the same protocol but with long range amplicons: eCR1F- eCR7R, eCOI1F-

eCOI10R. 
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SEQUENCING 

The DNA was either isolated from a gel (in case of unspecific by-products) using the 

QIAquick Gel Extraction Kit (Qiagen) or cleaned with ExoSAP-IT (USB) according to 

manufacturer’s instructions. The BigDye V3.1 (Applied Biosystems) kit was used according 

to manufacturer’s instructions in preparation for sequencing, which was done on an Applied 

Biosystems 3130xl Genetic Analyser by the Griffith University DNA Sequencing Facility. 

Sequences showing mononucleotide repeats were re-amplified with Phusion High-Fidelity 

DNA polymerase (Finnzymes) according to manufacturer’s instructions (Fazekas et al., 

2010). Sequences are deposited in Genbank under accession numbers HQ910418-

HQ910432.  

COMPUTATIONAL 

After assembly the DNA sequences were manually screened for errors (i.e. contamination 

and molecular damage) and re-sequenced accordingly. Where human contamination 

occurred (observed for two sequences) the amplicon was amplified individually from 5µl 

template after thorough decontamination of working areas with 10% bleach. Resulting emu 

sequences were easily distinguished from human DNA in alignments. When ambiguous 

bases were called (between forward and reverse sequences from the amplicon or when 

compared to other emu) the amplicon was re-sequenced at least twice until majority calls 

could identify the endogenous polymorphism (i.e. 75% or more support for one 

polymorphism). The sequences were aligned with publicly available emu sequences for each 

region and a concatenated alignment was created for the control and COI regions. The emu 

mitochondrial genome reference sequence NC_002784 showed a cytosine deletion at 

position 15,648 when compared with other emu sequences, this deletion was ignored for 

analyses as it is likely to be a sequencing error (Fazekas et al., 2010), the emu reference 

sequence was included in all subsequent analyses. Pairwise distances were calculated using 

MEGA 4 (Kumar et al., 2008) as uncorrected p-distances between the groups using complete 
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deletion for gaps. The haplotype network was constructed using TCS (Clement et al., 2000) 

with a 95% connection limit, no gaps were present in the alignment.   
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RESULTS AND DISCUSSION 

We recovered nucleotide DNA sequences of the complete mitochondrial control and COI 

regions (1,094 and 1,544 bp respectively) from four King Island emu specimens (KI01-04). 

These were amplified using a two stage odd-even multiplex reaction (Figure 8) (Krause et al., 

2005), the odd reaction contained 9 primer pairs total (4 in the control and 5 in the COI 

region), the even reaction also contained 9 primer pairs total (3 in the control, 5 in the COI 

and 1 in the MC1R region). The odd and even reactions were designed to mutually exclude 

overlapping primer pairs , preventing the amplification of short products by neighbouring 

primers. A second stage of the reaction re-amplified and concentrated the individual 

products, allowing them to be sequenced.  

The amplification of a MC1R (57 bp) fragment was successful for two of the emu samples 

(KI01-02). A fifth specimen did yield amplification products for the control and COI regions 

but was excluded from further analyses due to excessive molecular damage including 

fragmentation and type 2 miscoding lesions (Gilbert et al., 2007a). Each recovered sequence 

showed some signs of molecular damage in the form of DNA fragmentation and type 2 

miscoding lesions to a lesser extent (Figure 9), the extent of molecular damage also 

correlated with amplification success, indicating the retrieval of authentic ancient DNA. DNA 

was extracted in a dedicated ancient DNA laboratory and a control region and COI amplicon 

were independently replicated for each of two specimens at a separate ancient DNA facility. 

The independent replication showed identical sequences, thereby ruling out laboratory 

contamination from PCR products. However there is the unlikely possibility that all four 

King Island emu specimens were contaminated by modern emu specimens beforehand, 

although the overlapping multiplex approach and observed molecular damage 

(fragmentation and miscoding lesions) make this scenario extremely unlikely. The same loci 

were recovered from an additional eighteen modern emu blood samples from emu farms in 

Medina, Western Australia and Palmerston North, New Zealand (16 and 2 samples 
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respectively), these farmed emu represent varying origins from the wild population of 

modern emu. 

 The recovered King Island emu MC1R fragments were identical to those of modern emu and 

interestingly did not display a SNP most commonly associated with melanism in birds 

(Mundy, 2005, Nadeau et al., 2006). This does not necessarily indicate that the modern emu 

and the supposedly quite black King Island emu shared the same plumage colour. Other 

genetic or non-genetic factors might be responsible for the reported difference in plumage 

colour (McGraw, 2008). However, the fact that this likely cause of darker plumage coloration 

in birds is not detected in the King Island emu sequences brings into question the validity of 

this taxonomic trait. 

The control and COI regions recovered for both taxa show very little diversity, only seven and 

six sites respectively are polymorphic in alignments including the modern emu 

 
 
Figure 9. Molecular damage seen in a partial alignment of 4 sequences from a 
single sample. The top two sequences represent the original sequence, while the 
third and fourth sequences show one and three C to T substitutions, respectively. 
These substitutions are caused by depurination of the original cytosine base and 
indicate the recovery of endogenous ancient DNA.  
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mitochondrial genome reference sequence (Table 2). The sequences show no individual sites 

that fully discriminate both taxa, the King Island emu sequences group phylogenetically with 

three modern emu (AU01, NZ01 and NZ02) that share several segregating sites when 

compared to other modern emu (two in the control and one in the COI region) (Figure 10). 

In order to confirm its authenticity the haplotype for modern emu specimen AU01 has been 

replicated using several independent amplifications, including long range PCR to avoid 

nuclear copies and contamination.  

Although the King Island emu display unique haplotypes for both the control and the COI 

regions, they fall within the diversity of modern emu for both regions. This, in combination 

with the low control region and COI diversity, suggests that future studies may identify King 

Island emu specific haplotypes in modern emu. Hence this study would suggest that research 

aiming to distinguish both taxa using DNA should not be limited to the control or COI 

regions. Perhaps more highly variable nuclear sequences, like those often used in population 

studies (e.g. microsatellites or Major Histocompatibility Complex), may be better able to 

distinguish these taxa.  

The sequence data recovered from both mitochondrial DNA regions indicate that the modern 

and the King Island emu are very closely related. The control and COI regions of the King 

Island emu fall within the diversity of modern emu, showing the latter is a paraphyletic 

taxon. The low diversity in the sequences recovered for both taxa however indicates that 

incomplete lineage sorting is a likely cause for this pattern, in particular the processes 

involved in divergence of peripheral isolates as a result of founder effects (Funk and Omland, 

2003, Templeton, 2008). Both taxa show a very close paraphyletic relationship, the 

maximum distance between any King Island and modern emu control 
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 and COI region haplotype is 0.46 and 0.13% (5 and 2 substitutions), respectively. The 

average pairwise distance for the control region between congeneric species has been 

reported 8.11% (ranging 0.54–26.24%) within a selection of bird genera (Ruokonen and 

Kvist, 2002). This corresponds to 89 (ranging 6–287) substitutions for the control region 

length sequenced here. Nearest-neighbour distances between a large set of North American 

bird species’ COI regions average 4.3% (ranging 0– 14.18%). In contrast, the mean 

intraspecific distances for the same dataset average 0.23% (ranging 0–1.59%) (Kerr et al., 

2007). The former corresponds to 66 (ranging 0–219) substitutions and the latter 

corresponds to 4 (ranging 0–25) substitutions for the COI region length sequenced in this 

study. 

 A small number of control and COI regions have been characterised for other ratites, mean 

pairwise differences among species from the same genus for the control region are (all 

 
 
Figure 10. Haplotype network for modern emu (green) and King Island emu 
(red). Concatenated haplotypes of control and COI regions totalling 2638bp each. 
The black circle indicates a hypothetical haplotype, the distance between each 
neighbouring haplotype corresponds to the number of substitutions that separate 
them. Numbers correspond to positions in the mitochondrial genome as 
mentioned for Table 2; underlined numbers represent substitutions that occurred 
in the cytochrome c oxidase subunit I gene as opposed to the control region.  
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excluding gaps): kiwi (Apteryx sp.) 2.36, 8.22 and 8.65% (33, 115 & 121 sites, respectively, for 

3 species totalling 3 sequences with an aligned length of 1399 basepairs), rhea (Rhea sp.) 

9.59%(116 sites, 2 species, 3 sequences, 1210 basepairs). Mean pairwise differences among 

species from the same genus for the COI region are: cassowary (Casuarius sp.) 2.40% (37 

sites, 2 species, 2 sequences, 1544 basepairs), kiwi 1.62, 6.02 and 6.09% (25, 93 & 94 sites, 3 

species, 3 sequences, 1544 basepairs), rhea 7.12% (110 sites, 2 species, 3 sequences, 1544 

basepairs). It is noteworthy that three kiwi (tokoeka: Apteryx australis) phylogenetically 

discreet units, suggested to be subspecies, show 1.84, 2.37 and 2.76% difference for a partial 

control region (14, 18 & 21 mean pairwise differences, 3 units, 12 sequences, 761 basepairs) 

(Burbidge et al., 2003). A specimen identification request for the King Island emu COI 

haplotypes on the Barcode of Life Data Systems v2.5 database (Hebert et al., 2004), which 

holds a large selection of COI region DNA barcodes, returns a 100% probability of placement 

within the modern emu species, compared to 88.03% specimen similarity with the next best 

match being the cassowary. Low variation in the control region is generally unexpected. 

Potential causes of this low DNA sequence diversity might include a genetic bottleneck in the 

ancestral emu population or slow evolutionary or mutation rates. However, other ratites and 

birds show rates that are quite fast when compared to other animals (Lambert et al., 2002, 

Ho et al., 2007). A likely cause for the minor divergence between both taxa is a very recent 

isolation of the King Island population from the modern emu population. This scenario is 

based on the hypothesis that the King Island emu were only recently isolated due to sea level 

changes in the Bass Strait, as opposed to a founding emu lineage that diverged from modern 

emu far earlier and has subsequently gone extinct on the mainland.  

Models of sea level change indicate that Tasmania, including King and Flinders Island, were 

part of the Australian mainland about 25,000 years ago (Figure 11). The area in between the 

islands, the Bass basin, was made up of marshy wetlands (Hope, 1973, Lambeck and 

Chappell, 2001). This scenario enabled fauna to freely move between the mainland and the 

Tasmanian islands, including the ancestor of modern emu. Afterwards sea levels rose and 

around 17,500 years ago the sea water managed to enter the Bass basin by passing in 
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between the Australian mainland and King Island, creating an estuarine environment there. 

Flinders Island was part of a remaining land bridge that still connected the Tasmanian 

islands with the mainland, which possibly reduced gene flow between both areas. About 

14,000 years ago the sea water managed to break the Flinders Island land bridge just north 

of the island, thereby creating the beginnings of the Bass Strait and isolating the mainland 

emu from those left on the Tasmanian islands (which corresponds with fossil emu from 

Tasmania showing a similar size to the modern emu). About 11,000 years ago King Island 

got separated from Tasmania, thereby isolating the Tasmanian and King Island emu 

populations. This model suggests that initially a King Island/Tasmanian emu population was 

isolated from the mainland taxon, after which the King Island and Tasmanian populations 

were separated. This in turn indicates that the Tasmanian emu is probably as closely related 

to the modern emu as is the King Island emu, with both the King Island and Tasmanian emu 

being more closely related to each other. Fossil emu show an average size, between that of  

 
 
Figure 11. Historic shoreline reconstructions around Tasmania. Twenty-five 
thousand years ago Tasmania, Flinders and King Island were connected to 
mainland Australia. Approximately 17,500 years ago King Island lost its direct 
connection with mainland Australia. By 14,000 years ago Tasmania, Flinders and 
King Island started to disconnect from the mainland, but were still connected to 
each other. By 11,000 years ago King Island was isolated from Tasmania, while the 
Tasmania was still connected to Flinders Island. Presently Tasmania, Flinders, 
King and Kangaroo Island are all isolated and disconnected from mainland 
Australia (modified from Lambeck and Chappell (2001)).  
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the dwarf and modern emu taxa. Hence, modern emu can be regarded as a large or gigantic 

form. It is remarkable that a lineage of this same group again evolved to a smaller form, 

within a short time span, possibly due to insular dwarfism as a result of phenotypic 

plasticity, which in turn has been observed for other Australian animals settling on offshore 

islands (Keogh et al., 2005). 

