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ChapterChapter 1 

Introduction n 

RelevanceRelevance and aim of this study 

Thee adaptive radiation of Australian and New Zealand Microseris, M. lanceolata (Walp.) Sch.-Bip. 
andd M. scapigera (Forst.) Sch.-Bip., has been studied by reconstructing its evolutionary history on 
thee basis of" molecular markers and by comparing its morphological and molecular diversification. 
Thiss plant group is a unique model system to investigate adaptive radiation, because it is supposed 
too have originated from one or a few diaspores after a single introduction into Australia or New 
Zealandd via long-distance dispersal from western North America (see Origin of the taxon pg. 31). 
Itss present distribution covers both islands of New Zealand, Tasmania, and south(east)ern 
Australiaa (Fig. 1 of Chapter 2), and there are different ecotypes (Fig. 2 and Table 1 of Chapter 2; 
Chapterr 5). The case differs from most other studies on adaptive radiation in plants by focussing 
onn the onset of speciation. The populations of Australian and New Zealand Microseris are just at 
thee crucial stage in which geographical and ecological differentiation is becoming sufficiently 
pronouncedd to overcome gene flow. The low taxonomie level at which the investigations were 
performedd confronted the research with the lower limits of the utility of molecular markers for 
systematicc purposes. The aims of the study were (1) to resolve and illustrate the early stage of the 
processs of adaptive radiation, and (2) to investigate and debate the value of the different marker 
systemss for tracing the evolutionary history at or below the species level. 

Inn this chapter (Chapter 1), a general introduction to the study is presented. In the first 
half,, attention is given to adaptive radiation, the sources and use of molecular markers at the 
lowerr taxonomie levels (at or below the species level), and the phylogenetic inferences from the 
data.. The second half concerns the classification of Microseris, the origin of the Australian and 
Neww Zealand Microseris, the age of the taxon, and its breeding system. In Chapter 2, a phylogeny 
reconstructionn of the Australian and New Zealand Microseris is presented on the basis of 
restrictionn fragment length polymorphisms (RFLPs) in the variable regions of the chloroplast 
(cp)DNA.. In addition, it is argued that small length mutations (<200 bp, 80% of which are <20 
bp)) are reliable markers for phylogeny reconstructions at the low taxonomie levels, as long as 
consistencyy indexes are high. Chapter 3 clearly visualizes the molecular evolution of a tandemly 
repeatedd /r«F(GAA) gene that was detected in the chloroplast genomes of all species of Microseris 
ass well as in their sister taxon Uropappus. The results suggest that length polymorphisms 
accumulatee relatively easily and in parallel once a duplicated sequence has become incorporated. 
Theyy clearly limit the use of length polymorphisms as indicators for phylogenetic distance. In 
Chapterr 4, the genetic structure of the nuclear (n)DNA of Australian and New Zealand Microseris 
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iss determined with the use of amplified fragment length polymorphisms (AFLPs) and compared to 
geographical,, ecotype, and cpDNA distribution. The results illustrate the precarious balance 
betweenn geographic isolation that favours genetic differentiation, hybridization that reduces 
geneticc differentiation, and selection that favours morphological differentiation during the early 
stagee of adaptive radiation. The nDNA did not supply enough RFLPs or variation in the internal 
transcribedd spacers (ITS) of cistrons for ribosomal (r)RNA to reconstruct the nDNA phylogenetic 
relationshipss among the Australian and New Zealand Microseris. The ITS sequence variation 
amongg the different species of Microseris was, however, sufficient to draw systematic conclusions 
att the generic level (Fig. 3). In Chapter 5, the morphological diversification of Australian and 
Neww Zealand Microseris is analysed in more detail, and the results are discussed in the context of 
thee conclusions made on the basis of the molecular studies, the proposed taxonomy by B. V. 
Sneddonn (Victoria University of Wellington, New Zealand, personal communication), and the 
needd for conservation of this plant group. The results generally confirm the delimitations of 
speciess and ecotypes as earlier defined, and indicate that a complex of characters rather than a 
feww morphological traits are involved in the adaptive radiation of the taxon. 

A d a p t i v ee radiat ion 

DefinitionsDefinitions and general aspects 

Adaptivee radiation is the differentiation of a single ancestor into an array of species that 

inhabitt a variety of environments and that differ in traits used to exploit those environments 

(Schluterr 2000). It includes the origin of new species and the evolution of ecological 

differencess between them. Adaptive radiation may be the result of the elimination of 

competitionn from lineages long specialized on particular resources and the facing of new 

environmentss (Givnish 1997), but can also involve increased competition for resources with 

closee relatives. The former holds especially for taxa that colonize remote, isolated areas, such 

ass oceanic islands (e.g., the Hawaiian silversword alliance, Baldwin et al. 1990; Baldwin 1997) 

orr mountain tops (e.g., Dendrosenecio, Knox and Palmer 1995), while the latter is more true 

forr densely populated areas such as lake Malawi in East Africa (e.g., cichlid fishes, Fryer and 

liess 1972) and the Galapagos islands (Darwin's finches, Lack 1947; Grant and Grant 1979, 

1996).. Due to these two opposing extremes of competition, i.e., its absence versus abundance, 

andd because of different visions on the "multiplicity" and "rapidity" of speciation (see next 

paragraph),, there is no general consensus about the definition of adaptive radiation. 

