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STELLINGEN 

Een vergelijkende analyse van de DNA sequenties van het mitochondriale controle­
gebied leent zich uitstekend voor de detectie van populatiegenetische differentiatie van 
recente evolutionaire oorsprong. Dit proefschrift. 

De huidige wereldwijde populatiestructuur van de bonte strandloper, Calidris alpina, 
is waarschijnlijk veroorzaakt door opeenvolgende ijstijden gedurende het late 
PleistOCeen. Dit proefschrift. 

3. De algemene veronderstelling dat de populatiegenetische structurering binnen een 
gewervelde diersoort negatief is gecorreleerd met het vermogen van een organisme zich 
te verspreiden, wordt door het voorbeeld van de bonte strandloper ontkracht. 
Dit proefschrift. 

DNA analyse verschaft een beter inzicht in de fylogenie van een soort dan 
morfologische analyse. De belangrijkste reden hiervoor is dat DNA mutaties aan de 
basis van het evolutionaire proces staan, terwijl morfologische variaties daarvan een 
afgeleide zijn. Dit proefschrift. 

5. Moleculair-genetisch onderzoek verdient prioriteit bij de identificatie van genetische 
verscheidenheid als onderdeel van beschermingsprogramma's voor (bedreigde) 
diersoorten of -populaties. Dit proefschrift. 

6. De mogelijkheid tot sequentiebepaling van DNA geïsoleerd uit gedateerde fossielen 
maakt het concept van de moleculaire klok voor het eerst direkt toetsbaar. 
S. Pääbo. 1993. Ancient DNA. Sei. American. 267(11):60-66. 

Ontbrekende schakels ('missing links') in de geschiedenis van soorten kunnen 
hersenschimmen blijken volgens de theorie van 'punctuated equilibrium', waarin stasis 
in plaats van gradualisme als de overheersende macroevolutionaire kracht wordt 
voorgesteld. 
S. J. Gould and N. Eldredge. 1993. Punctuated equilibrium comes of age. Nature. 366:223-227. 

8. Ongeremde economische groei staat aan de basis van ecologische teloorgang. Een 
gedeeltelijke verklaring voor het in het algemeen ontbreken van dit inzicht ligt in de 
verschillende benaderingswijzen van de economie enerzijds en de biologie anderzijds. 
N. Keyfitz, 1993. Are there ecological limits to population? Proc. Natl. Acad. Set. USA 90:6895-6899. 

Stellingen bij het proefschrift 'Mitochondrial DNA sequence evolution in shorebird populations' van 
Paul W. Wenink, Wageningen 5 april 1994. 
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9. Het zou een goede alternatieve straf voor criminelen zijn ze DNA sequenties te laten 
lezen. 

10. Alles, behalve de wereldbeker, is voor Dick Advocaat onvoldoende tijdens het WK 
voetbal '94. Cruyff zou het anders toch beter hebben gedaan. 

11. De relatief grote soortenrijkdom die vaak op militaire oefenterreinen wordt 
aangetroffen verdient het predikaat 'legergroen'. 

12. RTL V is waarschijnlijk bedoeld voor wie het mooi lijkt jong, mannelijk en hoger 
opgeleid te zijn. 

13. De mens is een bedreigende diersoort. 

Stellingen bij het proefschrift 'Mitochondrial DNA sequence evolution in shorebird populations' van 
Paul W. Wenink, Wageningen 5 april 1994. 



"That's a clever dog you have there," said a man 

when he saw his friend playing cards with his dog. 

"Not as clever as he looks" was the reply. "Every time 

he gets a good hand he wags his tail". 

From: Taking flight - Anthony de Mello. 

Voor mijn ouders 
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Chapter 1 

GENERAL INTRODUCTION 

Populations 

The evolutionary importance of populations is well accepted (Mayr, 1970). What 

constitutes a natural population, however, is not always clear. A population may be defined 

as a group of individuals that can potentially mate with each other and therefore share 

kinship, as indicated by genetic or phenotypic similarity. Geographic separation is one major 

cause for the divergence of populations. Populations differentiate genetically from each other 

by the forces of mutation, genetic drift and natural selection. The extent of genetic variation 

within a population is largely dependent on its effective size, i.e. the average number of 

reproductively active individuals passing their genetic material to the subsequent generation. 

Genetic divergence of populations is counteracted by gene flow through the exchange of 

individuals. Species that have high dispersal capabilities or that mix during part of their life 

cycle have a great potential for gene flow. Slatkin (1987) states: "Some species of birds have 

a worldwide distribution with individuals known to fly hundreds or thousands of miles. Such 

species can reasonably be supposed to form an almost panmictic unit". This certainly applies 

to the migratory shorebird species that are the subject of this thesis. 