The King Island emu and the modern emu show few morphological differences other than 

their significant difference in size. Additional traits that supposedly distinguish these taxa 

have previously been suggested to be plumage colour, the distal foramen of the 

tarsometatarsus, and the contour of the cranium. However, the distal foramen is known to 

be variable in the modern emu showing particular diversity between juvenile and adult forms 

and is therefore taxonomically insignificant (Patterson and Rich, 1987). The same is true of 

the contour of the cranium, which is more dome-shaped in the King Island emu but is in fact 

also seen in juvenile modern emu (Figure 12). Due to their close genetic/evolutionary 

relationship and similar morphology it seems inappropriate to suggest that King Island emu 

should be given species-status.  

 Other terrestrial animals that are restricted to King Island are not typically considered 

endemic or different species, but rather subspecies or the same species with regard to their 

relatives living on Tasmania and/or mainland Australia. For example animals like the 

echidna (Tachyglossus aculeatus), the common brushtail (Trichosurus vulpecula) and 

ringtail possum (Pseudocheirus peregrinus) and the black tiger snake (Notechis ater) are 

part of a Tasmania-wide subspecies, whereas the spotted-tailed quoll (Dasyurus maculates) 

and the blotched blue-tongued lizard (Tiliqua nigrolutea) form part of (sub-) species that are 

also found on mainland Australia (Wilson and Knowles, 1988, Strahan, 1995). Given the data 

presented here, subspecies status appears more appropriate for the King Island emu in the 

form of Dromaius novaehollandiae ater. Just like the quagga (Equus  quagga quagga), one 

of the first species to have its ancient DNA sequenced, the King Island emu proves to be an 

extinct subspecies on the basis of ancient DNA analyses, despite showing morphological 
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diversification (Leonard et al., 2005, Lorenzen et al., 2008). This study also highlights the 

independence of processes governing morphological and neutral molecular evolution (King 

and Wilson, 1975, Renaud et al., 2007). King Island emu show a significant reduction in size 

when compared to modern emu, yet show little molecular diversification of mitochondrial 

loci. In contrast, recent studies have shown that the unique tuatara of New Zealand 

(Sphenodon sp.) show a high molecular substitution rate in mitochondrial loci but little 

morphological diversification over millions of years  

 (Subramanian et al., 2009b). Taken together these results suggest that rates of neutral 

molecular and morphological evolution are decoupled in both directions and either can 

evolve faster than the other. For example our work suggests that size and possibly melanism 

can evolve rapidly and thereby give the appearance of ‘distant’ relationships but the 

molecular data suggest the modern and King Island emu shared a recent common ancestor 

with incomplete lineage sorting. 

  

 
Figure 12. Comparison of the cranium contour in modern and King Island emu. 
Several (partial) skulls from modern emu are shown at different stages in their 
development: A – Adult, B – Immature-Adult, C – Juvenile. Two partial skulls are 
shown for the King Island emu D & E (Spencer, 1910). The black lines indicate the 
contour of the upper/rear surface of the cranium. The adult and immature -adult 
modern emu show a frontally flattened cranium, whereas King Island emu show a 
more dome shaped cranium. Initially this difference was considered a species level 
difference, but juvenile modern emu show the same dome shaped cranium in both taxa 
and therefore appears not to be taxonomically significant.  
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2.3 ADDITIONAL OUTCOMES (NOT PART OF THE PUBLICATION) 

The International Ornithologists’ Union, formerly International Ornithological Committee, 

has adopted the suggested changes in taxonomy and nomenclature presented in this paper. 

Their exhaustive Master List (v3.1) on the birds of the world now lists the King Island emu as 

Dromaius novaehollandiae ater (Gill and Donsker, 2012). Additionally the Kangaroo Island 

emu, which is expected to show a similar level of divergence from the mainland emu, is now 

also listed as a subspecies; Dromaius novaehollandiae baudinianus (Fuller, 2001). 
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ABSTRACT 

Historically, king penguin populations on Macquarie Island have suffered greatly from 

human exploitation. Two large colonies on the island were drastically reduced to a single 

small colony as a result of harvesting for the blubber oil industry. However, recent 

conservation efforts have resulted in the king penguin population expanding in numbers and 

range to recolonize previous as well as new sites. Ancient DNA methods were used to 

estimate past genetic diversity and combined with studies of modern populations, we are 

now able to compare past levels of variation with extant populations on northern Macquarie 

Island. The ancient and modern populations are closely related and show a similar level of 

genetic diversity. These results suggest that the king penguin population has recovered past 

genetic diversity in just 80 years owing to conservation efforts, despite having been on the 

brink of extinction.  
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INTRODUCTION 

King penguins (Aptenodytes patagonicus) are the second largest penguins, being surpassed 

in size only by emperor penguins (Aptenodytes forsteri). Individuals are approximately 90 

cm in height and weight between 11 and 16 kg. King penguins have an estimated generation 

time of 14.7 years with growth rates for populations varying greatly, but the intrinsic growth 

rate is suggested to be approximately 9.7 per cent per annum (Gales and Pemberton, 1988, 

Delord et al., 2004). The breeding cycle takes about 15 months with a maximum of two 

chicks per pair raised every 3 years (Marchant et al., 1990). The species has a circumpolar 

distribution, breeding on the Falkland Islands (which have been re-colonised after 

extermination in historical times) and a number of sub-Antarctic islands: South Georgia, 

Prince Edward, Crozet (over half of the world’s population), Kerguelen, Heard (re-colonised 

after extermination) and Macquarie Island (Wilson, 1983). In 1911, the ornithologist Gregory 

Mathews proposed two subspecies on the basis of their size, which are currently recognised 

but whose status has been at times questioned. Aptenodytes patagonicus halli breeds on the 

Prince Edward, Crozet, Kerguelen, Heard and Macquarie Islands. Aptenodytes patagonicus 

patagonicus breeds on South Georgia and the Falkland Islands in the South Atlantic 

(Mathews, 1911). The subspecies on Macquarie Island has suffered, particularly from 

historical exploitation by humans. Two very large colonies were present when Macquarie 

Island was discovered in 1810: one at the Isthmus and one at Lusitania Bay (Mawson, 1943) 

(Figure 13). The first settlers sought to harvest blubber oil, among other products, initially 

from fur seals followed by elephant seals, around 1889 the focus was shifted to king penguins 

and finally royal penguins. The methods used to hunt and extract blubber oil from penguins 

were particularly gruesome; approximately 2000 birds were driven into a wire-netted yard, 

the one year old birds (which contained the most blubber oil) were struck on the head and 

thrown in steam boilers where the bodies were “digested” overnight (Blake, 1912). Killing an 

estimated 800 penguin chicks a day, it is no surprise that population numbers quickly 

crashed. The man behind the enterprise, Joseph Hatch, however managed to hold on to his 
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lease until 1920 convincing his adversaries that protecting the penguins was “ridiculous 

nonsense” given that they numbered in the millions (Morgan et al., 2000). It is estimated 

that a total of 3 million penguins (primarily King and Royal penguins) were killed in the 

process of blubber oil extraction on Macquarie Island. The blubber oil was used as fuel for 

lighting, lubricant for iron machinery and in tanning and rope manufacture. These activities 

devastated not only the king penguin population on Macquarie Island but also  

 
 

Figure 13. Map of Macquarie Island; lower right inset indicates location. Circle size 
represents the number of samples from different locations,  red indicates ancient 
samples, green modern samples. The Isthmus is pictured in more detail in the top left 
inset. Map Courtesy Australian Antarctic Division Commonwealth of Australia 2006.  
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populations on other islands, particularly South Georgia and the Crozet and Heard Islands, 

most of which have doubled their population size since receiving protection (Croxall et al., 

1988, Weimerskirch et al., 1992, Guinet et al., 1995). Most king penguin populations are now 

on the rise again, currently there are an estimated 1.64 million king penguin breeding pairs 

worldwide (Woehler and Croxall, 1997). The king penguin colony at the Isthmus on 

Macquarie Island was extinct by 1894 and the colony at Lusitania Bay was reduced to ca. 

3400 birds by 1930 (Rounsevell and Copson, 1982). Due to intensive campaigning by Sir 

Douglas Mawson, as part of the Australian Antarctic Expedition, Macquarie Island was 

declared one of the first wildlife sanctuaries in Australia in 1933, eventually it was declared a 

state reserve in 1972 and a World Heritage area in 1997 (PWS, 2006). These protection 

efforts halted exploitation and excessive disturbance of the local wildlife, additionally fishing 

is now very limited and pests are being eradicated, enabling the king penguins to flourish 

once again. The current population now numbers 150 000–170 000 breeding pairs at 

Lusitania Bay (in 2000) and an estimated total of 400 000–500 000 king penguins on 

Macquarie Island as a whole (in 2006) (PWS, 2006). From Lusitania Bay and possibly 

elsewhere, new breeding colonies were established by natural dispersal in Sandy Bay, Green 

Gorge and the Isthmus (around 1975, 1977 and 1995, respectively). The colony at Lusitania 

Bay may now be approaching its maximum carrying capacity and the colony at the Isthmus 

is increasing at an average 66 per cent per annum (Rounsevell and Copson, 1982, van den 

Hoff et al., 2009). This indicates that the king penguin population on Macquarie Island is 

thriving once again. Sub-fossil remains show that colonies previously existed at Green Gorge,  

the Isthmus and Bauer Bay (previously dated ca. 4000 BP), which is the only known colony 

occurrence on the west coast for this species (Colhoun and Goede, 1973, McEvey and 

Vestjens, 1973). 

For this study new subfossil material was recovered from Bauer Bay, both at McEvey’s 

relocated old site and a new adjacent site, as well as from a recently discovered deposition on 

the northern end of Landing Beach, adjacent to the Anare research centre. These outcrops 
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were sampled using a stratigraphic approach (Figure 14), strata were identified and given 

ID’s to discriminate penguin remains from different ages (Baroni and Orombelli, 1994). 

Ancient DNA methodology was used to compare past and present genetic diversity in order 

to assess the impacts of past anthropogenic pressures and present conservation efforts and, 

more specifically, to determine if the past levels of genetic diversity have been recovered in 

modern populations of king penguins on Macquarie Island. 

 

  

 
Figure 14. Example of stratigraphic excavation. The actual site (Bauer Bay, McEvey 
site) is shown on the right, left its stratigraphic interpretation. Diagram after McEvey 
and Vestjens (1973), photo courtesy of John van den Hoff.  
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MATERIALS AND METHODS 

Seventeen samples representing the modern population were taken from king penguin 

carcasses that were collected from northern Macquarie Island. A small 6 mm3 section was 

excised from the foot for DNA extraction. Sub-fossil bones representing the ancient king 

penguin population were collected stratigraphically from Landing Beach on the Isthmus, 

Macquarie Island. Approximately 300 mg of bone shavings from each of 20 sub-fossil bones 

were extracted in 200 ml of 0.5M EDTA with 0.5 mg ml–1 Proteinase K and 0.1 per cent 

Triton X-100 incubating for 10 h at 56°C. The modern samples and the sub-fossil samples 

were then extracted and purified using the DNeasy Blood and Tissue Kit (Qiagen) according 

to manufacturer’s instructions. All sub-fossil bones were handled in a dedicated ancient DNA 

laboratory where strict protocols apply. 

The PCR reactions contained 5 µl template, 1x PCR buffer, 1mg ml–1 bovine serum albumin, 

1.5 mM MgCl2, 0.4µM of each primer, 0.2mM of each dNTP and 1 unit of platinum Taq 

(Invitrogen); thermocycling was as follows: 1 min 94°C, 40x (30 s 94°C, 30 s 60°C, 30 s 

72°C), 5 min 72°C. Part of the mitochondrial genome’s hyper variable region was amplified 

using one primer pair (PKHoF 5’-CACT TAATGTTAGCAAACATACTTACTTC-3’ + PKHoR 5’-

CATTAAGACCGGGCTCTAAG-3’ 423 bp) for modern samples or two primer pairs (PKHoF + 

PKHiR 5’-GTTTAGTCCGAGGAATGAAGT-3’ 273 bp and PKHiF 5’-

CGGACCATATCCKACTCTC-3’ + PKHoR 287 bp) for ancient samples. 