Amongg a summary of fourteen definitions made by Givnish (1997 pp. 9), Simpson 

(1953)) defined adaptive radiation as: "More or less simultaneous divergence of numerous lines 

allall  from much the same ancestral adaptive type into different, also diverging, adaptive zones", 

includingg the number of lineages (numerous) and the rapidity of their divergence 

(simultaneous)(simultaneous) explicitly. Some others regard the pattern of character diversification (Barret 

andd Graham 1997) or adaptive disparity among species (Jackman et al. 1997) as more 

importantt criteria for adaptive radiation. Givnish and Sytsma (1997) reviewed the theme 

comprehensivelyy in a book that includes a diversity of opinions on adaptive radiation in the 

formm of 20 contributed papers that cover the most relevant and well-studied examples of 

adaptivee radiated plant and animal taxa. In an attempt to re-appraise the concept himself. 
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Introduction Introduction 

Givnishh (1997) introduced the definition: "The origin of a diversity of ecological roles and 
attendantattendant adaptations in different species within a lineage", discarding both the number and 
ratee of speciation from the definition. Also Schluter (2000) reconsidered adaptive radiation 
recentlyy in a book, discussing it from the viewpoint of its ecological causes. He defined 
adaptivee radiation as "The evolution of ecological and phenotypic diversity within a rapidly 
multiplyingmultiplying lineage". According to Schluter's definition, an adaptive radiation may be detected 
byy four criteria: (1) common ancestry, (2) phenotype-environment correlation, (3) trait utility, 
andd (4) rapid speciation. A last relevant definition of adaptive radiation in relation to island 
biologyy is given by Carlquist (1974): "A rapid and recent diversification of a clade in which 
new,new, strikingly different species evolve as a consequence of successive ecological shifts to a 
diversitydiversity of new habitats". In summary, the concept of adaptive radiation is in need for 
consensuss about whether speciation bursts (many and rapid) are relevant in the definition and 
howw to measure this, and whether a lack of competition on the one hand and increased 
competitionn on the other one, should be seen as two different forms or stages of adaptive 
radiation. . 

AA generally accepted model of adaptive radiation with respect to island colonisation 
involvess three temporally separated steps: (1) the arrival of the founding individual(s), (2) the 
increasee in population size, establishment of the taxon, movement to other habitats and 
islands,, and adaptation and diversification in response to these different new environments, 
andd (3) the origin of reproductive isolation between different forms, speciation, and further 
morphologicall  diversification (Carlquist 1974 pp. 97-118; Sanders et al. 1987). The well-
knownn examples of adaptively radiated plant groups on oceanic islands reflect this model and 
aree often characterized by extreme diversity of growth-forms (e.g., Hawaiian silversword 
alliance,, Baldwin et al. 1990; Baldwin 1997; Dendroseris and Robinsonia on the Juan 
Fernandezz Islands, Crawford et al. 1992; Crawford et al. 1993; Sang et al. 1994; and various 
Macaronesiann plant groups, Böhle et al. 1996; Francisco-Ortega et al. 1996; Mes et al. 1996; 
Kimm et al. 1996; Francisco-Ortega et al. 1997; Vargas et al. 1999). The plants often exhibit 
featuress that are correlated with habitat differentiation, e.g., the degree of waxiness or hair 
densityy in response to high evaporation rates (Johnson 1975) or the measure of scleromorphy 
ass adaptation to nutrient deficiency (Johnson and Briggs 1975), which are supposed to be the 
resultt of directional selection (Stuessy and Ono 1998). Due to the occurrence of a wide range 
off  habitats on the islands, including similar as well as different ones, these features are 
expectedd to have evolved many times independently. Within-island radiation in response to 
ecologicall  shifts was particularly found in the Hawaiian and Juan Fernandez floras (Baldwin et 
al.. 1998). Intra-island dispersals between similar habitats and subsequent speciation appeared 
too be more prevalent in the diversification of the Macaronesian flora (Mes and 't Hart 1996). 
Despitee the high morphological divergence, the adaptively radiated taxa are often genetically 
closelyy related and frequently able to interbreed (Baldwin et al. 1990; Baldwin et al. 1998). 
Thiss might reflect a relatively recent origin of the radiations and a possibly large effect of only 
aa few genes in ecological differentiation (Givnish 1997). In many cases, "hard" basal 
polytomiess (star-shape phylogenies; Maddison 1989) were found in molecular phylogeny 
reconstructionss of adaptively radiated plant groups. These were interpreted as rapid 
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radiationss in the early history- of these taxa ( Baldwin et al. 1990; Crawford et al. 1992), and 
mightt be evidence for the independent evolution of characters correlated to particular habitats. 