Morphology 

Population biologists have followed the tradition of taxonomists in applying 

morphological characters to define most of the intraspecific classification as it is today. At 

this level, however, many of the measured morphological characters vary continuously and 

their ranges often overlap among populations. This can result in poor criteria to define a 

population or subspecies, as has been recognized in shorebird species. The genetic basis for 

morphological characters remains largely unknown. At least a component of morphological 

variation can be due to induction by the environment and may thus contribute to parallel 

morphological evolution (James, 1983). 
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Allozymes 

While morphological characters define the relatedness of individuals on the basis of 

degree of similarity, heritable molecular characters are related by descent. As proteins are 

encoded by the genetic material DNA, the comparison of electrophoretic patterns of 

allozymes constitutes an indirect way of determining a genetic phylogeny. Allozyme 

electrophoresis has been successfully applied in avian taxonomy above the species level over 

the past fifteen years (Evans, 1987). However, the conservative rate of evolution of these 

enzymes has put a limit to the resolving power of the technique. A minority of the mutations 

in DNA cause amino acid substitutions and about a quarter of the latter can generally be 

detected by allozyme electrophoresis. As a result of the low mutation rate in allozymes, 

genetic structuring below the species level has mainly been described in terms of allelic 

frequency distributions (Nei, 1987). In a review of allozyme variation in bird species it has 

been concluded that there is an overall lack of population subdivision in birds (Rockwell and 

Barrowclough, 1987). Although birds in general exhibit a high degree of breeding site fidelity 

(Greenwood and Harvey, 1982), the observed low levels of allozyme differentiation are 

thought to result from the high dispersal capability of birds. Homogenizing gene flow thus 

prevents the evolutionary divergence of bird populations. It has also been noted, however, 

that this low divergence may be the result of recent speciation of birds as compared to other 

animal groups (Avise and Aquadro, 1982). Whereas shorebirds reveal moderate to high levels 

of allozyme divergence among species and genera, differentiation between geographic 

populations is low compared to other bird species (Baker and Strauch, 1988, Baker, 1992). 

MITOCHONDRIAL DNA 

Pace of Evolution 

DNA is the basic genetic material in which mutations occur. To detect these 

mutations, restriction enzymes have been used widely in assaying Restriction Fragment 

Length Polymorphism (RFLP). Mutations that lead to a change of the restriction enzyme 

recognition site (mostly four or six nucleotides in length) are recognized as a change in the 
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electrophoretic banding pattern of DNA restriction fragments. Based on RFLP analysis of the 

mitochondrial genome it was recognized that this DNA molecule mutates about five to ten 

times as fast as the average nuclear DNA (Brown et al., 1979, 1982) (Figure 1). The most 

probable reasons for this rate difference are the increased exposure to oxygen radicals that 

cause mutagenesis in the mitochondria (Martin and Palumbi, 1993), coupled with the 

inefficiency of the presymbiotic mitochondrial DNA polymerase to repair replication errors 

and DNA damage (Clayton, 1982). The average rate of nucleotide substitution in mammalian 

mitochondrial DNA was estimated as 2 percent per million years. This rate starts to 

asymptote after roughly eight million years due to saturation of mutation at the evolutionarily 

most labile nucleotide positions (Brown et al., 1979). The same approximate rate of 

substitution applies for birds (Shields and Wilson, 1987), whereas a much slower rate of 

divergence has been demonstrated in sharks and turtles (Martin et al, 1992, Avise et al., 

1992a). A strong relationship exists between body size and substitution rate, with the 
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Figure 1. Relationship between the percentage of nucleotide substitution in mitochondrial DNA and 

divergence time. The points represent estimates from comparisons between restriction endonuclease 

maps of species pairs. The initial rate of sequence divergence in mitochondrial DNA is shown by 

the dashed line above and the rate of divergence of single-copy nuclear DNA by the dashed line 

below (after Brown et al., 1979). 
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additional effect of homeothermic animals having overall higher rates than Poikilothermie 

animals (Martin and Palumbi, 1993). Despite this marked rate variation between animal 

groups, mitochondrial DNA has been shown to evolve comparatively constantly within the 

time frame of speciation (Bermingham and Lessios, 1993). The high mutation rate of 

mitochondrial DNA has triggered extensive RFLP analysis of this molecule for the 

determination of phylogenetic relationships at or below the species level (reviewed in Wilson 

et al., 1985, Avise et al., 1987, Moritz et al., 1987, Avise, 1989). There are several other 

characteristics of mitochondrial DNA, however, that make this molecule unique, and 

contribute to its successful application in the field of evolutionary genetics. 

Organization 

Animal mitochondrial DNA is a circular molecule of about 17,000 base pairs in 

length (which is roughly 0.001 percent of the total length of the nuclear DNA). The complete 

nucleotide sequence of mitochondrial DNA was first determined in humans {Homo sapiens) 

(Anderson et al., 1981), followed by other organisms including chicken {Gallus domesticus) 

(Desjardins and Morais, 1990). The mitochondrial genome is extremely densely packed with 

13 genes that are essential in oxidative phosphorylation, and 2 ribosomal RNA genes and 22 

transfer RNA genes that are necessary for their expression. In addition there is one major 

non-coding control region (Attardi, 1985). The gene order is conserved between mammalian 

orders and amphibians, whereas birds reveal a unique rearrangement near the control region 

(Desjardins and Morais, 1990, Ramirez et al., 1993, Quinn and Wilson, 1993) (Figure 2). 

The mitochondrial genome is present in many copies within the mitochondria in the cell's 

cytoplasm. This has facilitated its purification and direct analysis by restriction enzyme 

digestion (Lansman et al. 1981). 