PCR products were either isolated from an agarose gel (in case of unspecific by products) 

using the QIAquick Gel Extraction Kit (Qiagen) or cleaned with ExoSAP-IT (USB) according 

to manufacturer’s instructions. The BigDye v. 3.1 (Applied Biosystems) kit was used 

according to manufacturer’s instructions to sequence the DNA products. Three modern and 

two ancient products were reamplified and resequenced to confirm their authenticity 

(Winters et al., 2011). Sequences are deposited in GenBank under accession numbers 

JQ256379–JQ256413. 
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Sequences were manually screened for errors before assembly and alignment. Haplotype 

networks were constructed using the program TEMPNET v. 1.4 (Prost and Anderson, 2011). 

Genetic diversity measures were calculated for both modern and ancient samples using the 

maximum composite likelihood model and pairwise deletion using the program MEGA 5 

(Tamura et al., 2011), variance was estimated using 500 bootstrap replicates. 

Representative ancient samples were radiocarbon dated by the Rafter Radiocarbon 

Laboratory, National Isotope Centre, Institute of Geological and Nuclear Sciences Ltd (GNS 

Science), Lower Hutt, New Zealand. Radiocarbon ages were calibrated and corrected using 

the program CALIB v. 6.1 (Stuiver and Reimer, 1993) and the Marine09 calibration dataset 

with a ΔR value of 791±121 years to account for the reservoir effect (Table 3) (de Bruyn et al., 

2009). Isotope ratios were measured on a GV Isoprime Mass Spectrometer by the Griffith 

University Australian Rivers Institute stable isotope group. 
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Table 3 Samples and their respective provenance, DNA success rate, 14C age and 

the range of the calibrated ages. * two tailed standard deviation  

Sample Site 
14C age 
(yr BP) 

Range 2σ  
(cal yr BP)* 

 
Average DNA 

Landing Beach Collection 

LB-0-1 Landing Beach 2095±20 636 1115 876 Yes 

LB-0-2 Landing Beach 
    

Yes 

LB-0-3 Landing Beach 
    

No 

LB-2-1 Landing Beach 2044±25 578 1054 816 Yes 

LB-2-2 Landing Beach 
    

Yes 

LB-2-3 Landing Beach 
    

Yes 

LB-3-1 Landing Beach 2283±15 786 1279 1033 Yes 

LB-3-2 Landing Beach 
    

Yes 

LB-5-1 Landing Beach 
    

Yes 

LB-5-2 Landing Beach 
    

No 

LB-5-3 Landing Beach 2321±15 820 1311 1066 Yes 

LB-6-1 Landing Beach 
    

Yes 

LB-6-2 Landing Beach 
    

Yes 

LB-6-3 Landing Beach 2286±15 789 1281 1035 Yes 

LB-7-1 Landing Beach 2312±15 810 1301 1056 Yes 

LB-7-2 Landing Beach 
    

Yes 

LB-7-3 Landing Beach 
    

Yes 

LB-9-1 Landing Beach 
    

Yes 

LB-9-2 Landing Beach 2378±15 893 1375 1134 Yes 

LB-9-3 Landing Beach 
    

Yes 

Average Landing Beach 
   

1002 
 Bauer Bay Collection 

D1-1-1 Bauer Bay 8729±30 8133 8725 8429 No 

D1-1-2 Bauer Bay 
    

No 

D1-1-3 Bauer Bay 
    

No 

D1-2-1 Bauer Bay 8533±30 7944 8436 8190 Not tested 

D1-2-2 Bauer Bay 
    

Not tested 

D1-2-3 Bauer Bay 
    

Not tested 

D1-4-1 Bauer Bay 8402±25 7834 8334 8084 No 

D1-4-2 Bauer Bay 
    

No 

D1-4-3 Bauer Bay 
    

No 

D1-6-1 Bauer Bay 8330±25 7750 8280 8015 No 

D1-6-2 Bauer Bay 
    

No 

D1-6-3 Bauer Bay 
    

No 

D1-7-1 Bauer Bay 7136±25 6529 7138 6834 Not tested 

Average Bauer Bay 
   

7910 
 McEvey Collection 

DE-3-1 Bauer Bay 
    

No 
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DE-3-2 Bauer Bay 
    

No 

DE-3-3 Bauer Bay 8046±25 7499 7955 7727 No 

DE-4-1 Bauer Bay 8540±25 7951 8442 8197 No 

DE-4-2 Bauer Bay 
    

No 

DE-4-3 Bauer Bay 
    

No 

DE-4b-1 Bauer Bay 8284±25 7681 8205 7943 Not tested 

Average Bauer Bay 
   

7956 
 Modern Collection 

KPF1 Middle Beach 
   

Modern Yes 

KPF2 Middle Beach 
   

Modern Yes 

KPF3 Razorback East 
   

Modern Yes 

KPF4 Razorback West 
   

Modern Yes 

KPF5 Razorback West 
   

Modern Yes 

KPF6 Gadgets Gulley 
   

Modern Yes 

KPF7 Cosray Rocks 
   

Modern Yes 

KPF8 Gadgets Gulley 
   

Modern Yes 

KPF9 First Gulley 
   

Modern Yes 

KPF10 Sandy Bay 
   

Modern Yes 

KPF11 First Gulley 
   

Modern Yes 

KPF12 Sandy Bay 
   

Modern Yes 

KPF13 Camp Beach 
   

Modern Yes 

KPF14 First Gulley 
   

Modern Yes 

KPF15 First Gulley 
   

Modern Yes 

KPF16 Gadgets Gulley 
   

Modern Yes 

KPF17 Gadgets Gulley 
   

Modern Yes 
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RESULTS AND DISCUSSION 

Seventeen specimens representing the modern population of king penguins on northern 

Macquarie Island, particularly the Isthmus population (Figure 13), were characterised for 

374 bp of the mitochondrial hyper variable region. Eighteen sub-fossil king penguin bones 

excavated from Landing Beach on the Isthmus yielded sufficient DNA to recover the 

homologous region. Radiocarbon dating revealed that seven of these bones aged on average 

1002 years cal BP after calibration and correction for the marine reservoir effect (Table 3). 

 In addition, sub-fossil bones from Bauer Bay were analysed. Recently collected sub-fossil 

bones (D1 samples) and those from the McEvey museum collection (DE samples) failed to 

present amplifiable DNA, despite showing a remarkable degree of preservation. The reason 

for this failure is unlikely to be their older age, averaging 7927 years cal BP (Table 3), since 

other studies have amplified DNA from much older penguin remains (Subramanian et al., 

2009a). It seems more likely that the absence of amplifiable DNA was due to the outcrop’s 

deposition by riverine processes, which would have allowed for hydrolytic damage. This is 

attested by the wet-cardboard-like texture of the recently collected bones and the riverbank 

location of this site (Figure 14). Nitrogen (σ15N) and carbon (σ13C) isotope ratios were also 

measured to compare the modern and ancient population (Figure 15), carbon ratios average 

-19.9 and showed no significant difference between the ancient and modern population (two 

tailed Z-test p= 0.66), indicating that diet has not significantly altered for the king penguin 

(Lorenzini et al., 2010). On the other hand, the much more complex nitrogen ratios average 

10.7 and showed large differences between populations (two tailed Z-test p= 6.59E-22). 

However, given these extremely high nitrogen values, the nitrogen isotopes appear to have 

been derived from contaminating excrements (Erskine et al., 1998, Cherel et al., 2005, 

Cherel and Hobson, 2007). 

The haplotype network (Figure 16) shows considerable genetic diversity in both ancient and 

modern populations. Most individuals possess unique haplotypes which do not cluster 

around a single ancestral haplotype, as is typically seen after strong population bottlenecks. 
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Very few haplotypes are shared between the ancient and modern populations, although some 

are relatively closely related. Few corresponding ancient and modern haplotypes are 

expected since the original ancient Isthmus population went extinct, and the modern 

northern Macquarie Island population appears most likely to have been founded from the 

remnant Lusitania Bay population (van den Hoff et al., 2009). 

 Both the ancient and the modern populations on the Isthmus and surrounding areas show 

similar nucleotide diversity. Average nucleotide diversity estimates (nucleotide differences 

per site) of 0.0308+0.0052 and 0.0268+0.0046 were calculated for the ancient and modern 

dataset, respectively. These estimates show that the genetic diversity for both populations is 

very similar (Z-test = 0.5800, p = 0.5619). A relatively high level of genetic diversity must 

have survived in the founding Lusitania Bay population, as both the ancient and the modern 

populations are quite similar with the proportion of interpopulation nucleotide diversity 

estimated at 0.0050±0.0054. 

 
 
Figure 15. Carbon and Nitrogen values for modern (green) and ancient (red) 
samples. Values are shown in black boxes, samples are ordered by age, young to old is 
left to right, respectively. 
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It is remarkable that a nearly extinct penguin population has been able to establish several 

new colonies and recover levels of past genetic diversity in only approximately 80 years. 

Conservation efforts have clearly aided the king penguin population to re-establish from the 

brink of extinction, also allowing for the expansion of considerable genetic diversity that had 

apparently survived in the last remaining individuals on Macquarie Island. Ancient DNA 

methodologies make it possible to monitor populations over time and, in combination with 

conservation genetics, allow for well-founded conservation and management strategies. 

Most studies combining ancient DNA with conservation genetics have shown a loss of 

genetic diversity in a wide range of species, be it because of anthropogenic or natural causes 

(Leonard, 2008, Shepherd and Lambert, 2008). This study shows that the genetic diversity 

of a historically exploited population can recover to pre-human contact levels and 

exemplifies how ancient DNA studies can help evaluate conservation efforts and other 

human impacts on wildlife. 

 
 
Figure 16. Heterochronous haplotype network for ancient (red large ellipses) and 
modern (green large ellipses) samples; the two haplotypes that are shared between 
the haplotype networks are connected. Numbers represent the number of identical 
haplotypes. Small black ellipses are haplotypes that are represented on the opposing 
haplotype network. Black dots represent the hypothetical intermediate haplotypes.  
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3.3 ADDITIONAL OUTCOMES (NOT PART OF THE PUBLICATION) 

The presented paper has featured in a range of media: 

 ABC (radio and online) (Salleh, 2012, Symons, 2012) 

 Australian Marine Science Bulletin (print) (Smallwood, 2012) 

 Cosmos Magazine (online) (Herbert, 2012) 

 Discover Magazine (online) (Zhang, 2012) 

 Earth Times (online) (Armstrong, 2012) 

 Griffith University News (online) (Durack, 2012) 

 New Scientist (print and online) (Pearce, 2012a, Pearce, 2012b) 

 Southern Star (print) (Ranke, 2012) 

 The Age (print and online) (Smith, 2012a, Smith, 2012b) 

 The Conversation (online) (Norrie, 2012) 

The paper was subject of a dispatch article in Frontiers in Ecology (Bradbury, 2012) 
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ABSTRACT 

During the summer months, Adélie penguins represent the dominant biomass of terrestrial 

Antarctica. Literally millions of individuals nest in ice-free areas around the coast of the 

continent. Hence, these modern populations of Adélie penguins have often been championed 

as an ideal biological indicator of ecological and environmental changes that we currently 

face. In addition, Adélie penguins show an extraordinary record of sub-fossil remains, dating 

back to the late Pleistocene. At this time, temperatures were much lower than now. Hence, 

this species offers unique long-term information, at both the genomic and ecological levels, 

about how 1 species has responded to climate change over more than 40 000 years. During the 

summer months, Adélie penguins represent the dominant biomass of terrestrial Antarctica. 

Literally millions of individuals nest in ice-free areas around the coast of the continent. 

Hence, these modern populations of Adélie penguins have often been championed as an 

ideal biological indicator of ecological and environmental changes that we currently face. In 

addition, Adélie penguins show an extraordinary record of sub-fossil remains, dating back to 

the late Pleistocene. At this time, temperatures were much lower than now. Hence, this 

species offers unique long-term information, at both the genomic and ecological levels, about 

how 1 species has responded to climate change over more than 40 000 years. 
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INTRODUCTION 

The environment of Antarctica is the harshest on Earth. During winter, the land and the seas 

surrounding it are dark 24 h a day, and air temperatures are typically lower than –40°C. 

During that time, Adélie penguins (Pygoscelis adeliae) live on ice flows off the coast of this 

huge and dramatic continent (Ballard et al., 2010). In contrast, when summer arrives, there 

is 24 h of daylight and life becomes easier, with mean temperatures being approximately –

20°C to -30°C on the plateau and a warmer –3°C to –10°C on the coast. Adélie penguins 

emerge from the sea at ice-free sites along the Antarctic coastline and use stones to construct 

nests. Mating occurs on the nest and chicks are raised there, eventually to fledge and return 

to the sea with adult individuals towards the end of summer. A range of physical 

characteristics suit Adélies to their conditions of life, both marine and terrestrial. In relation 

to the former, adults have a hydrodynamic body shape with stout flippers that means that 

they are able to swim at very high speeds. They possess a series of metabolic and 

physiological characters that mean they can survive the very cold terrestrial temperatures 

and dive to considerable depths (Kooyman and Ponganis, 1998, Corsolini et al., 2001). 