AdaptiveAdaptive radiation in Australian and New Zealand Microseris. 

Thee Australian and New Zealand Microseris fulfi l different characteristics of adaptive 
radiation.. First, they are likely to have evolved from one ancestor after a single introduction 
intoo the Southern hemisphere (see Origin of the taxon pg. 31). Second, they have 
morphologicallyy diverged into a number of locally adapted ecotypes (Fig. 2, Table 1, and 
Introductionn of Chapter 2; Chapter 5). There is a wide range of soil preferences, from acid 
boggyy soils to limestone outcrops, and climatically different habitats, including relatively 
warmm and dry lowlands, cool highlands, and wind-swept coastal areas. Third, the ecotype 
characteristicss can be interpreted as adaptations used to exploit those different environments, 
e.g.,, tuberous roots to overcome summer droughts in the lowlands of Australia in the 
"murnong""  ecotype (Gott 1983; Fig. 2 of Chapter 2). The characteristics are maintained in the 
greenhouse,, indicating their genetic basis. The adaptive radiation of the Australian and New 
Zealandd Microseris may initially be seen in the context of the elimination of competition from 
lineagess long specialized on particular resources and facing new environments. The molecular 
resultss of our studies (Chapters 2-4) show low levels of overall genetic diversity within the 
taxonn and a basal polytomy in the cladistic treatment of cpDNA mutations. They also 
indicatee that geographic isolation is the overriding factor in the genetic differentiation of 
Australiann and New Zealand Microseris (Chapters 2, 4), and show evidence for the (recent) 
occurrencee of genetic exchange among plants of different ecotypes. Incongruences between 
thee molecular and morphological diversification suggest that the ecotype characteristics are 
maintainedd or re-established by selection and adaptation (Chapters 4, 5). This overall scenario 
off  adaptive radiation in Australian and New Zealand Microseris is comparable to the one that 
iss found to be characteristic for oceanic island floras (see former paragraph) 

Molecularr markers in evolutionary biology 

Strategy Strategy 

Molecularr markers have become increasingly incorporated in evolutionary and systematic 
studiess during the last few decades. In plants, three sources of molecular markers are available, 
thee cp-, mitochondrial (mt)-, and nDNA (see for reviews the two volumes of Molecular 
Systematicss of Plants, Soltis et al. 1992b; Soltis et al. 1998). The cp- and mtDNA are 
cytoplasmicc molecules and essentially uniparental, mostly maternal, inherited in angiosperms 
(Birkyy 1995). The nDNA is inherited through both parents and represents more the 
organismicc lineages needed to understand the genetic basis of evolution (Bachmann 1992, 
1997).. The aim of molecular evolutionary and systematic studies is to resolve the 
relationshipss among individuals by investigating a certain DNA (or protein) region. Based on 
thee results, a hypothesis about the evolutionary history of the group under study can be 
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reconstructedd (see Phylogenetic inferences pg. 21). One of the limitations of using DNA is the 
riskk that the region investigated does not represent the evolution of the organism, in other 
words,, the "gene" tree is not identical with the "species" tree (e.g., Doyle 1992, 1997; Wendel 
andd Doyle 1998). Therefore, more than one DNA region, or sites scattered throughout the 
genomee (Hilli s et al. 1994), and DNA from different sources should be investigated. The 
congruenciess among the data sets or resulting phylogenies can than be interpreted as increased 
supportt for the supposed evolutionary history of the study group, whereas incongruencies 
mayy be evidence for reticulate evolution within the group or differentt rates or modes of 
evolutionn in the DNA (Wendel and Doyle 1998). The molecular results can also be compared 
too the morphological differentiation within the group under study, in order to understand the 
geneticc basis of the evolution of morphologicall  characters (e.g., Kadereit 1994). Finally, 
comparisonn of different data sets can show evidence for parallel or convergent evolution of 
eitherr morphological or molecular traits e.g., (Givnish et al. 1994; Hoot and Palmer 1994; 
Baldwinn 1997). 

Thee choice of DNA to be analysed depends on the taxonomie level of the 
investigations.. In higher level taxonomy, the more conserved regions should be used, such as 
thee cpDNA genes rbcL (Chase et al. 1993) or atpB (Savolainen et al. 2000) and the nrDNA 
18SS gene (Soltis et al. 1997), whereas at lower taxonomie levels introns and intergenic spacers 
cann be chosen, like the /r«Z(GAA) intron or trnL(GAA)-trnF(\JAA) intergenic spacer in the 
cpDNAA (Taberlet et al. 1991) and the ITS or intergenic spacer (IGS) of the nrDNA region (see 
alsoo Soltis and Soltis 1998). In studies of adaptive radiation, primarily the lower taxonomie 
levels,, around the species level, are concerned (e.g., Baldwin et al. 1990; Crawford et al. 1992; 
Francisco-Ortegaa et al. 1996). In our study of Australian and New Zealand Microseris even 
lowerr taxonomie levels, down to the population level, have been investigated (Chapters 2-5). 
Inn addition, adaptively radiated plant groups are characterized by low levels of genetic 
variationn (see Adaptive radiation pg. 10). In studies of adaptive radiation, therefore, the most 
variablee DNA regions need to be investigated to obtain a certain level of variation. At the same 
time,, these rapidly evolving markers should preserve evidence of site homology and lineage 
diversificationn (Baldwin et al. 1998). 