Transmission Genetics 

Typically, mitochondrial DNA is maternally inherited (Lansman et al., 1983, 

Gyllensten et al., 1985). This non-Mendelian mode of transmission implies, for example, that 
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an individual inherits its mitochondrial DNA from just one of its sixteen great-great 

grandparents, whereas this maternal ancestor has only contributed one-sixteenth of the 

individual's nuclear DNA. The cause for clonal inheritance through the female lineage is the 

contribution of mitochondria to the zygote almost exclusively by the egg cytoplasm, with 

negligible transmission of paternal mitochondria from the sperm (Gyllensten et al., 1991). 

The effectively haploid maternal inheritance of mitochondrial DNA has a profound 

effect on the molecule's spread through a population of individuals. Overall, the number of 

mitochondrial genotypes in a population is only a quarter of the number of genotypes present 

for the nuclear genome. In a population of restricted size (N), with no immigrant gene flow, 

genetic drift will theoretically cause enhanced stochastic extinction of mitochondrial DNA 

lineages, because of the smaller effective population size (Ne) for the molecule. After 

sufficient time of isolation (about 4 Ne generations) this will result in the survival of only 

one lineage per population (Figure 3) (Avise et al., 1984). This scenario leading to 

monophyly is supported by many observations (reviewed in Avise et al., 1987, Avise, 1989). 

It is therefore unlikely that chance lineage survivalship will cause any individual to be more 

closely related to a member of another species than to its own conspecifics (paraphyly). The 

MAMMALS, XENOPUS 

4— «-

BIRDS 

Figure 2. Rearrangement of mitochondrial gene order in birds compared to mammals and the 

amphibian Xenopus. Horizontal arrows indicate the coding strand (to the right is heavy strand). ND5 

and ND6 are NADH dehydrogenase subunits 5 and 6, Cytb is Cytochrome b, control is control 

region. E, T, P, and F are Glu, Thr, Pro, and Phe tRNAs (after Quinn and Wilson, 1993). 
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exception to this is the rare case of introgression of mitochondrial DNA across a species 

border (Ferris et al., 1983). The amount of mitochondrial DNA sequence divergence since 

the time of separation between two taxa remains to be corrected though for the presence of 

variation within the taxa themselves (Wilson et al., 1985). It is therefore important to analyse 

a sufficient number of individuals per population for the species under study. Because of its 

reduced effective population size mitochondrial DNA is a more sensitive indicator for 

historical bottlenecks in population size than is nuclear DNA (Wilson et al., 1985). 

Counteracting stochastic lineage extinction is the constant mutation pressure that is 

maintaining many alleles of mitochondrial DNA at any time in a population. By means of 

phytogeny reconstruction these alleles can all be traced back to one molecule, and 

theoretically coalesce to only one individual that gave rise to the most ancestral mutation 

(Figure 3). This realization led to the concept of "mitochondrial Eve" for humans. 

Application of the molecular clock predicted that this female human ancestor had lived some 

200,000 years ago (Cann et al., 1987, Vigilant et al., 1991). 

Recombination seems to be absent in the haploid mitochondrial genome (Brown, 

1985). This feature aids very much in the assessment of true phytogeny for this gene system 

(Avise, 1989). 

Fixation of Mutations 

As thousands of copies of mitochondrial DNA are present in the egg cell (Michaels 

et al., 1982), and because every mutation originates in only one molecule, some process of 

stochastic sorting must occur during oogenesis. Only a small minority of mutations is likely 

to become fixed in an individual. These mutations have to be propagated through a transient 

state of heteroplasmy for several generations, while the old and newly mutated molecules 

coexist in one individual (Laipis et al., 1988). Due to the long interval of mutation of the 

molecular clock compared to a species' generation time these incidental heteroplasmic 

individuals are normally not observed in population studies (Avise, 1991). Such individuals 

have recently come into focus, however, in relation to a spectrum of mitochondrial diseases 

in humans (Wallace, 1992). 
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Figure 3. Mitochondrial DNA lineage sorting. In each generation, some maternal lineages proliferate 

and others become extinct. This random extinction will occur more rapidly in a population of 

decreased size. All sequence variants in the current population (bottom) can be traced back to one 

maternal ancestor (black heavy line) (after Wilson and Cann, 1992). 

The great majority of nucleotide substitutions are considered to be selectively neutral 

in accordance with the neutral theory of evolution (Kimura, 1968, 1991, King and Jukes, 

1969, Tajima, 1989). Because mitochondrial DNA does not recombine and is inherited as 

one genetic locus, a mutation anywhere on the molecule can theoretically cause strong 

transient selection of a particular mitochondrial genotype at the organismal (Yoneda et al., 

1993) or even at the population level. Selection could thus result in a decrease of genotypic 

diversity in the population and be misinterpreted as a population bottleneck (Maruyama and 

Birky, 1991). 
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Comparison to Nuclear DNA 

Nuclear DNA offers an almost endless source of unlinked genetic markers, whereas 

mitochondrial DNA is effectively one locus. Also, nuclear DNA records the complete diploid 

gene genealogy of an organism, while mitochondrial DNA neglects the paternal phylogeny. 