Only the emperor penguin (Aptenodytes forsteri) and the Adélie penguin nest solely on the 

Antarctic continent or islands close to it, and the Adélie is the 1 penguin that breeds only on 

ice-free areas of the continent. The emperor penguin breeds on the ice itself. Other species, 

such as the closely related chinstrap (Pygoscelis antarcticus) and gentoo penguins 

(Pygoscelis papua), breed mainly on sub-Antarctic islands. The absence of both emperor 

and Adélie penguin remains on many sub-Antarctic islands suggests that Adélie and emperor 

penguins have both survived on the Antarctic continent through a series of ice ages. The 

maximum temperatures at each of these glacial cycles were very similar to each other and the 

onset of each of the interglacial periods occurred regularly (Ritchie et al., 2004). 

If global temperatures increase, Adélie penguins will not be able to migrate to colder 

environments, as many other species are able to do. Adélie penguins will have nowhere to go 

because they already live in the coldest place on Earth, although warming of the Weddell and 
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Ross Sea area might result in increased ice free areas for nesting. This makes the Adélie 

penguin an ideal species for studying adaptive evolution in the context of global climate 

change, because the other common responses of organisms are not available to them.  

Antarctica has been subjected to repeated temperature fluctuations over geological time 

(Petit et al., 1999, Jouzel et al., 2007). As a consequence, during the Pleistocene epoch, there 

were repeated expansions and contractions of marine-based ice sheets. These ice sheets are 

thick floating platforms of ice that form where glaciers project into the sea. It seems 

inevitable that such environmental changes would have resulted in large-scale disruptions to 

the breeding activities of a number of species, including Adélie penguins. We have evidence 

for this from recent studies where fluctuations in ice conditions have been shown to 

dramatically influence the breeding success of individuals at different colonies (Shepherd et 

al., 2005, Dugger et al., 2010). During the Last Glacial Maximum (LGM, approximately 25 

000–18 000 years ago) it is likely many parts of the Ross Sea coastline were approximately 

900 km from the ice edge and the open sea. This must have influenced the distribution of 

colonies and, hence, levels of genetic diversity in the species. In this review, we discuss how 

the climate change has likely shaped the evolution of Adélie penguins over a substantial 

geological time period. 
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ANTARCTIC CLIMATE AND PENGUIN EVOLUTION 

Penguin fossils have been recovered from a range of latitudes of the Southern Hemisphere 

(e.g. from New Zealand to Peru). However, paleontological (Clarke et al., 2007) and 

molecular (Baker et al., 2006) suggest that the common ancestor of all extant penguins lived 

in the Antarctic. This is evident from the fact that Antarctic penguins belonging to the 

Pygoscelis and Aptenodytes genera are basal to the penguin tree. Previous studies also 

suggest that penguins diversified as they moved out from the continent. Today, penguin 

species live in a wide range of climates from Antarctica to the tropical Galapagos Islands. 

Importantly, studies suggest that global cooling (Zachos et al., 2001) was the environmental 

factor that drove most penguins out of Antarctica. Fossil (Clarke et al., 2007) and molecular 

studies (Baker et al., 2006) indicate different times and episodes of Antarctic cooling and 

this supports the validity of the “Out of Antarctica” theory. Hence, by definition, the species 

that remained in the Antarctic must have developed adaptive morphological and 

physiological traits to survive the harsh cold environment. 
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UP TO THE HOLOCENE 

Today, Adélie penguins are the dominant terrestrial species in Antarctica and have been 

described by ecologist David G. Ainley as a ‘bellwether of climate change’(2002). This is in 

part because they appear to occupy a narrow habitat range between varying levels of sea ice. 

Notwithstanding this narrow environmental range, it is clear that Adélie penguins have lived 

through many dramatic changes in temperature because over the past 2 million years there 

has been a series of global ice ages. Evidence of these ice-age events, directly preserved in the 

East Antarctic Ice Sheet and described in our work (Baroni and Orombelli, 1994, Lambert et 

al., 2002, Ritchie et al., 2004, Lambert et al., 2010) and that of others (e.g. Petit et al., 1999, 

Jouzel et al., 2007), indicates that ice ages have occurred approximately every 100 000 years 

since 430 000 years ago and occurred regularly every 41 000 years in the early Pleistocene 

(Figure 17). During the last glacial–interglacial transition (circa 18 000–12 000 years ago), 

 
 
Figure 17. The changes in temperature in Antarctica recorded at Vostok during 
the past 50 000 years. The approximate periods of the Holocene, interglacial and late 
Pleistocene are indicated along with the Last Glacial Maximum (LGM).  
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climate change in the Antarctic was the most extreme on Earth, with the average 

temperature rising by approximately 13°C, as documented by ice cores (Petit et al., 1999). 

Since that period, Adélie penguins have been numerous in Antarctica, both in terms of total 

biomass and the numbers of breeding individuals. Ainley (2002) estimates that the current 

population of Adélie penguins is approximately 5 million individuals. 

Adélie penguins begin a regular annual cycle of breeding during the Antarctic spring, with 

males typically arriving at Ross Island colonies in the last week of October and early 

November, on average 4 days earlier than females (Figure 18). Adélie penguins are generally 

monogamous. Males typically begin breeding at 5 to 7 years, and females at 4 to 6 years. In 

mid-November, females usually lay 2 eggs and then leave to feed at sea for 8 to 14 days. 

During that period, males incubate the eggs. The adults then change places and the non-

incubating bird returns to the sea to feed. 

High breeding-site fidelity is characteristic of the species. According to data collected by 

Ainley (2002), 96% of breeding birds have been recorded nesting at their natal colony and 

 
 
Figure 18. The annual breeding cycle of Adélie penguins in Antarctica.  
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77% bred within 100 m of their natal site. However, it is clear that environmental conditions 

can dramatically interfere with this generally high level of return. For example, the ability of 

adults to feed at sea and provide sustenance for their growing chicks can be disrupted by 

massive icebergs, which if grounded near breeding colonies may greatly increase the distance 

adults must travel to find open sea (Shepherd et al., 2005, Dugger et al., 2010). This has been 

shown to dramatically increase levels of chick mortality (Dugger et al., 2010). Adélie penguin 

breeding colonies are generally characterised by high levels of predation on eggs and chicks 

in particular. Even levels of adult death are high. As a result, bodies litter the colonies. These 

are typically well preserved due to the cold and dry environment. Eventually, remains of new 

individuals and their nests are laid down on top of older bodies and a stratified series of 

remains are formed. Guano permeates down through the layers of sediment and results in 

what is described as ornithogenic soils. Sites are colonised at different times and these 

successive periods of occupation lead to layers of different thickness, depending on the 

length of time. Generally, the longer sites are occupied, the thicker the layer. These 

ornithogenic soils contain fish otoliths, bones and teeth, as well as penguin remains (Figure 

19). These remains provide a detailed stratigraphic record of breeding patterns in Adélie 

penguins (Emslie et al., 2007); The oldest dated Adélie penguin eggshells originate from 

Cape Hickey and range in age from ~27,000to 43,000 years (Emslie et al., 2007). Similarly, 

Adélie penguin remains from Beaufort Island indicate that they must have existed here 

>44,000 years ago, both sites were situated right at the ice’s edge around these times. The 

existence of colonies here implies that open water must have existed at the time; the LGM 

covered these sites in ice afterwards and only re-exposed the remains ~3,000-4,000 years 

ago. Between ~45,000 and 13,000 years ago substantial decreases in temperature caused the 

ice to further extend, thereby pushing the Adélie penguins out of their usual breeding 

grounds in the Ross Sea. After the last LGM, up to approximately 4000 years ago, Adélie 

penguins existed along the Victoria Land coastline. It seems likely that there was less sea ice 

than currently but still enough pack ice in that region for Adélie penguins to survive winter 

conditions. The period between ca. 4,000 and 3,000 years ago is referred to as the “penguin 
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optimum”: a period of particularly favorable environmental conditions for penguins 

(perhaps because an increase in pack ice resulted in more favorable foraging ecology). 

During this period, there was a more extensive settlement of these coastal areas by penguins. 

Now, there are fewer penguin colonies. The sudden decrease of penguin colonies and 

populations began approximately 2500 years ago. Between 2000 and 1100 years ago, the 

sub-Antarctic climate and environmental conditions inhibited the establishment of Adélie 

penguin colonies. This period represents the greatest sea-ice decline (and probably the 

warmest ocean and air temperatures) in the Ross Sea in the last 8000 years. Over the past 

1000 years, penguin populations expanded again (Figure 20). 

  

 
 
Figure 19. Stratified remains of Adélie penguins underlie modern colonies of the 
species around the Antarctic coastline. Typically, colonies have been occupied for long 
periods of time and there is a close relationship between the age of these remains and 
their depth below the surface. 
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Figure 20. Changes in the distribution of colonies of Adélie penguins throughout 
the Ross Sea over time. The first panel shows the location of existing colonies, the 
second shows abandoned nesting sites, and in the third panel light blue indicates the 
location of Holocene relict colonies and black shows the location of pre-Last Glacial 
Maximum colonies. 
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CLIMATE CHANGE AND BIOLOGICAL RESPONSES 

At the molecular level, organisms and the underlying genetic processes that direct their 

development are commonly regarded as having been the result of evolution acting over long 

periods of time (Avise, 1994). Hence, it is expected that, in the future, climate change, largely 

due to increasing temperatures and its consequences, will have major effects on populations 

and species. A range of outcomes is theoretically possible for any particular species in the 

face of such environmental pressures (Hoffmann and Sgrò, 2011).  

HABITAT RANGE SHIFTING 

Species may move to remain within their preferred ecological and physiological limits. Range 

shifts have now been observed for a wide range of taxonomic groups (Parmesan and Yohe, 

2003, Hoffmann and Sgrò, 2011). However, the rates and magnitude of such shifts vary 

greatly among species. Most studies on the relationship between diversity and climate 

change have focused on recent changes, whereas climate change acts on much larger time 

scales; little research has been conducted on the relations between short-term and long-term 

climate change and population dynamics (Walther et al., 2002).  

A range of Pleistocene taxa show that climate is a major driver of population change. Climate 

change and anthropogenic effects appear to be responsible for population decline and, in 

some cases, extinction. Climate change drove a number of species to range-shift polewards 

where their populations heavily declined (Lorenzen et al., 2011). A review on Holocene 

ancient DNA studies of a range of species, large and small, concludes that species’ genetic 

diversity is highly dependent on climate. Some of these species show the benefits of range-

shifting and the additional genetic diversity that can follow, whereas others remained 

stagnant and suffered local extinctions (De Bruyn et al., 2011).  

Attempting to exclude non-climatic local, short-term biological changes, a large-scale study 

of 1700 species found underlying systematic trends, suggesting that responses to climate 

change are currently occurring in many taxa (Parmesan and Yohe, 2003). Range shifts 
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averaged 6.1 km per decade towards the poles and spring events advanced by 2.3 days per 

decade as a result of phenological shifts (most likely due to plasticity) (Parmesan and Yohe, 

2003). A recent update on this issue based on meta-analysis suggested that in fact the pace 

of change is much faster with a median rate of 11 m per decade towards the poles and to 

higher altitude at a rate of 16.9 meters per decade (Chen et al., 2011). These range shifts 

occur at surprising speeds, but the rates of change greatly depend on the species involved. 

Three processes are suggested to be responsible for the variation in range shift exhibited 

between species: delay in response, physiological constraints and alternative and interacting 

drivers of change. 

A specific example of range shifts in the habitats of Antarctic penguins has been reported. 

gentoo penguins are not as tolerant to ice as Adélie or emperor penguins and previously 

Adélie and gentoo penguins lived on Islands close to the Antarctic Peninsula. However, over 

the past 26 years, Adélies have declined significantly with the increase in the population of 

gentoos (Forcada et al., 2006, Forcada and Trathan, 2009). This trend occurred with the 

regional long-term warming and significant reduction in the sea ice extent. Furthermore, 

sub-fossil studies suggest that abandonment of habitat sites due to climate change has been 

common among Adélie penguins, at least in the past few thousand years (Emslie et al., 

1998). These studies suggest that global warming drives penguins southward as Adélies 

migrate close to the South Pole and gentoos towards higher Southern latitudes. 