SourcesSources of molecular markers 

Fromm the cp-, mt- and nDNA sources available in plants, the cpDNA is favoured by many 
evolutionaryy biologists and plant systematicists. This is because of its abundancy, 
applicabilityy over a wide range of taxonomie levels, and high degree of conservation in size, 
structure,, gene content, and linear order of genes (Palmer 1991; Downie and Palmer 1992; 
Soltiss and Soltis 1998). Since more taxa are under investigation, however, the number of 
structurall  mutations found in the cpDNA is increasing (see Chapter 3 and references therein). 
Thee chloroplast genome is largely or entirely uniparental, mostly maternal (Corriveau and 
Colemann 1988), inherited in angiosperms and behaves as a clonal lineage, that is, involves no 
bi-parentall  recombination (Birky 1995). These various characteristics make the cpDNA easy 
too work with and its markers convenient to interpret. At the same time, the cpDNA has the 
(dis)advantagee that it traces only part of the history of the organism under consideration, e.g., 
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thee maternal lineage. Its occurrence as one linkage group also implies that only one "gene" tree 
cann be resolved, even when different regions of the plastid are investigated. Because of its 
conservedd nature, the cpDNA has been most useful in higher level taxonomy (e.g., Chase et al. 
1993;; Savolainen et al. 2000). More recently, introns and intergenic spacers appeared to be 
usefull  at lower taxonomie levels (Gielly and Taberlet 1994; Van Ham et al. 1994; Mes et al. 
1996).. In comparison to the nDNA, the cpDNA has proven to be useful in detecting 
cytoplasmicc introgression (interspecific gene exchange, hybridization; Rieseberg et al. 1996; 
Roelofss and Bachmann 1997). In studies of adaptive radiation, the cpDNA variation may give 
aa first hypothesis about the evolution of the taxon, and can provide evidence for the 
occurrencee of inter- (or intra-)specific hybridization. 

Thee mtDNA is comparable to the cpDNA in its uniparental, mostly maternal, 
inheritance.. In contrast to the cpDNA, the mtDNA is not often used in plant evolutionary 
studiess because of its extremely rapid structural rearrangements and exceptionally slow 
evolutionn of the primary sequence (Palmer 1992). Plant mtDNA is, however, poorly studied, 
andd particularly the slow sequence evolution suggests that some genes might be useful in 
determiningg higher level relationships. This is supported by a few recent studies involving the 
small-subunitt rDNA (Duff and Nickrent 1999), atpA (Davis et al. 1998), and nad\ b/c exon 
(Bakkerr et al. 2000) sequences. The mtDNA is likely not to be useful at the lower taxonomie 
levelss and has not been used in studies of adaptive radiation in plants thus far. 