Comparison of patterns of variation in both mitochondrial and nuclear DNA can sometimes 

reveal differential female and male population structures (Van Wagner and Baker, 1986, 

1990, Bowen et al., 1992, Karl et al., 1992). Therefore the combined analysis of both 

genomes represents the most comprehensive route of genetic investigation. 

Analysis of nuclear DNA sequences is unfortunately hampered by a slow pace of 

nucleotide substitution. Whereas DNA-DNA hybridization of the single copy fraction of 

whole genomes has revolutionized avian taxonomy (Sibley et al, 1988), it is too insensitive 

to measure sequence variation below the species level. Alternatively, the assessment of 

individual unique DNA sequences may yield too few polymorphisms to allow construction 

of a reliable molecular tree (Karl et al., 1992) and can become very labour intensive (Quinn 

and White, 1987). A general complication of nuclear DNA sequences is the disentanglement 

of the two haplotypes present on both homologous chromosomes and the possibility of 

recombination between them (e.g. Aquadro et al., 1986). The most polymorphic nuclear gene 

system known is the Major Histocompatibility Complex (MHC). Nucleotide substitutions in 

MHC genes cause amino acid replacements that have been shown to be under positive 

selection (Trowsdale, 1993). Much of this polymorphism has been retained over speciation 

events and thus cannot reliably reflect an organismal phylogeny (Klein et al., 1990). The 

extent of MHC polymorphism in itself, however, may be a strong indicator of the genetic 

variability and thus the projected viability of diminished populations (Yukhi and O'Brien, 

1990). Several abundant classes of repetitive nuclear DNA sequences have recently been 

detected. Minisatellites and microsatellites are Variable in Numbers of Tandem Repeats 

(VNTRs). Their very fast mutation rates allow the specific verification of proximate 

individual relationships, commonly referred to as "fingerprinting" (e.g. Burke te al, 1989, 

Boerwinkle et al., 1989, Ellegren, 1992), although VNTRs have also been successfully 

applied for the inference of phylogenetic relationships between highly inbred populations 

8 
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(Gilbert et al., 1990, Menotti-Raymond and O'Brien, 1993). Short INterspersed Elements 

(SINEs) are retroposons that are also scattered throughout the genome. Their irreversible 

integration provides an evolutionary pattern that can reveal a phytogeny of species (Murata 

et al., 1993). Another promising method for the detection of nuclear DNA sequence variation 

is the Random Amplification of Polymorphic DNA (RAPD) (Williams et al., 1990, 

Tibayrenc et al., 1993). RAPDs demand careful interpretation, but the method is potentially 

unlimited in probing length polymorphisms of anonymous amplification products. General 

drawbacks of the above methods are the often unknown genetic linkage of simultaneously 

A. Blood collection 

Mitochondrion Selected region 

, f 

DNA isolation / 

B. Erythrocyte C. Mitochondrial DNA 

PCR 

D. Ca. 10' copies E. DNA molecule F. Autoradiograph 

Figure 4. Method of DNA analysis in birds. A few drops of blood are collected from the major wing 

vein (A). Total cellular DNA is isolated; one erythrocyte is depicted (B). A specific mitochondrial 

DNA segment is amplified by the polymerase chain reaction (PCR) (C). A large number of copies is 

obtained for sequence analysis (D). Sequence determination follows one strand (E). The DNA 

sequence can be read from an autoradiograph (F) (after Wenink et al., 1992). 
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detected loci and the absence of information on nucleotide character states. High measures 

of heterozygosity cause frequency-dependent distributions of alleles between populations and 

requires the analysis of sufficiently large numbers of individuals. The capacity of each 

method for the determination of intraspecific phylogenies, however, will become more 

apparent in the near future. 

METHOD OF ANALYSIS 

Sequencing of PCR-generated Templates 

Sequencing of DNA (Sanger et al., 1977) presents the most exact possible way of 

phylogeny reconstruction, namely by tracing every mutation between individuals. Sequencing 

has long been unattainable for population genetic studies due to the need for laborious 

cloning of individual sequences. Comparative sequencing studies have therefore traditionally 

been restricted to low numbers of individuals (e.g. Aquadro and Greenberg, 1983). With the 

advent of the Polymerase Chain Reaction (PCR: Mullis and Faloona, 1987, Saiki et al., 

1988) sequencing of pieces of mitochondrial DNA on a large scale has become feasible. PCR 

is an extremely sensitive method that facilitates DNA analysis from minute amounts of 

preserved tissue, blood (avian erythrocytes are nucleated), and even from single hairs and 

feathers (e.g. Vigilant et al., 1989, Ellegren, 1991). PCR is based on the exponential 

amplification of a selected region in the genome by the use of highly specific DNA primers. 

To that end the sequence of the primers (about 20 nucleotides in length) is selected for the 

DNA region of interest and primers are optimally separated by a sequence of some 300 base 

pairs. The target sequence is doubled by in-vitro replication, which comprises in order: 

denaturation of the template by heat, temperature-specific annealing of the primers, and 

synthesis of the target sequence by the thermostable enzyme Taq DNA polymerase. After 

many repeated cycles of replication (between 30 and 35 cycles) the selected stretch of DNA 

can be obtained in sufficient quantity and purity to facilitate direct sequencing (Gyllensten 

and Ehrlich, 1988). Sequencing of PCR products also offers the advantage that any particular 

DNA region of interest can be investigated, subject to the constraint that some sequence 

information is available for that region, so that primers can be designed (Figure 4). 