In modern times, range shifts towards the pole have been documented for many species, 

including Adélie penguins (Walther et al., 2002). The numbers of breeding Adélie penguins 

has declined by 70% on Anvers Island off the Antarctic Peninsula, and during the interglacial 

period, the species was rare at best along some regions of the Ross Sea (Parmesan, 2006). 

This shift in geographic distribution is almost certainly the result of changes in sea ice 

conditions. Today, the species continues to thrive at the more-southerly Ross Island at 77°S 

(Wilson et al., 2001). Population decline has also been reported for king penguins due to 

Southern Ocean warming, which affects both breeding success and adult survival (Le Bohec 
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et al., 2008). Furthermore, climate modeling predicts that penguin colonies will disappear 

(or significantly decrease) north of 70S as the Earth’s average tropospheric temperature 

reaches 2C above preindustrial levels (Ainley et al., 2010). Another demographic model 

predicts that the median sizes of emperor penguin colonies will decline from 6000 to 400 

breeding pairs by 2100 (Jenouvrier et al., 2009). Hence global warming seems likely to shift 

the distribution of these penguin species further southwards, at least as much as is possible, 

given the biology of individual species. There is evidence for such range shifts in the past. For 

example, studies by Coope (1979, 2004) have shown that at the onset of each ice age during 

the Quaternary Period (last 2 million years), as glaciers expanded into Europe from the 

Arctic north, many animal species moved south towards warmer equatorial regions. These 

species subsequently returned to their original locations during the next interglacial warm 

period.  

EXTINCTION 

Another possible response to environmental changes, in the case of species that are unable to 

move or move quickly enough, is extinction. Of course, this is a common outcome 

throughout the history of life on Earth, and virtually the inevitable fate of individual species, 

given sufficient time. A recent study on a number of ancient species suggests that climate 

change alone could explain the extinction of species such as European musk ox and Woolly 

Rhino (Lorenzen et al., 2011). However, this study finds that anthropogenic effects (in 

addition to climate change) were also responsible for the extinction of wild horse and steppe 

bison. 

ADAPTIVE RESPONSES 

The third possibility is that species might evolve physiological and/or anatomical 

adaptations to the new environment. In support of this idea, some studies have shown that 

there is an increased rate of speciation in some animals that is correlated with warmer 

temperatures (Tamura et al., 2004). Similarly, other species have shown adaptive responses 

to environmental disturbance (e.g. Davis and Shaw, 2001). For instance, it has been shown 
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that the standard metabolic rates (SMR) of birds correlates with climate of origin. SMR tend 

to be higher in birds from temperate regions compared to those from the tropics. On 

average, the rate of change is approximately 1% per degree latitude (Weathers, 1979). Hence, 

it has been suggested that the evolution of rates of metabolism is an adaptive response to the 

climate in which organisms live. 

However, generally, the molecular changes underlying such evolutionary adaptations are still 

not well understood. Adélie penguins in Antarctica represent an ideal model to investigate 

the nature of any such adaptive genomic changes that occurred during a period of major 

climate change. This is because we are able to compare populations of the same species living 

in the same geographic region and that have experienced vastly different temperature 

regimes. Given that modern and Holocene Adélie penguin remains are available, together 

with those dating back to the late Pleistocene, this species provides a truly unique 

opportunity to directly identify the genomic basis of temperature change evolutionary 

adaptation. Moreover, we have also shown evolutionary changes over a period of 

approximately 6000 years in this species (Shepherd et al., 2005). 
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CONCLUSIONS 

A review on microevolutionary responses to climate change, as indicated by longitudinal 

studies, concluded that signatures of climate change are visible in many ecological processes; 

however, documentation of microevolutionary responses is rare (Gienapp et al., 2008). 

Many of the claimed microevolutionary responses are, in fact, phenotypic responses and not 

based on genetic change. These are most likely a result of phenotypic plasticity or cryptic 

genetic changes due to environmental heterogeneity. In sum, evidence for evolutionary 

adaptation is scarce. Although evolutionary adaptation to changing climates might occur in 

the longer term, frequently plants and animals simply shift their habitat to a more conducive 

place as a short-term response. This is evident from the fact that the distribution of Adélie 

penguins has moved back and forth as sea-ice cover has changed. However, continual 

increase in the global temperature seems likely to shrink their available habitat and 

physiological range and they have nowhere else to go.  
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5. PHYSICAL DISTRIBUTION OF MITOCHONDRIAL 

HETEROPLASMIES 

INTRODUCTION 

Heteroplasmic ratios in mitochondria are of central importance due to their role in the origin 

and rates of mutation and are therefore one of the fundamental contributors to 

microevolutionary change. The initial mutation in a gametic mitochondrial genome is 

subject to several processes that influence the likelihood of losing or fixing the new genotype, 

as has been observed during the several stages of gametic inheritance of mitochondrial 

genomes mentioned in the introduction’s subsection 1.4. The de novo mutations that survive 

genetic drift and become fixed during inheritance are passed on to the offspring and 

therefore contribute new alleles to the population. Heteroplasmies thus occur at a far higher 

rate than the mutational rate measured from phylogenies due to loss of genotypes during 

inheritance. Pedigree studies may reveal the rate of heteroplasmic introduction, but are often 

measured from somatic tissues. Consequently any heteroplasmic shifts from gametic to 

somatic tissues may bias this rate and are therefore of particular interest for the study of 

rates of evolution measured from either type of tissue. 

Somatic tissues, cells and mitochondria have been shown to harbour different heteroplasmic 

ratios from the gametes of the same individual in several studies.  For example He et al. 

(2010) showed that mitochondrial heteroplasmic ratios differ drastically across tissues 

within individuals, so much so that the majority of heteroplasmies appeared to be specific to 

certain tissues and not appearing throughout the rest of the body. Due to the technical 

challenges associated with single cell and particularly single mitochondrion analyses (Fuller 

and Arriaga, 2003), it is only recently that research has begun to document the number and 

distribution of genomes and their heteroplasmies therein. Cavelier et al. (2000b) showed in 

a proof-of-principle study that the number of mitochondrial genomes could range up to 11 

per mitochondrion in fibroblast cells, the majority of mitochondria only contained one 
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genotype and where thus homoplasmic, and that the majority of cells was heteroplasmic. 

Navratil et al. (2007) presented supporting data to show that for single mitochondrial 

genomes, the prevalent number in mitochondria from cultured human osteosarcoma cells 

can number up to 22.  However, Lutz-Bonengel et al. (2008) showed that most lymphocyte 

cells were homoplasmic in humans, and that only 4% showed heteroplasmy. Poe et al. (2010) 

further studied the distribution of heteroplasmies within mitochondria and found that 

individual mitochondria were homoplasmic in cybrid cells (hybrids of one cell’s nucleus and 

another cell’s cytoplasm, making the nuclear and mitochondrial genomes independent of 

each other). Finally, Reiner et al. (2010) showed that heteroplasmies existed in all single 

mitochondria at different levels in leukaemia cell lines, although their dataset was limited to 

5 mitochondria.  Cells displaying different heteroplasmic ratios have also been associated 

with human disease (Elson et al., 2002, Barron et al., 2005). Despite the small datasets of 

the previously mentioned studies, it appears that together they suggest that individual 

mitochondria can be both homo- and heteroplasmic, with homoplasmy being the most 

common observation. Heteroplasmic ratios appear to differ drastically in mitochondria from 

the usual multi-cell estimates and only approach these ratios once the ratios of multiple 

mitochondria are accumulated. 

Theoretically, six potential configurations of mitochondrial and heteroplasmy distributions 

exist within a cell.   However, each configuration displays the same overall heteroplasmic 

ratio (Figure 21). A cell may contain mitochondria that all show exactly the same individual 

heteroplasmic ratio, each containing the same or a different number of mitochondrial 

genomes (Figure 21A and B, respectively). Both these configurations would, however, imply 

that the heteroplasmic ratio would not differ from mitochondria to mitochondria (or 

extremely rarely due to de novo mutations). These configurations have been falsified because 

1: variation in heteroplasmic ratios is common among mitochondria and 2: individual 

mitochondria have been shown to often contain just one genotype of the heteroplasmy 

(Cavelier et al., 2000b, Poe et al., 2010). Alternatively, a cell may contain mitochondria that 

each show just one genotype of the heteroplasmy, each containing the same or a different 
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number of mitochondrial genomes (Figure 21C and D, respectively). These configurations 

are falsified by the observation that a small but significant number of individual 

mitochondria have been shown to contain different ratios of heteroplasmy (Cavelier et al., 

2000b, Reiner et al., 2010). As final alternatives, a cell may contain mitochondria that all 

show different ratios of the heteroplasmy, each containing the same or a different number of 

mitochondrial genomes (Figure 21E and F, respectively). These configurations are supported 

by the previously mentioned observations: individual mitochondria may display 

homoplasmy or any ratio of heteroplasmy. Additionally, the observation that mitochondria 

may contain few or many mitochondrial genomes (Cavelier et al., 2000b, Navratil et al., 

2007) falsifies the configuration where mitochondria always contain the same number of 

mitochondrial genomes (Figure 21E). A cell thus contains any number of mitochondria that 

each display any ratio of heteroplasmy and contain any number of mitochondrial genomes 

(Figure 21F). The type of configuration has dramatic effects on the inheritance of 

heteroplasmic ratios, as will be shown later.  

Most analyses using mitochondrial DNA, recover its sequences from somatic tissues.  The 

mechanisms and the consequences for heteroplasmic ratios are of particular interest because 

they might skew the observed mutations. This section describes two proof-of-principle 

experiments that aim to further investigate the distribution of heteroplasmies across time, 

tissues, cells and mitochondria. 
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Figure 21. Theoretical configurations of heteroplasmic cells , each displaying the 
same overall heteroplasmic ratio. Cells are marked as yellow circles (A -F), 
mitochondria as red circles and mitochondrial genomes as blue or green circles, each 
representing one genotype of the heteroplasmy, respectively. For full description refer 
to the main text.  
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MATERIALS AND METHODS 

55 female Adélie penguins have been identified as being heteroplasmic in a study conducted 

over the summers: 2001/2002, 2002/2003, 2003/2004 and 2004/2005 (Millar et al., 

2008).  Eleven individuals known to be heteroplasmic were recaptured and resampled for 

blood or feather tissue after 4 or 7 years, respectively. Feathers were plucked from the back 

or 100 µl of blood was collected in 900 µl phosphate buffered saline containing 10% dimethyl 

sulfoxide (Taberlet and Bouvet, 1991, Harvey et al., 2006), which kept cells intact after 

collection and during storage. For the analysis of overall heteroplasmic ratios one feather or 

10 µl blood mix was extracted using the DNeasy Blood and Tissue Kit (Qiagen) according to 

manufacturer’s instructions. PCR reactions contained 2 µl template, 1x PCR buffer, 1mg ml–1 

bovine serum albumin, 1.5mM MgCl2, 0.4µM of each primer, 0.2mM of each dNTP and 1 

units of native Taq (Fermentas).  Thermocycling was as follows: 2 min 94°C, 40x (20 s 94°C, 

20 s 52°C,  1 min 72°C), 5 min 72°C. Products were loaded on a 2% agarose gel and run for 

20 min at 18.75V per cm. Primers were: L-tRNA-Glu and AH530 for the experiments that 

measured heteroplasmy over time (Millar et al., 2008),  

To prepare cells for a dilution series, 50 µl of blood mix was mixed with 1 ml of Dulbecco’s 

phosphate buffered saline (Invitrogen), this solution was spun at 500 g for 10 minutes, after 

which the supernatant was discarded and the process repeated twice, finally the sample was 

eluted in 1ml DPBS. This sample was further diluted using DPBS to 1 in 10, 100, 1 000 

etcetera up to 1 in 1 000 000. The same PCR conditions were used as for the experiments 

that measured heteroplasmy over time, primers were HPOF (5’- 

GTACATTTAATGTACGTAGG -3’) and HPOR (5’- GAGAATGGTTGAATGTTG -3’). 