Thee nDNA represents both parental lineages and is, therefore, most valuable to 
investigatee the evolution of the organism (Bachmann 1992, 1997). Most often the nrDNA 
sequencess that code for the ribosomal subunits, 18S, 26S, and 5.8S, and the internal 
transcribedtranscribed spacers, ITS-1 and ITS-2, are used in evolutionary and systematic studies 
(Baldwinn 1992; Hamby and Zimmer 1992; Baldwin et al. 1995; Soltis and Soitis 1998). These 
geness and spacers are arranged in one unit that occurs in thousands of tandem repeats within 
thee genome, and these repeats are characterized by overall sequence homogeneity. This, 
togetherr with the different evolutionary rates in genes and spacers, makes the nrDNA easy to 
workk with and applicable over a wide taxonomie range. The process of sequence 
homogenization,, usually termed concerted evolution, is however, not entirely understood 
(Sandersonn and Doyle 1992). This process may have been insufficient in sexual diploids that 
showw various (non)functional copies or recombinants of the rDNA sequences (e.g., Nicotiana 
andd Zea, Buckler et al. 1997), has not yet come to completion in recent hybrids (Baldwin et al. 
1995),, is likely not to occur in asexual plants (e.g., Amelanchier, Campbell et al. 1997; 
Taraxacum,Taraxacum, R. Van der Hulst, University of Amsterdam, The Netherlands, personal 
communication),, and can become biased to one or the other parental lineage in allopolyploids 
(Gossypium,(Gossypium, Wendel et al. 1995). Eventual effects of incomplete concerted evolution are most 
prevalentt at the lower taxonomie levels, at which interspecific hybridization is still possible 
andd the faster evolving ITS-1 and ITS-2 regions are used for evolutionary studies (see also 
Doylee and Davis 1998). This indicates that particularly at the lower taxonomie levels 
conclusionss about the evolution of the organism should not rely on the interpretation of 
nrDNAA data alone (Soltis and Soltis 1998). 
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Inn the need to obtain additional information from the nDNA for evolutionary 
purposes,, the use of other nDNA regions has been explored. Until now, these attempts have 
onlyy been partly successful. Among the investigated DNA regions are alcohol dehydrogenase 
{adh){adh) genes (Kosuge et al. 1995; Morton et al. 1996; Sang et al. 1997b; Small and Wendel 
2000a,, b) histon H3-D introns (Doyle et al. 1996; Doyle et al. 1999), glutamine synthetase 
intronss (GS, Emshwiller and Doyle 1999), waxy genes (Mason-Gamer et al. 1998), and 
differentt MADS-box genes (Bailey and Doyle 1999; Barrier et al. 1999). All of these regions 
aree useful around the species level (Soltis and Soltis 1998), and often primer sites are not or 
onlyy partly conserved outside the study group. Most of the mentioned regions concern gene 
families,, and particularly in studies of the adh genes difficulties have been encountered with 
respectt to these multiple copies. These include copy number and sequence polymorphisms 
withinn a lineage, indicating the reticulate nature of the nDNA (Small and Wendel 2000b), copy 
numberr lability, showing different duplication and deletion events in different taxa (Small and 
Wendell  2000a), and evolutionary rate differences between loci, both within and between taxa 
(Smalll  and Wendel 2000a). Also, eventual difficulties can be encountered in distinguishing 
paralogouss (duplicated genes) from orthologous (different alleles or homologous genes in other 
individuals)) genes. These different aspects make the various suggested nDNA regions not 
usefull  at a wide taxonomie range. They also show the reticulate nature of the nuclear genome 
ass a result of genetic exchange and processes such as lineage sorting (random fixation of alleles 
inn different lineages due to allelic polymorphism at the time of speciation), illustrating the 
difficultiess of reconstructing the evolutionary history from the nDNA, especially at the lower 
taxonomiee levels. The nDNA regions may be valuable in detecting the parental lineages of a 
taxonn with a supposed hybrid ancestry, as was shown for MADS-box genes in a study of 
adaptivee radiation (Barrier et al. 1999). 

AA third strategy to investigate the nDNA is via anonymous DNA markers. These 
include,, RFLPs, random amplified polymorphic DNAs (RAPDs; Williams et al. 1990; Wolfe 
andd Liston 1998), and AFLPs (Vos et al. 1995). RFLPs are presently not often used to 
exploree the nDNA for evolutionary purposes. The technique is labourious, single copy DNA 
iss not always readily detectable, and a homologous (from the same species) or heterologous 
(fromm a relatively closely related species) probe set is required. Nevertheless, RFLPs have 
beenn useful in studies of crop species (e.g., Gebhardt et al. 1989; Kesseli et al. 1994) and a few 
evolutionaryy studies that involve wild species (e.g., Song et al. 1988; Okada et al. 1997), 
includingg Microseris (Van Houten et al. 1993). The RAPD and AFLP methods are nowadays 
moree often used to resolve variation in the nDNA, particularly because they generate a high 
numberr of polymorphisms in a relative short period of time and at low costs (Wolfe and 
Listonn 1998). These methods have the advantage that they resolve variation at the lowest 
taxonomiee levels, were many other methods fail to do so (Bachmann 1997; Friesen et al. 
2000).. The measure at which RAPDs and AFLPs are useful in evolutionary and systematic 
studiess is. however, matter of debate (see RAPDs and AFLPs pg. 18; Wolfe and Liston 1998). 
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IntronsIntrons and intergenic spacers 

Attemptss to resolve molecular variation at the lower taxonomie levels primarily involve 
noncodingg DNA regions. These regions show accelerated mutation rates, and are likely to be 
independentt from selection on morphological traits (Kimura 1983). For these reasons, the 
noncodingg DNA regions are particularly suitable for the study of adaptive radiation in which 
geneticc variation is generally low and morphological differentiation pronounced (see Adaptive 
radiationn pg. 10). Although independent from selection on morphology, a number of 
nucleotidee positions in introns and intergenic spacers is not selectively neutral, and our 
knowledgee about constraints on (non)coding DNA regions is far from complete (Wendel and 
Doylee 1998). Examples of nucleotide substitution rate heterogeneities in noncoding DNA 
includee highly conserved regions that correspond to promoter regions in the atpB-rbcL 
intergenicc spacers of the cpDNA (Soltis and Soltis 1998), parts of the nrDNA ITS regions 
thatt are likely to play a role in the processing of rRNA transcripts (Venkateswarlu et al. 
1991),, and nonindependency of sites due to secondary structures (e.g., stems in nrDNA, Mai 
andd Coleman 1997) or neighbouring base substitutions (Morton 1995; Morton et al. 1997). 
Thiss may become a problem in reconstructing evolutionary histories when turn-over rates of 
nucleotidee changes at some positions are reached (multiple hits; Wendel and Doyle 1998), or 
whenn rate heterogeneities among taxa within the study group exist. When this can be excluded 
thee constraints on noncoding DNA can be seen as different evolution rates or different 
"weights""  of characters, and may pose few problems in reconstructing evolutionary histories 
(Wendell  and Doyle 1998). 