10 
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The Mitochondrial Control Region 

Different parts of the mitochondrial genome are known to evolve at different rates. 

Most conserved are the tRNA genes that can be used to resolve animal phylogenies with 

divergences that occurred more than one hundred million years ago (Kumazawa and Nishida, 

1993). The major non-coding region (also control region or D-loop region) on the other hand 

stands out with a rate of substitution about three to five times higher than the average 

mitochondrial DNA (Upholt and Dawid, 1977, Greenberg et al., 1983, Cann et al., 1984). 

The control region is approximately 1 kilo base pairs in size and supports replication and 

transcription of the mitochondrial genome (Clayton, 1982, Clayton, 1984). Most size 

variation of the mitochondrial genome is caused by insertion or deletion in this region 

(Moritz et al., 1987). Within the control region different segments evolve at different rates, 

with the central part being largely conserved in intraspecific sequence comparisons (Aquadro 

and Greenberg, 1983, Brown et al., 1986). Also, there is a marked difference in the rate of 

nucleotide substitution among variable sites (Tamura and Nei, 1993). By comparing the 

fastest evolving parts of the control region it was possible to reconstruct the phylogeny of 

recently diverged human populations (Vigilant et al., 1989, 1991, Di Rienzo and Wilson, 

1991, Ward et al., 1991), as well as of cichlid fish, kangaroo rat, and humpback whale 

populations (Meyer et al., 1990, Thomas et al., 1990, Baker et al., 1993). 

Phylogenetic Reconstruction 

The result of a population survey of variable sequences will be a table of different 

genotypes and their mutations. These mutations can be converted into a molecular phylogeny 

by applying one of many alternative computer algorithms (Swofford and Olsen, 1990, Penny 

et al., 1992). The main difficulty in creating the "correct" tree is the presence of homoplasy 

(convergent, parallel or reverse mutations). Homoplasy can be avoided as much as possible 

by analysing a sequence that is evolving at a rate appropriate for the taxonomie level under 

question. Analysis of a high number of individuals is important to keep internal branches in 

the tree short. Analysis of a high number of nucleotides is necessary to obtain more 

11 
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informative mutations than there are nodes in the tree. The number of nodes is directly 

dependent on the number of taxa under comparison. 

For creating a tree, the mutations can be used directly as characters, or the data can 

be converted into a matrix of pairwise sequence differences. In the latter case a distance tree 

is obtained, where branch lengths, under application of a molecular clock, will correspond 

to the evolutionary time of separation. The neighbor-joining algorithm (Saitou and Nei, 1987) 

is often used for creating a distance tree. To infer a phylogeny directly from the character 

data, methods based on the principle of maximum parsimony are by far the most often used 

(Stewart, 1993). This principle requires the fewest possible changes of nucleotides to explain 

evolution of the observed sequences and thus selects tree(s) of minimal length. The statistical 

significance of each node in a tree can be tested by repeated resampling of the data and 

evaluating its frequency of occurrence at the same position (bootstrapping). Identification of 

the ancestral node in a tree requires the inclusion of data for an outgroup (rooting). The 

outgroup ideally represents the closest related taxon to the ingroup taxa. 

MITOCHONDRIAL DNA IN BIRDS 

Restriction Analysis 

Restriction endonuclease analysis of mitochondrial DNA in birds has proven most 

instructive for taxonomy around the species level (e.g. Kessler and Avise, 1984, Avise and 

Zink, 1988, reviewed in Shields and Helm-Bychowski, 1988). Comparison of genera and 

especially of subfamilies using RFLPs suffers from homoplasy and may result in inconsistent 

phylogenies (e.g. Dittmann and Zink, 1991). On the basis of an estimated 2 percent 

nucleotide substitution per million years (Shields and Wilson, 1987), 0.1 percent sequence 

difference (only 1 out of 1000 nucleotides mutated) will correspond to an evolutionary 

divergence time of roughly 50,000 years, and thus sets a lower limit to the resolution of 

phylogenetic relationships by means of restriction analysis. Investigation of intraspecific 

patterns of mitochondrial DNA variation in birds thus far has been most revealing. 

Restriction assays of subspecies of Canada geese (Branta canadensis) indicate a major single 

genetic subdivision between the two clusters of small-bodied and large-bodied subspecies 

12 
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(Shields and Wilson, 1987, Van Wagner and Baker, 1990). Low sequence divergence 

between the subspecies within each cluster, however, precluded the determination of their 

exact phylogenetic relationships. A continent-wide survey across North America including 

several morphologically defined subspecies of red-winged blackbird (Agelaius phoeniceus) 

found no indication of significant phylogeographic clustering of genotypes. Homogenizing 

gene flow at this large geographic scale was supposed to have created one mitochondrial gene 

pool (Ball et al., 1989). A parallel result was obtained for the song sparrow (Melospiza 

melodia), but rather than implying continental panmixia, it was suggested that extensive body 

size and plumage differences had developed very recently, namely after the postglacial 

expansion of populations into their northern range. Restriction analysis was considered too 

insensitive for a critical assessment of the above two explanations (Zink and Dittmann, 