PCR products were either isolated from an agarose gel (in case of unspecific by products) 

using the QIAquick Gel Extraction Kit (Qiagen) or cleaned with ExoSAP-IT (USB) according 

to manufacturer’s instructions. The BigDye v. 3.1 (Applied Biosystems) kit was used 

according to manufacturer’s instructions to sequence the DNA products. DNA sequences 

were manually checked for errors. Chromatograms were scaled to fit 500 pixels in Geneious 
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(Drummond et al., 2010), peaks heights of heteroplasmies were measured in pixels using 

Straight Lines (Cabañas, 2011) and calculated as percentage per genotype, averaged from 

both the forward and reverse sequence. 
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RESULTS AND DISCUSSION 

 Numerous papers have reported on the relative abundance of mitochondrial heteroplasmies 

(Millar et al., 2008, He et al., 2010, Li et al., 2010), the variation between tissues and how 

these are passed to the next generation (Bini and Pappalardo, 2005, Goto et al., 2011). 

However the biological processes that underlie these observations remain relatively 

unknown.  Most studies assume that heteroplasmic ratios are static within a particular 

individual’s tissue over time. To test the validity of this assumption eleven Adélie penguin 

individuals from the original study (Millar et al., 2008) were genotyped after an intervening 

period of 4 years. The previous study showed changes in heteroplasmic ratios between 

mother and offspring in some cases (Millar et al., 2008). Heteroplasmic ratios were 

measured using both a forward and a reverse read of the target sequence and were averaged 

for both measurements.  This approach has been shown to be effective to measure 

heteroplasmic ratios with an error rate of approximately 5 % (Millar et al., 2008). The results 

showed that all individuals still harboured the same heteroplasmies over this timespan, 

however, heteroplasmic ratios were shown to have changed on average 12.2 % per individual 

(Figure 22). From the 11 individuals investigated, five showed a change in heteroplasmic 

ratio of less than the error rate and therefore cannot be considered to have changed in ratio 

 
Figure 22. Change in heteroplasmic ratio. Each individual (5 digit numbers) is 
represented by three bars: the first is the initial heteroplasmic ratio from blood, the 
second the ratio after 4 years from blood and the third the ratio after 7 years from a 
feather. Heteroplasmies are expressed as percentages; green, blue, yellow and red bars 
represent the nucleobases thymine, cytosine, guanine and adenine, respectively.  
Where individuals carry two heteroplasmic sites they are indicated by  a and b. Grey 
bars represent missing data. 

61241   61317    61298    61332   27678    27640   27183    61170  61364a  61364b 61349a  61349b 27517 
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over time.  Although this study was limited to the rediscovery of heteroplasmic individuals in 

the wild, the results suggest that even in small sample sizes, heteroplasmic ratios can change 

anywhere from zero to 44.8 %  over a short time span and within the same tissue. In 

addition, heteroplasmic ratio change was measured for the same individuals over a 7 year 

timespan, but now comparing heteroplasmic ratios from blood from the first sampling with 

feathers from the second sampling. In this case change in heteroplasmic ratio averaged 14.4 

% and ranged from nil to 30.7%, one of the five individuals showed change less than the 

error rate of the assay and can be considered to not have changed (Figure 22).  

Together these results suggest that heteroplasmic ratios can change drastically over time in 

the same tissue, in this case the blood of an individual. This time-dependent heteroplasmy 

has also been observed for a human disease associated genotype in several instances (Hart et 

al., 1996, Rahman et al., 2001, Pyle et al., 2007). Observations of decreasing heteroplasmic 

frequencies indicate that selection in the hematopoietic stem cells appears to be the driving 

factor for this particular change in heteroplasmic ratio over time (Rajasimha et al., 2008). 

Preferential selection over time by an unidentified mechanism has also been shown in 

heteroplasmic mice (Battersby et al., 2005).  The heteroplasmic sites differ for most 

individuals in this study, showing no obvious signs of segregation towards homoplasmy and 

fall within the hypervariable region of the mitochondrial genome.  It is thus unlikely that 

selection causes the observation of change in heteroplasmic ratio. Some form of genetic drift 

appears likely to alter the mitochondrial heteroplasmic ratios over time; where this occurs is 

something that has to be further investigated.  

Changes in heteroplasmic ratios can apparently be more pronounced with time in the same 

tissue than those between two different tissues over a longer time span. This underlines the 

variability of heteroplasmies over time and implies that future studies of heteroplasmic 

ratios should take this observation into account. Further research is needed to investigate the 

mechanics of heteroplasmic ratio change within tissues and how these compare between 

individuals. Ultimately, this would make it possible to compare individuals in a pedigree 
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study, without the bias induced by time-dependent changes in heteroplasmic ratio. This in 

turn would benefit research investigating the inheritance of mitochondria from mother to 

offspring, providing better estimates of the probability of inheritance and any associated 

disease. 

 An alternative method to investigate the distribution of mitochondrial genomes across 

mitochondria and cells is the isolation of intact individual cells and mitochondria; the proof-

of-principle is demonstrated here with nucleated avian blood cells. This method can be 

further improved with the inclusion of complete mitochondrial genome isolation as 

mentioned in section 6.  Penguin blood was collected in a buffer that kept the cells intact 

(Lovelock and Bishop, 1959); cells were kept under these conditions during washing and 

dilution, until being introduced into the PCR mix. Ten-Fold dilutions were made of the 

original cell suspension and each subsequent 10-fold dilution was tested for amplifiable 

DNA. When no more amplifiable DNA could be detected, at a 10 000-fold dilution, it was 

assumed that the dilution was at such a level that individual cells would only be introduced 

sporadically into the PCR, which burst during the initial denaturation step and provided the 

single cell’s DNA for heteroplasmic ratio analysis. The heteroplasmic individual studied here 

showed two heteroplasmic sites, the first a thymine/ guanine site and the second a 

thymine/cytosine site. The results show that all individual cells show some degree of 

heteroplasmy, and of which the ratio can differ dramatically from cell to cell; up to 66.3 % 

change in the T/G site and 50.1 % change in the T/C site (Figure 23).  

 Two of the cells showed a complete loss of one of the two heteroplasmies, cell 5 lost the 

guanine genotype from the first site and cell 6 lost the thymine genotype from the second 

site. This observation of loss of genotype indicates that: first, cells do not necessarily harbour 

the same genotypes, second, mitochondria do not necessarily harbour the same genotypes 

and third, cells do not necessarily harbour the same mitochondria. So, as has been suggested 

in the introduction to this section, cells can differ in genotype make-up, cells can differ in 

mitochondrial make-up and mitochondria can differ in genotype make-up. Most of the 
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studies that focused on heteroplasmic ratios in mitochondria used extremely small datasets, 

in combination with this proof-of-principle study they suggest a unified theory of 

mitochondrial genome distribution in cells however (Figure 21F). The resulting 

configuration also implies that large changes in mitochondrial genome content and 

heteroplasmy can occur during inheritance; these effects are particularly drastic with small 

bottlenecks operating on the number of mitochondria that get passed on during 

haematopoiesis (Figure 24). The observation that mitochondria may contain any number of 

mitochondrial genomes and any ratio of heteroplasmy suggests a huge physical diversity of 

mitochondria, the selection of more extreme examples during a bottleneck due to drift can 

rapidly change the heteroplasmic ratio for offspring and explains previous observations of 

rapid segregation; this could potentially lead to rapid selection against genotypes with 

negative effects for the individual and prevent mitochondrial disease (Bergstrom and 

Pritchard, 1998). 

 The advantage of this method is that it can be applied on a much larger scale, as opposed to 

 
 
 
Figure 23. Heteroplasmic ratios for individual cells. The heteroplasmic ratios at 
two sites (below and above X-axis, respectively) for 9 individual cells.  Heteroplasmies 
are expressed as percentages; green, blue, and yellow bars represent the nucleobases 
thymine, cytosine and guanine, respectively. Cells 5 and 6 show complete loss of one of 
the genotypes present in the other cells.  
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the labour intensive methods suggested previously (Fuller and Arriaga, 2003), future 

research may further support the hypothesised configuration and result in the actual 

numbers of mitochondrial genotypes per mitochondrion per cell. The method presented here 

can be adapted, by nebulising the cells and making the centrifugal stages selective for 

mitochondria, to focus on single mitochondria as opposed to entire cells. Mathematical 

modelling may then be able to estimate the actual size of bottlenecks during cell replication  

or haematopoiesis (Takai et al., 1999). 

 
 
 
 

 
 

 
Figure 24. Effects of a small bottleneck during haematopoiesis on heteroplasmic 
mitochondrial inheritance. The hematopoietic stem cell (top), according to the 
predicted configuration, is pictured with two daughter cells (A and B). A small 
bottleneck, in this case a single mitochondrion, can rapidly cause dramatic chan ges in 
heteroplasmic ratio during inheritance. Daughter cell A kept the same heteroplasmic 
ratio as its parent cell, because its inherited mitochondrion shows the same 
heteroplasmic ratio. Any other mitochondrion would have changed the heteroplasmic 
ratio, as seen in daughter cell B, which actually lost a genotype due to the inheritance 
of a mitochondrion containing only one genotype.  
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 6. COMPLETE MITOCHONDRIAL GENOME RECOVERY 

INTRODUCTION 

The ever increasing popularity of using loci on the mitochondrial genome as a marker for 

evolutionary analyses has inevitably led to the study of more and more mitochondrial DNA 

sequence per individual. In turn these have been used to gain greater resolution and 

confidence in reconstructed models (Brown et al., 1979, Curole and Kocher, 1999). Initially 

longer sequences of DNA were sequenced directly (notably, the first complete mitochondrial 

genome: Anderson et al., 1981), which was followed by the advent of PCR methodologies 

which facilitated the retrieval and directed sequence characterisation of mitochondrial loci 

(Saiki et al., 1985). The increasing growth of reference databases made it possible to design 

primers targeting multiple loci on the mitochondrial genome. Because each region on the 

mitochondrial genome appeared to display different mutation rates, each of which was 

therefore suited to the study of different timescales (Pesole et al., 1999, Subramanian et al., 

2009a) i.e. fast and slow regions for recent and deep evolution, respectively. To amplify the 

ever increasing number of loci from the mitochondrial genome, PCR primers were designed 

to amplify multiple targets in one reaction (Vallone et al., 2004), this multiplex method was 

later adapted to amplify the complete mitochondrial genome in just two reactions (Krause et 

al., 2005). Complete mitochondrial genomes are being used to investigate ever more distant 

relationships between animals (Curole and Kocher, 1999, Talavera and Vila, 2011). With the 

recent introduction of second generation sequencing methodologies it has become 

particularly feasible to characterise large mitochondrial genome datasets for a range of taxa 

in a single run (Gilbert et al., 2007b, Maricic et al., 2010). This section describes two proof-

of-principle experiments aimed at the recovery of complete mitochondrial genomes for 

second generation DNA sequencing, thereby providing the possibility to study mitochondrial 

microevolutionary mechanisms and processes at maximum resolution. 
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MATERIALS AND METHODS 

MITOCHONDRIAL GENOME AMPLIFICATION USING THREE PRIMER PAIRS 

Primers were designed using all 145 complete mitochondrial bird genomes available on 

Genbank 22 Jun 2011. Geneious (Drummond et al., 2010) was used to excise and align the 

WANCY, HSL and ribosomal RNA regions for each species, in these the optimal and 

conserved regions were identified manually to design primers. The designed primers were: 

(primer name explanation: PRIMING REGION- PRIMER ORIENTATION- GENERAL- 

BIRDS- PRIMER PAIR NUMBER) HSL-F-GEN-AVES-1: 5’- ATCCRHTGGYCTTAGGARCC -

3’, HSL-R-GEN-AVES-3: 5’- CTTTYACTTGGANTTGCAC -3’, 12S-F-GEN-AVES-2: 5’- 

AAACYCTAAGGACTTGGC -3’, 12S-R-GEN-AVES-1: 5’- GTACRCTTACCTTGTTACGACTT -

3’, WAN-F-GEN-AVES-3: 5’- AACCRAAGGCCTTCAAAG -3’, WAN-R-GEN-AVES-2: 5’- 

GCGTTAGGCTGTAGWCCT -3’. Primer pairs 1, 2 and 3 were predicted to amplify products 

approximately 5.6, 4.8 and 6.8 kb in length, respectively. PCR was performed on DNA 

extracted using the DNeasy Blood and Tissue Kit (Qiagen) according to manufacturer’s 

instructions from 10 µl Adélie Penguin (Pygoscelis adeliae) or emu (Dromaius 

novaehollandiae) blood mix, consisting of 90 % Queen’s lysis buffer buffer (Seutin et al., 

1991). The initial PCR reactions contained 1 µl template, 1x PCR buffer GC, 1mg ml–1 bovine 

serum albumin, 0.5µM of each primer, 0.3mM of each dNTP and 0.6 units of Phusion 

polymerase (Finnzymes); 3 % DMSO was added to increase the specificity of the general PCR 

(Winship, 1989), and instead 1X CES buffer was used to increase the specificity of primer 

pair 2 (Ralser et al., 2006).  Thermocycling was as follows: 30 s 98°C, 40x (10 s 98°C, 20 s 

55°C,  4 min 72°C), 5 min 72°C; a 61°C annealing temperature was used for the increased 

specificity PCRs. Products were loaded on a 0.7% agarose gel and run for 80 min at 12.5V per 

cm. 
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ISOLATION OF COMPLETE MITOCHONDRIAL GENOMES 

Complete DNA was extracted from 100 µl Adélie Penguin blood mix, consisting of 90 % 

Queen’s lysis buffer (Seutin et al., 1991), using either the DNeasy Blood and Tissue Kit 

(Qiagen) according to manufacturer’s instructions or a standard organic extraction: using 1x 

phenol, 1x chloroform and precipitating the DNA using isopropanol and sodium acetate. 