Apartt from rate heterogeneity of nucleotide substitutions among sites, noncoding 
DNA,, particularly intergenic spacers, can be subject to structural rearrangements (Downie and 
Palmerr 1992; Soltis and Soltis 1998; Chapter 3). Insertion/deletions (indels) and inversions 
havee proven to be useful in some studies of closely related taxa (Van Ham et al. 1994; Mes et 
al.. 1996; Sang et al. 1997a; Chapter 2), but have also been shown to originate in parallel, even 
att higher taxonomie levels (Downie et al. 1991; Hoot and Palmer 1994). Particularly the 
nrDNAA IGS sequences exemplify the occurrence of high rates of structural rearrangements as a 
resultt of subrepeat structures (Soltis and Soltis 1998). As a consequence, such intergenic 
spacerss are generally useless for tracing evolutionary histories. Rearrangements may be a 
resultt of intra- or intergenomic recombinations, also within and between chloroplast genomes 
(Birkyy 1995; Chapter 3), for the nDNA primarily associated with outcrossing (see next 
paragraph).. Particularly when structural rearrangements lead to contrasting evolutionary 
historiess in thee DNA under investigation, the molecular markers obtained from these regions, 
wil ll  yield unreliable hypotheses about the evolution of the organism. 

AA third concern that is encountered at the lower taxonomie levels, particularly at those 
levelss were the degree of gene flow (genetic exchange among populations) and recombination 
aree crucial parameters, is the occurrence of a complex genome due to reticulate evolution. In its 
mostt extreme form, molecular systematics based on reticulate genomes can be regarded as one-
characterr taxonomy (Doyle 1992; Doyle and Davis 1998). Also the relative antiquity of the 
recombinationn event(s) is difficult to detect (Wendel and Doyle 1998). An evolutionary 
historyy that involves reticulation can not accurately be depicted by a strictly bifurcating tree 
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(Wendell  and Doyle 1998; Wolfe and Liston 1998). Instead, such individuals or DNA regions 
shouldd be seen as networks or hybrids in phylogeny reconstructions (see also Phylogenetic 
inferencess pg. 21). 

Inn summary, evolutionary rate heterogeneity, structural rearrangements, and the 
prevalencee of (antique) recombination can all result in unreliable hypotheses of the 
evolutionaryy history of the taxon, particularly at lower taxonomie levels. The interpretation of 
thesee hypotheses should be done with care, and preferably, different regions should be 
investigatedd and evaluated to converge to the "true" evolution of the organism under study. In 
addition,, increased attention should be given to methods that are suitable to trace the 
evolutionaryy history from a reticulate genome. At the same time, the investigations at the 
lowestt taxonomie levels are of interest in order to obtain more insights into molecular 
evolutionn and the limitations of molecular markers applicability in evolutionary studies. 

Thee investigations of the noncoding DNA regions occur either implicitly, by using 
RFLPs,, RAPDs, or AFLPs, or explicitly, via amplification of an intron or intergenic spacer of 
interestt followed by digesting of the amplified products with restriction enzymes (polymerase 
chainn reaction (PCR)-based RFLPs; Hilli s et al. 1996a) or sequencing. The former methods 
havee the advantage that they sample more genome wide (Van Eek et al. 1995; Jansen et al. 
1998),, whereas the latter can account for eventual knowledge about the mode of evolution of 
thatt particular region in the data analyses. Many of the first molecular evolutionary studies of 
plantss are based on RFLPs in the cpDNA, using six base pair recognizing enzymes, agarose 
gelss to separate the restricted fragments, Southern blotting (Sambrook et al. 1989), and radio-
activee labeled probes of a set that covers all or most of the genome (e.g., Jansen and Palmer 
1987b;; Palmer et al. 1988). To enhance the sensitivity of the methods, four base pair 
recognizingg enzymes and separation of fragments on polyacrylamide gels can be used 
(Gebhardtt et al. 1989; Van Houten et al. 1993; Chapter 2). The PCR-RFLP method was 
developedd at the time that more and more universal primers became available, e.g., nrDNA 
primerss (White et al. 1990), various cpDNA primers (Taberlet et al. 1991; Demesure et al. 
1995;; Dumolin-Lapegue et al. 1997), and primers designed on the basis of the increasing 
numberr of sequences available from GeneBank (http://www.ncbi.nlm.nih.gov). Also 
sequencingg largely benefited from the increased availability of universal primers, and 
nowadays,, this is the method of choice to investigate the amplified regions of interest 
(Olmsteadd and Palmer 1994; Soltis and Soltis 1998). Eventually, the PCR-RFLP method is 
directedd by a few pilot sequences. The RFLPs are preferably scored as presence/absence of 
sites,, not of fragments, and after mapping (Jansen et al. 1998; see also Chapter 2). The latter 
iss needed to discriminate between nucleotide substitutions in restriction sites and length 
mutations.. When length variation is present in a particular region, the interpretation of 
restrictionn site changes in that region becomes difficult. For both RFLPs as well as sequencing, 
thee methods of data analyses have been advanced during the last decade, particularly with 
respectt to the ability to build-in weighting schemes about nucleotide substitution processes 
(e.g.,, Albert et al. 1992; Swofford et al. 1996; Lewis 1998). 
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RAPRAP Ds and AF LPs 