1993). Mitochondrial DNA variation in the snow goose (Chen caerulescens) revealed two 

major mitochondrial DNA lineages that are both present over the whole northern American 

range of the species, and even in a closely related Ross's goose species (the latter possibly 

as a result of introgression through hybridization) (Avise et al., 1992b). Remarkably, no 

association exists between the two mitochondrial DNA clades and the two morphological 

subspecies or the two colour morphs that occur in snow geese. From banding studies female 

snow geese are known to be highly philopatric to their nest site (Cooke, 1987). The present 

wide-spread distribution of mitochondrial genotypes was thus hypothesized to reflect mainly 

historical gene flow (Avise et al., 1992). 

Other discordant phylogenetic splits were observed in North American chickadees 

(Parus), Australian white-eyes (Zosterops) and tropical passerines (Saltator albicollis), where 

distinctive mitochondrial DNA clones were fully geographically separated without association 

to the geography of subspecies (Gill et al., 1993, Degnan and Moritz, 1992, Seutin et al., 

1993). As these studies also covered many subspecies that were found to be genetically very 

similar, the overall finding is that external morphology can show substantial variation in the 

context of very little or no genetic differentiation. Morphological variation, to the extent it 

is heritable, could therefore be more a reflection of local selection pressures than of 

evolutionary history (Zink and Avise, 1990). These results question the evolutionary 

inferences made on the basis of morphology that have been used to define intraspecific avian 

13 
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taxonomy (Ball and Avise, 1992). Correct assessment of evolutionary relationships within 

species has proven relevant for the direction of management strategies of endangered 

populations (Avise and Nelson, 1989, Avise, 1989, Baker et al., 1994). 

Sequence Analysis 

A discrepancy thus emerges between the status of subspecific taxononomy and the 

observed mitochondrial genetic subdivisions in bird species. Genetic divergence is thought 

mainly to result from long term geographic isolation combined with the effect of genetic drift 

(Avise et al., 1987), in compliance with the theory of allopatric speciation (Mayr, 1970). 

Pleistocene glaciations within the last two million years are considered to have exerted 

profound vicariant effects on the distribution of many species inhabiting the northern 

hemisphere and to have left concordant records in the mitochondrial phylogeny of these 

species (Bernatchez and Dodson, 1991, Avise, 1992, Bermingham et al., 1992). The current 

biogeography of arctic breeding species like swans, geese, ducks and sandpipers is thought 

to reflect historical fragmentation by the ice sheets (Ploeger, 1968). The last major glaciation 

ended between 14.000 and 6.000 years ago (Ruddiman, 1987). Subspecific divisions created 

by recent glaciations are likely to escape detection by RFLP analysis of mitochondrial DNA. 

The low genetic resolution between subspecies of Canada geese belonging to the same body-

size class may be a good example of this (Van Wagner and Baker, 1990). Faster evolving 

mitochondrial DNA sequences are needed to define such recent evolutionary splits. Sequences 

of the cytochrome b gene (Kocher et al., 1989) have been employed in birds, but they proved 

to evolve at the same approximate rate as the mitochondrial genome as a whole and could 

thus not add to the attained level of resolution (Edwards and Wilson, 1990, Quinn et al., 

1991, Birt-Friesen et al., 1992). Therefore the non-coding control region sequence is the 

prime candidate for the investigation of very recently evolved population structure in birds 

(Quinn, 1992, Edwards, 1994). 
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Chapter 1 

SHOREBIRDS 

Shorebirds belong to the order Charadriiformes that also includes gulls, jaegers, terns 

and auks. Many species of shorebirds are arctic breeders and as a consequence they exhibit 

long-distance annual migration to southerly wintering sites. These migrating species mainly 

belong to the genera Pluvialis, Calidris, Limosa and Arenaria. Whereas shorebirds breed on 

arctic tundra, they rely heavily on coastal tidal mudflats for feeding mainly on benthic 

macrofauna during migration and wintering (Wolffand Smit, 1990). Especially during spring 

migration, tidal flats like the european international Wadden Sea are of vital importance to 

millions of shorebirds to gain the fat reserves that are needed for the long flight (up to 6.000 

km) into the tundra. Birds wintering or passing through the Wadden Sea have breeding 

destinations ranging from Ellesmere island in northeastern Canada to the Lena river delta in 

northern Siberia (Smit and Piersma, 1989). Shorebird populations show consistent migration 

strategies and site fidelity over the years (Pienkowski and Pienkowski, 1983, Symonds and 

Langslow, 1984) and migrate along set routes referred to as flyways, most of which follow 

the edges of continents. The Wadden Sea is at the center of the so-called East Atlantic 

Flyway with South Africa at its most southern tip, and along its way the extensive Banc 

d'Arguin in west Africa (Ens et al., 1990). This particular flyway sustains approximately 7.5 

million shorebirds, comprising 21 species (Smit and Piersma, 1989). 

In contrast to the wide geographic breeding range of birds utilizing the same flyway, 

there is an admixture of breeding populations on coastal migratory and wintering grounds. 