DNA was eluted in 400 µl water, and made up to 1ml containing 3mM ATP, 20mM MgCl2, 1x 

reaction buffer, 0.02 mg/ml RNase and 50 Units RecBCD. The solution was constantly 

rotated at 37°C for varying lengths of time. The product was concentrated using a standard 

isopropanol and sodium acetate precipitation and loaded on a 0.7% agarose gel and run for 

40-120 min at 12.5V per cm. 
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RESULTS AND DISCUSSION 

MITOCHONDRIAL GENOME AMPLIFICATION USING THREE PRIMER PAIRS 

The mitochondrial genome evolves at such a high rate that few conserved sites remain 

between classes (e.g. birds, mammals etc.), for instance the relatively slowly evolving 

cytochrome c oxidase I gene, presents relatively few sites where primers can be designed to 

amplify the locus of interest throughout the class (Hebert et al., 2003). Instead primers were 

designed to target parts of the RNA coding regions on the mitochondrial genome. These 

regions show multiple stretches of DNA that are conserved across all bird species, thereby 

minimising the need for degenerate sites in primers which would lead to decreased effective 

concentrations and erroneous amplification (Souvenir et al., 2003). Expressed RNA shows 

intricate structures containing stems and loops. Generally the looped regions mutate at high 

rates, while the stem structures mutate at slow rates, because structure and thus crucial 

function can be lost through mis-polymerisation in the stems (Lynch, 1996). It is for this 

reason that regions coding for RNA stems in the mitochondrial genome are most conserved 

across species and even classes. A second issue when aiming to amplify the complete 

mitochondrial genome with only three primer pairs is that Taq polymerase is normally 

limited to template sizes of less than 5kb. To circumvent these problems I designed primers 

to anneal in the stem regions of the transfer and ribosomal RNA regions which are equally 

distributed across the mitochondrial genome, giving amplicons of roughly the same 5-7kb 

size (Figure 25).  Amplification was then performed using Phusion, a polymerase that allows 

for longer DNA fragments to be amplified without being hindered by the common  

mononucleotide repeats in avian mitochondrial genomes (Fazekas et al., 2010). 

The initial amplifications of all thee primer pairs showed products that matched the expected 

lengths for both emu and the Adélie penguin, but showed an abundance of unspecific by-

products. Temperature optimisation and PCR additives removed most of the by-products 

and for primer pair 2 removed all of them (Figure 26). Additional experiments are needed to 

further optimise primer pairs 1 and 3; annealing temperatures and the use of additives that 
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increase stringency should reduce by-products as seen for primer pair 2. The experiments 

should also be expanded to include a wider variety of bird species, even though the emu and 

Adélie penguin already represent a large part of the genetic diversity possibly encountered in 

birds (Hackett et al., 2008). As an alternative to further optimisation, gel isolation of each 

product displaying the right size and subsequent reamplification of the target of interest 

should produce products suitable for downstream analyses.  Using internal primers for this 

subsequent reamplification would further improve the specificity of the assay. 

 

 
 
Figure 25. Primer placement across the mitochondrial genome . Regions coding for 
ribosomal RNA are marked in red and transfer RNA in pink. Primers, w hich fall within 
either of these regions, are marked in green.  
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Figure 26. Gel separations of products from complete mitochondrial genome 
amplification. The first picture shows the initial experiment that after optimisation 
resulted in the second picture, where products of the predicted length are marked with 
green boxes. The lanes represent: 1. 1Kb+ ladder (Invitrogen), 2. Primer pair 1 Adélie 
Penguin, 3.  Primer pair 2 Adélie Penguin, 4.  Primer pair 3 Adélie Penguin, 5.  Primer 
pair 1 emu, 6.  Primer pair 2 emu, 7.  Primer pair 3 emu, 8. 1Kb+ ladder (Invitrogen). 
The third picture shows further optimisation of primer pair 2, no unspecific by -
products remain. 

1.       2.       3.       4.       5.      6.      7.       8. 
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The amplification of complete mitochondrial genomes is often a laborious and expensive 

task. Previous approaches either purified the mitochondrial genomes from large quantities of 

tissue followed by restriction digests and subsequent cloning (Slack et al., 2003), or used a 

large number of primers to amplify relatively short sequences (Krause et al., 2005, Morgan-

Richards et al., 2008). The method presented here facilitates and economises the 

characterisation of complete mitochondrial genomes and only requires a small sample, a 

small number of primers and provides the possibility of efficiently analysing a wide range of 

bird genomes simultaneously, without the need to redesign primers. In combination with 

second generation sequencing this method would make it possible to generate large datasets 

of complete mitochondrial genomes for birds, thereby increasing the resolution and 

confidence in mitochondrial analyses of evolution. This method is easily adapted, using the 

above principles, to amplify mitochondrial genomes for other animal classes like mammals. 

ISOLATION OF COMPLETE MITOCHONDRIAL GENOMES 

As opposed to the method presented above that uses 3 primer pairs to retrieve the complete 

mitochondrial genome, the method presented here uses no primer pairs and isolates the 

mitochondrial genomes directly from blood without the need for amplification. Second 

generation sequencing can then be used to sequence the recovered DNA.  

This method rests on the principle that the mitochondrial genome is circular, whereas 

extracted nuclear DNA is in a linear orientation. Extraction methods tend to fragment DNA, 

to keep the DNA in its original orientation it is important to use an extraction method that 

does not fragment around the ~16kb or shorter range, so that the mitochondrial genomes 

stay intact, but nuclear DNA is fragmented and thus linearised. Two common extraction 

methods fragment well above these numbers and are thus well suited for this purpose: the 

DNeasy Blood and Tissue Kit (Qiagen) and regular organic extraction fragment DNA to 

about 30-50kb and up to 200kb, respectively. The organic extraction method was not 

employed because it proved to inhibit subsequent reactions, possibly due to the tight 
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intertwining of long DNA fragments and formation of a single hard-to-redissolve mass 

during DNA precipitation. 

The enzyme used here, Exonuclease V a RecBCD complex, is an ATP-dependent 

endonuclease that hydrolyses single and double stranded DNA. The enzyme binds both 3’ 

and 5’ ends of the DNA and progressively removes nucleotides (Dixon and Kowalczykowski, 

1993, Arnold and Kowalczykowski, 1998). RecBCD cannot degenerate circular DNA 

molecules as they do not possess open 3’ or 5’ ends.  It is this characteristic that makes the 

enzyme well suited for the purification of plasmids (Prazeres et al., 2001). 

Although RecBCD has primarily been used to purify bacterial plasmids, it is shown here that 

its properties can also be used to degenerate linear nuclear DNA and thereby enable the 

isolation of circular mitochondrial DNA from animal cells. The results demonstrate that 

approximately 5-20ng of mitochondrial DNA can be isolated from 200 µl avian blood, which 

contains nucleated blood cells and therefore provides high concentrations of mitochondrial 

DNA. The gel separations of the products indicate the approximately correct size between 12 

and 23kb (~16kb predicted) and occasionally extra bands can be seen that most likely 

represent different supercoiled orientations of the mitochondrial genome (Figure 27). The 

method was tested for different incubation times, ranging from 8 to 48 hours, of which the 

20 hour incubation proved to be the minimum time to digest the DNA from 200 µl avian 

blood. Further analyses to confirm the authenticity of the recovered DNA, including 

restrictions digests and fragmentation followed by cloning, failed to result in conclusive 

evidence for or against the predicted recovery of mitochondrial genomes. This is most likely 

due to co-precipitation of salts or over-processing of the DNA, which may inhibit a range of 

enzymatic reactions.  This issue will form the basis of future experiments. The observations 

on the correct length of the DNA, the fact that multiple products are sometimes seen (due to 

the supercoiled orientations) and the progressive shortening of the linear DNA (Figure 27)  

suggest that the results are authentic. 
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Just like the previously presented method using 3 primer pairs to amplify the complete 

mitochondrial genome, this method has great potential to facilitate research involving 

complete mitochondrial genomes. The method presented here has the advantage of not using 

primers or amplification at all and is therefore a simpler method that can be applied to any 

animal DNA.  Low levels of DNA degradation are detrimental to the success of this method 

however, in which case the 3 primer pairs method might prove more generally appropriate. 

The absence of amplification in this method presents one big advantage; it enables the 

recovery of the true ratios of mitochondrial genotypes without amplification bias, as well as 

minimising the incorporation of errors. Because the method can be used for any tissue 

containing mitochondria and from any animal species, in theory this true-ratio molecule 

approach has the potential to be of great value when investigating mitochondrial disease and 

its inheritance, especially because it allows the discovery of even the rarest genotypes, which 

can potentially cause harm even at extremely low concentrations (Holt et al., 1990, Taylor 

and Turnbull, 2005). 

 

 
 

Figure 27. Recovery of complete mitochondrial genomes and degradation of 
linear DNA. The figure on the left shows the three products (marked in green) of a 
RecBCD reaction on penguin blood, all three products (boxed in green) fall in between 
the 12Kb marker from the 1Kb+ ladder (Invitrogen, lane 7) and the 23Kb marker from 
the Lambda DNA Hind III Digest (Invitrogen, lane 1 and 8). The third product appears 
to show double bands, potentially indicating different orientations of supercoiled 
forms. The figure on the right shows two products from the same but unfinished 
reactions, lane 3 shows only a fraction of a reaction that has not started at all (to 
prevent overloading) and lane 5 shows a reaction that  has started to degrade the 
linear DNA. 

1.       2.       3.       4.       5.      6.      7.      8.           1.     2.    3.   4.    5.    6.    7.     8. 
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7. CONCLUSION 

MITOCHONDRIAL MICROEVOLUTION WITHIN INDIVIDUALS 

Mitochondrial DNA is an extremely useful molecule to employ for high-resolution analyses 

of evolutionary processes, as was predicted long ago by Brown et al. (1979), this thesis 

increases resolution at to a maximum and shows the potential use of the mitochondrial 

genome at any level of biological organisation. The characteristics of mitochondrial DNA, 

like its high mutation rate and uniparental inheritance, explain why it has been the most 

popular marker for the study of evolutionary processes and mechanisms for such a long 

time. The ever gaining popularity of the mitochondrial genome also meant that the demand 

for ever more data from this molecule has always increased and now complete mitochondrial 

genome sequencing is becoming routine. Mitogenomics, the analysis with complete 

mitochondrial genomes, is particularly powerful as it provides the maximum single locus 

resolution for evolutionary analyses (Curole and Kocher, 1999, Karl et al., 2012). The two 

methods presented here facilitate the recovery and characterisation of mitochondrial 

genomes.  This was previously a laborious task using many primer pairs and short reads to 

sequence only a single specimen. The first method provides the opportunity to amplify 

mitochondrial genomes for any bird species using only 3 primer pairs.  Hence multiple 

individuals can then be sequenced using individual tags and second generation sequencing. 

The principle of this method, i.e. super conserved regions as primer sites, can be adapted to 

suit any animal class. The second method uses no primers at all and can in theory isolate the 

mitochondrial genomes for any animal, again where multiple individuals can then be 

sequenced using individual tags and second generation sequencing (Gilbert et al., 2007a, 

Maricic et al., 2010). The additional advantage of isolation without amplification is that this 

method does not introduce amplification bias; genotypes with extremely low concentrations 

may thus be detected. Both methods may greatly facilitate complete mitochondrial genome 

characterisation, increase dataset size and give the maximum resolution for any 
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mitochondrial DNA analysis (e.g. heteroplasmy, forensic, disease and evolution), including 

those involving microevolution. 