Thee RAPD (Williams et al. 1990) and AFLP (Vos et al. 1995) methods need no prior 
knowledgee about the genomic make-up of the organism investigated, require only small 
amountss of DNA, and reveal relatively fast and at low costs a large number of 
polymorphisms.. They were primarily developed for genetic mapping studies (e.g., 
Hombergenn and Bachmann 1995; Van Eek et al. 1995), but have, among others, been explored 
forr their use in evolutionary and systematic studies (e.g., Van Heusden and Bachmann 1992a, 
b;; Kardolus et al. 1998). The main disadvantage of the methods for these purposes is the 
difficultyy in identifying homologous markers (alleles; Wolfe and Liston 1998; Meuller and 
Wolfenbargerr 1999). This can be the result of the reproducibility of the amplification 
reactions,, the limits of the gel separation method, the ambiguous scoring of faint bands, and 
thee difference in presence/absence of a band due to nonhomologous changes in the restriction-
orr primer sites. In addition, the binary scoring of bands might be biased by codominant 
inheritance,, when more than one band is resolved after insertion/deletions or gain/losses of 
restriction-- or primer sites in the amplified region. A number of these problems can partly be 
overcomee by rigorously standardizing the protocol. The AFLP method is preferred above the 
RAPDD method for its better reproducibility (Vos et al. 1995; Jones et al. 1997) and more 
accuratee gel separation by the standard use of polyacrylamide gels. The homology of 
fragmentss can be determined via (labourious) hybridization experiments (Rieseberg 1996; 
Roelofss and Bachmann 1997). The codominant inheritance of RAPD and AFLP fragments has 
oncee been estimated to be around 5% (Helianthus, Rieseberg et al. 1993) and 6-13% 
{Hordeum,{Hordeum, Waugh et al. 1997), respectively. 

Inn systematic studies and the estimation of evolutionary history, apart from the issue 
off  homology (1), additional concerns exist about the use of RAPDs and AFLPs. These include 
(2)) eventual nonindependency of fragments, (3) the lack of an appropriate model for changes 
off  RAPD and AFLP characters (Backeljau et al. 1995), and (4) the fact that these methods are 
primarilyy used at taxonomie levels at which gene flow and reticulation is the rule rather than 
thee exception. Concerning the point of nonindependency, again the AFLP method scores 
betterr than the RAPD method because of its more genome wide mapping (Van Eck et al. 
1995).. The lack of knowledge about character state changes will result in a number of 
different,, but equally weighted types of changes lumped into one data set, whereas 
codominantlyy inherited fragments are counted twice. In addition, RAPDs and AFLPs originate 
primarilyy from repetitive DNA regions which may often be subject to different rates of 
evolutionn (see Introns and intergenic spacers pg. 16). These different facts are primarily 
associatedd with the "weights" of characters and will not necessarily result in a wrong 
hypothesiss about the evolution of the organism (Wendel and Doyle 1998). The fourth point is 
aa matter of concern as long as no appropriate models for network phylogenies have been 
developed.. In addition, the use of "population pools" has been promoted to exclude 
intrapopulationss RAPD variation from the analyses (Furman et al. 1997). In a number of 
studies,, the analyses of RAPD data by standard parsimony methods (see Phylogenetic 
inferencess pg. 21) resolved hypotheses about the evolutionary history of the group that were 
comparablee to those based on other data sets (e.g., Roelofs and Bachmann 1997; Kardolus et 
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al.. 1998; Friesen and Blattner 2000). In these phylogenies, collapsing of the tree was regarded 
ass evidence for the occurrence of gene flow, whereas branches were seen as evidence for 
barrierss to gene flow (Bachmann 1997). The interpretation of these branches in terms of 
relationshipss among taxa depends on the measure at which evolutionary rates are similar along 
thosee branches and the measure in which they are supported by consistent markers (markers 
withoutt homoplasy, see Phylogenetic inferences pg. 21). Finally, the applicability of RAPDs 
andd AFLPs at the lower taxonomie levels often implies that the sister of the study group is 
tooo distantly related to allow for outgroup comparison. In the study of adaptive radiation, 
RAPDss and AFLPs are particularly useful in resolving the nDNA genetic structure within the 
taxon,, and in the determination of the occurrence of gene flow. 