Based on their breeding distribution and on their morphological as well as plumage 

differences, populations are assigned to different subspecies (Prater et al., 1977, Cramp and 

Simmons, 1983). Outside the breeding grounds, however, it is often impossible to allocate 

individual birds to their respective population or subspecies due to the overlap of 

morphological measurements (e.g. Wymenga et al., 1990). Whereas banding recoveries have 

been instructive in determining stop-over sites and estimation of flight ranges (Ilychev, 1985), 

they are incidental and cannot comprise the whole geographical range of a species nor reveal 

subspecific divisions. Shorebirds are especially vulnerable to human activities in their narrow 

wintering habitat. The identification and characterization of genetic stocks within species as 
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well as their geographical distribution may help in directing further conservation programs. 

OUTLINE OF THE THESIS 

The objective of this thesis is to provide the first comprehensive analysis of the global 

molecular population structure of a bird species. Mitochondrial DNA is the prime molecular 

tool of choice for probing intraspecific genetic variation in shorebirds, as has been argued 

in this introductory section. Chapter two describes the isolation and characterization of the 

most variable part of the mitochondrial genome, the control region, and the design of primers 

to facilitate amplification of the homologous segment in different species. DNA sequence 

determination of the control region in individuals of two shorebird species, the turnstone 

(Arenaria interpres) and the dunlin (Çalidris alpina), demonstrates the utility of the method 

to detect population genetic differences. In chapter three the population genetic structure of 

the dunlin is elaborated. The presence of major genetic subdivisions over its global range is 

revealed by the comparison of coding and non-coding mitochondrial DNA sequences. With 

the application of population genetic theory it is shown how microevolutionary and 

demographic forces have interacted to produce the genetic architecture present in dunlins. In 

particular the action of Pleistocene glaciations and the breeding site philopatry of dunlins are 

highlighted. Chapter four emphasizes the geographic distribution of control region sequence 

variants over the circumpolar breeding range of the dunlin. The presence of broad 

phylogeographic groups is corroborated and special attention is paid to the mitochondrial 

genetic differentiation of populations in Europe. The correspondence between 

phylogeographic groups and morphologically defined subspecies in dunlin is evaluated. 

Chapter five presents a preliminary analysis of mitochondrial DNA differences among dunlins 

on migratory and wintering grounds. Genotypes of individuals are compared to their 

phenotypes. The capacity of mitochondrial DNA to dissect the genetic composition of mixed 

flocks is demonstrated. A simplified assay is introduced to facilitate the monitoring of larger 

numbers of birds. Finally, chapter six summarizes the major findings of this thesis. 
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ABSTRACT 

We determined the mitochondrial control region sequences^ of five turnstones 

(Arenaria interpres) and three dunlins (Calidris alpina). Comparisons revealed that the central 

part (part II) is conserved relative to much more variable parts at the beginning (part I) and 

the end (part III). This pattern of sequence conservation is also found in the control regions 

of other vertebrates. The average sequence divergence between turnstone and dunlin was 

21.8% for part I, 7.5% for part II, and 29.5% for part III. Within-species sequence 

divergence over the entire control region was much lower at 0.9% for turnstones and 2.0% 

for dunlins. In both shorebird species part III contains a repetitive sequence composed only 

of A and C nucleotides which has not been found in the control regions of other birds. A 

survey of the part I sequences of 25 turnstones and 25 dunlins sampled around the world 

revealed that these species have very different population genetic structures. Dunlins are not 

only much more differentiated in their sequences but also have a strongly subdivided 

population genetic structure. Pleistocene vicariant events combined with strong natal 

philopatry and high mutation rates of the sequences are likely responsible for this population 

genetic subdivision. Conversely, part I sequences of turnstones are weakly differentiated and 

are geographically unstructured. We argue that this is not the result of global gene flow but 

that, instead turnstones have recently expanded from a réfugiai population that was 

bottlenecked. 

Key words: mitochondrial DNA, control region sequence, population genetic structure, 

shorebirds. 
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1 The sequences presented in this paper have been deposited in the Genbank data base (accession 

nos. L20136: turnstone, L20137: dunlin). 
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INTRODUCTION 

Because of its rapid rate of sequence evolution, almost strictly maternal mode of 

inheritance, and the lack of recombination, mitochondrial DNA (mtDNA) is the molecule of 

choice for studies of intraspecific sequence divergence (Wilson et al. 1985; but see Gyllensten 

et al. 1991) and for constructing gene trees within and among related species (Avise et al. 

1987; Avise 1989). Additionally, different regions of the molecule evolve at different rates, 

and thus an appropriate region can be selected to resolve the phylogenetic relatedness of the 

particular maternal lineages under study. The control region (or D-loop region) contains the 

heavy (H)-strand origin of replication, as well as the promoters of transcription for both 

strands (Clayton 1982, 1984). It evolves three to five times faster than the remainder of the 

mitochondrial genome (Aquadro and Greenberg 1983; Cann et al. 1984; but see Hoelzel et 

al. 1991), presumably because of lack of coding constraints. 