The mutations in mitochondrial genomes, which many evolutionary analyses focus on, arise 

in single genotypes. These resulting heteroplasmies segregate over time and eventually result 

in the fixation or loss of the de novo genotype. The analyses investigating heteroplasmy 

reported here support previous observations of differing heteroplasmic ratios for different 

tissues (He et al., 2010); the heteroplasmic ratios differed in both feathers and blood cells 

from Adélie penguin individuals. Heteroplasmic segregation across tissues may thus be more 

of a rule than an exception. Consequently pedigree studies should always compare the same 

tissues from parent and offspring to avoid tissue specific deviations due to heteroplasmic 

ratio differences. Perhaps the cause of this observation is any non-uniform distribution of 

heteroplasmies due to bottlenecks during the inheritance of mitochondrial DNA, where 

embryonic tissues already show differences in heteroplasmic ratios. More unexpectedly, the 

study also suggests that heteroplasmic ratios may change over time within the same tissue.  

This change may in fact be greater than that observed between different tissues, time-

dependent heteroplasmic ratios had been observed before but not for neutral genotypes 

(Battersby et al., 2005, Rajasimha et al., 2008). If this observation is more widely confirmed, 

it would suggest that heteroplasmic ratio comparisons from pedigree studies could be 

severely biased due to within-tissue, time-dependent deviations of the heteroplasmic ratio. 

Further investigations into this observation would be necessary to identify a precise cause 

and to design a model which could eventually make pedigree data comparable between 

generations.  

The single cell heteroplasmic analyses support previous observations of differing 

heteroplasmic ratios or even homoplasmy for different cells (Cavelier et al., 2000b). The 

observation of missing genotypes in certain cells implies that cells can differ in 

heteroplasmic ratio and in mitochondrial composition. Additionally, both cells and 

mitochondria do not necessarily contain the same mitochondrial genotypes. This conclusion 
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means that cells contain variable numbers of mitochondria and mitochondrial genomes 

therein, both of which contain varying genotypes and at varying copy numbers. This 

conclusion also explains why mitochondrial heteroplasmies can segregate rapidly during 

haematopoiesis and possibly during inheritance, a small mitochondrial bottleneck may select 

more extreme examples of mitochondria containing drastically different heteroplasmic 

ratios. 

Observations of heteroplasmic ratios changing over time and differing or disappearing 

between cells have been attributed to selection (Schizas et al., 2001, Rajasimha et al., 2008). 

The purifying selection of deleterious mutations in these cases have been shown to act within 

the stem cells that give rise to specialised cells.  In humans hematopoietic stem cells that 

form blood cells, mitochondrial genotypes have been shown to be under significant selection 

pressure (Rajasimha et al., 2008). Additionally, the observation of time-dependent 

heteroplasmy has been observed in mice, where selection is known to occur, but the 

mechanism is unknown.  Immune responses like mithophagy, the degradation of a cell’s own 

mitochondria, have been discredited in this case however (Battersby et al., 2005). The 

heteroplasmic segregation observed in the studies presented here, appears to be unrelated to 

selection due to the assumed neutrality of the genotypes.  Given that heteroplasmic ratios are 

known to change initially in stem cells, it is likely that drift-like processes also act here. This 

drift-like scenario could be explained by fusion and fission of mitochondria in hematopoietic 

stem cells, which appears to be one of the few mechanisms known to be able to result in this 

effect (Chan, 2006). Further research is thus needed to monitor heteroplasmy within 

hematopoietic stem cells. Observation of fusion and fission would explain the observations of 

neutral time-dependent and cell-to-cell heteroplasmy in blood. Microevolutionary change 

due to drift and selection within cells can thus have tremendous impact on the genetic 

diversity within individuals and may ultimately decide their fate when it results in disease or 

when individuals encounter changing environments. Additionally, the microevolutionary 

changes in gametic cells have a direct impact on subsequent generations and thus the 

population, most evolutionary studies however focus on somatic samples. Time-dependent 
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heteroplasmies may thus artificially increase the mutation rate estimated from somatic 

samples and contribute to the observation of high mutation rates in recent times and 

therefore the time-dependency hypothesis (Ho et al., 2011). The mechanisms and processes 

acting in somatic tissues are thus crucial to understand in order to isolate data that reflect 

actual change in the genetic variation in populations.  
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MITOCHONDRIAL MICROEVOLUTION WITHIN POPULATIONS 

After mutations have been established in germ cells they contribute to the populations’ 

genetic variation. Microevolutionary analyses focus on this variation and may reveal the 

overall genetic diversity within populations. The king penguin study investigated how genetic 

diversity changes over time, before and after an historical population bottleneck. The study 

showed how king penguins recovered lost genetic diversity quickly, an observation rarely 

made as most studies comparing ancient DNA with that of modern species have only 

recorded a loss of DNA diversity. Ancient DNA studies have identified at least 18 cases in 

birds, fish and mammals where genetic diversity declined sometime during the Holocene 

and never recovered (Leonard, 2008). The lack of studies showing an increase in genetic 

diversity suggested that it was either practically impossible under modern conditions or an 

extremely slow process to recover genetic diversity. Monitoring genetic diversity for 

populations using both ancient and modern DNA can reveal both loss and gain of genetic 

diversity. This change in diversity can in turn indicate what effect a processes had or has on 

the genetic diversity of a species. Negative impacts due to, for example climate change, rising 

sea levels and overhunting can be measured, but also those that impact positively on a 

species, for example conservation measures, as was shown here. The reason that the king 

penguin population managed to recover so quickly was primarily the halt to culling them. 

From the heterochronous haplotype network it also became clear that a reasonable amount 

of genetic diversity must have persisted in the small surviving population. The haplotypes 

that were lost in the king penguin population were later replaced by new haplotypes, either 

by vagrant individuals or de novo mutations. Microevolutionary change due to bottlenecks 

within populations can thus have tremendous impact on the genetic diversity within 

populations; the loss of genetic diversity is highly dependent on the size of the bottleneck 

however and population expansion results in the recovery of lost genetic diversity. The 

survival and extinction of populations may ultimately decide the genetic structure, genetic 

diversity and geographic distribution of a species. 
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MITOCHONDRIAL MICROEVOLUTION APPROACHING 

MACROEVOLUTION 

Microevolutionary analyses for populations can thus be of particular importance. Similarly, 

microevolutionary change in species can potentially reveal how animals respond to their 

environment. Microevolutionary patterns over space and through time in Adélie penguins 

have been studied extensively. Adélie penguins are restricted to ice free nesting areas in 

Antarctica.  Because climate change has a direct impact on the availability of these areas, it 

has an indirect impact on the Adélie penguin’s population size and structure.  The resulting 

fluctuations in ice conditions have been shown to interfere with gene flow in this species and 

hence alter population structure.  However, this also results in extended foraging ranges with 

subsequent high chick mortality as a consequence (Shepherd et al., 2005, Dugger et al., 

2010). The Ross Sea coast, the primary breeding ground of Adélie penguins, has been 

estimated to have been up to 900km away from open sea during the last glacial maximum 

where Adélie penguins forage. Ice ages and thus fluctuations in ice conditions have been 

shown to occur approximately every ~100,000 years since 430,000 years ago (Petit et al., 

1999), indicating potential impacts on Adélie penguin populations. The period between 

4,000 and 3,000 years ago is likely to have provided the optimal environmental conditions 

and Adélie penguins flourished over that period. The species later decreased in numbers 

between 2,000 and 1,100 years ago due to temperature increase, only to start recovering 

again afterwards (Emslie et al., 2007). Microevolution has thus been shown to be correlated 

with environmental change affecting Adélie penguins.  To date, Adélie penguins have only 

shown habitat range shifting as a response to changing climates (Walther et al., 2002, 

Parmesan, 2006). Current models of temperature increase however predict that eventually 

there will be no colder environments left for Adélie penguins to move to.   This must 

eventually result in either adaptation to warmer conditions or the species’ extinction. 

Microevolutionary change due to drift and gene flow within populations can thus have a 

significant impact on the genetic structure of populations. 
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Environmental and other barriers to gene flow can initiate speciation. This is the last level of 

biological organisation at which microevolution can act, subsequent levels are subject to 

macroevolution, where species diverge as a result of evolutionary change. The study 

involving emu investigates how microevolution behaves at this last level of biological 

organisation i.e. at the species level. The King Island emu and the modern emu showed 

considerable differences in morphology, data presented here indicate that both taxa were not 

genetically diverged and were in fact conspecific. The COI barcoding region, which is has 

proved its discriminatory power to distinguish avian species, does not have the ability to 

distinguish both taxa, no sites in the entire cytochrome c oxidase I gene separate both taxa.  

Moreover, the entire control region which is known for its high resolution among individuals 

of the same species shows the same result. Comparison with other ratites reveals that even 

the maximum distance between both taxa does not approach that of other species and 

subspecies in this order. Reanalysis of the morphological differences reveals that these are 

not particularly significant either; the main osteological difference (skull morphology) 

appears to be taxonomically insignificant and the most obvious candidate gene that could 

cause differences in plumage colour appears to show no differences. 

Due to sea-level rises, the Tasmanian/ King Island emu was separated from the mainland 

modern emu population.  Subsequent sea-level rise meant that both the Tasmanian and King 

Island emu were separated on their respective islands. This scenario implies that the 

Tasmanian and King Island emu are more closely related to each other, due to longer 

ongoing gene flow between the two, than each to the mainland emu. The fact that the King 

Island emu haplotypes fall within the diversity of modern emu implies that the Tasmanian 

emu haplotypes would fall within the same area of the modern emu diversity as well. Both 

the Tasmanian and the King Island emu should thus be considered subspecies of the modern 

emu. The observation of King Island emu haplotypes within the diversity of modern emu 

suggests that not enough time has passed to make both taxa monophyletic, i.e. their lineages 

had not been sorted yet. Immediate monophyly for both taxa was probably prevented by 

peripheral isolation (Funk and Omland, 2003), where a population with intermediary 
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haplotypes, with respect to the mainland population, were isolated on Tasmania and King 

Island. 

Morphological differentiation must have acted rapidly in the King Island and modern emu. 

Drastic differences in size appear to have occurred over, at most, just 14,000 years.  The King 

Island emu might thus be considered a classic example of insular dwarfism. In support of 

this suggestion, size variety in fossil emu is plentiful. Phenotypic plasticity is a likely 

explanation for the morphological differentiation.  A wide range of other animal species have 

been shown to display a wealth of insular dwarfism and gigantism as a result of phenotypic 

plasticity (Keogh et al., 2005, Peterson et al., 2005). The rapid morphological yet slow 

genetic differentiation also implies that, in some cases, neutral loci may evolve slower than 

morphological characters. Together with the observation that neutral loci may evolve much 

faster than morphological characters (Hay et al., 2008), this implies that rates of neutral and  

morphological evolution are decoupled in both directions and neither is dependent of the 

other. 
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MICROEVOLUTION ACROSS BIOLOGICAL ORGANISATION 

In conclusion, de novo mutations, which initially occur as heteroplasmies, represent the 

foundation of all microevolutionary processes. Drift and selection cause the heteroplasmies 

to segregate during fertilisation, eventually resulting in the loss or fixation of de novo 

genotypes. In the latter case new genotypes are passed on to the next generation and the 

population. At the population level genotypes are able to fluctuate in frequency due to drift 

and gene flow. The resulting allele frequencies and environmental impacts ultimately 

determine the genetic variation of populations and species and cause the genetic population 

structure.  

Analyses of mitochondrial frequencies may reveal which evolutionary changes are passed on 

to subsequent levels of biological organisation before speciation, e.g. analyses of mutations at 

the gametic cell level may reveal which disease associated mitochondrial genotypes are 

passed on to the offspring, or the likelihood thereof. The analysis of genetic variation and 

structure at the population level can estimate genetic diversity, detect changes in population 

size and how both correlate with environmental change. The same is true for the species 

level; additionally mitochondrial analyses may reveal the genetic population structure at this 

level of biological organisation. Just before speciation occurs, analyses may reveal the 

divergence of populations and indicate the potential onset of speciation.   Microevolutionary 

evolution occurs at each level of biological organisation before speciation, changing the 

frequencies of the mutations from individual cells up to the species’ population. The study of 

mitochondrial microevolution may then help predict the likelihood of a de novo mutation 

that occurs at the molecular level to get passed on and get fixed at the species’ population 

level.  
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