Although the complete sequence of the control region is now known for a variety of 

vertebrates including the domestic chicken (Gallus gallus domesticus) (Desjardins and Morais 

1990), the study of this region in birds is just beginning. Early reports indicate that sequence 

evolution in bird control regions involves duplication of a short conserved sequence block in 

the chicken (Desjardins and Morais 1990) and multiple nucleotide substitutions in 

hypervariable segments in different populations of snow geese (Quinn 1992) and shorebirds 

(Wenink et al. 1993). The latter are especially suitable for tracing the phylogeographic 

histories and population genetic structure of closely related lineages. For example, the control 

region has been shown to harbor considerable sequence variation that is useful in inferring 

gene genealogies among humans (Vigilant et al. 1989, 1991; Di Rienzo and Wilson 1991). 

The lack of sequence information for the control region in birds is presently 

constraining attempts to elucidate the molecular population structure and phylogeography of 

avian species. In this paper we report the control region sequences of two migrant shorebirds, 

the turnstone (Arenaria interpres) and the dunlin (Calidris alpina), and compare them with 

the published sequence of the chicken. Subsequently we assess the utility of intraspecific 

sequence variation in the most rapidly evolving part of the control region for population 

genetic studies of these shorebird species. We show that the very different population genetic 
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structures of the turnstone and dunlin are clearly revealed in the pattern and magnitude of 

their control region sequence variation. These differences likely emanate from differences in 

their respective phylogeographic histories. 

MATERIALS AND METHODS 

Samples from Individuals 

Blood samples were taken by puncture of the major wing vein and were mixed 

directly with 0.1 volume of 500 mM ethylenediaminetetraacetate (EDTA) pH 8.0. After being 

mixed with 80% ethanol, they could be stored indefinitely at 4 °C. Turnstones and dunlins 

were captured on migration in the Dutch and German Waddensea. Other individuals were 

caught on their wintering grounds in Texas, Florida and New Zealand. Samples from 

breeding birds were taken in southern Alaska, around Hudson Bay (central Canada), in Alert 

(northeastern Canada), in Svalbard (northern Norway), in the Hardangervidda region 

(southern Norway) and in the Taymyr peninsula (northern Russia). 

Cloning 

MtDNA was purified from chicken heart with two CsCl gradient ultracentrifugations 

using the conditions described in Van Wagner and Baker (1990). A 4.2-kb BamUl restriction 

fragment known to contain the D-loop region in chicken (Glaus et al. 1980) was cloned into 

the pUC 18 vector, according to standard procedures (Sambrook et al., 1989). The insert was 

then excised from the vector, purified by electrophoresis in low-melting-point agarose, and 

labeled by random priming (Feinberg and Vogelstein 1983), for use as a probe to detect the 

homologous region in the turnstone mtDNA. 

A mitochondrially enriched DNA fraction was prepared from 5 ml of fresh turnstone 

blood, as follows: cells were resuspended in 10 ml of buffer containing 150 mM NaCl, 2 

mM CaCl2, 10 mM Tris HCl pH 8.0 and were lysed gently by the addition of Nonidet P-40 

to 0.2%. After the solution cleared, EDTA pH 8.0 was added to 10 mM, and nuclei were 

removed by repeated centrifugation. Sodium dodecyl sulfate was added to the cytoplasmic 

supernatant to a final concentration of 1 %, and extraction was performed with equal volumes 
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of phenol (at 65°C) and phenol-chloroform. The DNA was precipitated with ethanol and was 

purified further with RNase and proteinase K digestions. It was once again extracted, 

precipitated, and dissolved in 10/tl of 10 mM Tris HCl pH 8.0, 1 mM EDTA. 

Southern (1975) blots were prepared on Amersham Hybond N membranes with single 

and double digests of total turnstone DNA, to identify a fragment of clonable size containing 

the D-loop. A 5.0-kb Bamffl/Xbal restriction fragment was detected by hybridization with 

the chicken D-loop probe. The enriched turnstone mtDNA preparation was then double-

digested with BamHI and Xbal and was shotgun-cloned into pUC 18. Two positive clones 

with a 5.0-kb insert were identified by colony hybridization with the chicken D-loop probe. 

Colonies were grown up and recombinant plasmid was purified by the standard alkali 

maxiprep protocol (Sambrook et al. 1989). 

Sequencing 

The turnstone insert was sequenced from both sides of the vector using universal M13 

primers. Comparison with the chicken mtDNA sequence indicated that the BamHI restriction 

site was located inside the turnstone control region. Approximately 1 kb of sequence was 

determined using the Sanger dideoxy chain termination method (Sanger et al. 1977) coupled 

with successive sequencing-primer design at the end of each obtained sequence. Sequencing 

was carried out using the Sequenase kit (United States Biochemical), according to the 

recommendations of the manufacturer. 

Amplification 

The missing part of the turnstone control region at the beginning of the light (L) 

strand was obtained by in vitro amplification using the polymerase chain reaction (PCR) 

(Mullis and Faloona 1987). One primer was designed ending in the anti-codon loop of the 

chicken Glu-tRNA gene at 31 nucleotides upstream of the control region (Desjardins and 

Morais 1990), CH 16746 L (ACCCCAAGGACTACGGCTTGAA). The other primer was 

located in a conserved region (on the basis of comparison with the chicken sequence) in the 
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