ResolvingResolving rapid radiations by adding morphological data 

Duee to the low level of genetic variation often found in adaptively radiated plant taxa (see 
Adaptivee radiation pg. 10), and the lack of fixation of enough shared molecular mutations 
(Baldwinn et al 1998), the resulting phylogenetic trees often show "hard" basal polytomies 
(star-shapee phylogenies; Maddison 1989; see also Chapter 2). These "hard" basal polytomies 
aree interpreted as rapid radiations early in thee history of these taxa, and adding more data is 
unlikelyy to increase the resolution of these phylogeny reconstructions. It has been suggested 
thatt phylogenetic analyses of combined molecular and morphological data should be used to 
resolvee such "hard" polytomies (e.g., Mes and 't Hart 1996; Mes et al. 1997b). Although 
indicatedd by a number of studies (e.g., Givnish et al. 1994; Baldwin 1997), the possibility that 
parallell  evolution of morphological characters is especially prevalent in adaptive radiations of 
oceanicc island taxa is not absolutely proven (Baldwin et al. 1998). A widely accepted view is 
thatt morphological evolution may differ fundamentally from molecular evolution in that single 
geneticc changes often underlie dramatic morphological transformations (Gottlieb 1984; 
Kadereitt 1994). Essentially, this is a form of incongruency that arises from rate differences 
betweenn molecular and morphological evolution (Wendel and Doyle 1998), and not one from 
contrastingg evolutionary histories. In the case of rate differences, the molecular and 
morphologicall  data sets are likely to complement each other with respect to anagenetic 
(evolutionn within the same lineage) and cladogenetic (splitting events) periods of radiation, 
respectivelyy (Donoghue and Sanderson 1992; Olmstead and Palmer 1994). Although combined 
dataa sets may have resulted in better resolved phylogenies, evidence about possible 
contrastingg evolutionary histories of the different data sets will remain undetected. 
Contrastingg evolutionary histories have particularly been shown between n- and cpDNA data, 
e.g.,, introgression (Rieseberg et al. 1996), and as a result of parallel or convergent evolution of 
morphologicall  characters (e.g., Givnish et al. 1994; Baldwin 1997). The risk of arriving at a 
wrongg hypothesis about the evolution of the organism by summarizing different data sets or 
topologiess can be prevented by always presenting the results of separate analyses, even when 
theree is less resolution. (In)congruencies between the different data sets can then be discussed. 
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MolecularMolecular markers used in Australian and New Zealand Microseris 

Too obtain a hypothesis about the evolutionary history of the Australian and New Zealand 
Microseris,Microseris, most of the above mentioned sources of DNA markers have been tested, with 
emphasiss on variability at or below the species level. The markers included /r«Z,(UAA)-
trnF(GtrnF(G AA)ltrn V(U AC) sequence variation and RFLPs in the variable regions of the cpDNA, 
andd ITS-1 and ITS-2 sequence variation and RFLPs, RAPDs, and AFLPs in the nDNA. Of 
thesee markers, the ITS sequences were invariable within the taxon, and the RFLPs resolved 
insufficientt variation in the nDNA to allow phylogenetic reconstruction. Both the RAPD and 
AFLPP methods resulted in dense banding patterns, probably as a result of the large and 
allotetraploidd genome of the plants (Chambers 1955; see Origin of the taxon pg. 31). Scorable 
AFLPP patterns were, however, obtained by increasing the number of selective nucleotides in 
thee (pre-)selective primers (see Chapter 4). 

Thee trnL-trnF sequence variation and the RFLPs in the cpDNA resolved enough 
mutationss to reconstruct a phylogenetic tree (Chapter 2). Many of the RFLPs were small 
lengthh mutations (mostly <20 bp), but these appeared to be useful for phylogeny 
reconstructionn of Australian and New Zealand Microseris. The conservation of small length 
polymorphismss at the intra- and interspecific level was also supported by small repeats 
(mostlyy <10 bp) found in the trnL-trnV{\]AC) sequences (see Appendix 1 of Chapter 3, 
indicatedd by arrows under the alignment), that remained unchanged within part or all of the 
speciess of the genus. At the same time, a tandemly repeated /mF(GAA) gene was detected in 
alll  members of Microseris as well as their outgroup Uropappus, and this appeared to behave 
ass a "hotspot" for parallel changes into similar trnF copy numbers (Chapter 3). The molecular 
evolutionn of these tandemly repeated trnF genes could be reconstructed because of the well-
establishedd cpDNA phylogeny available (Wallace and Jansen 1990; Fig. 2; Chapter 2). The 
studyy of the cpDNA of Australian and New Zealand Microseris became, therefore, a test case 
off  the usability of length polymorphisms for phylogenetic analyses at the lower taxonomie 
levelss (see Discussions of Chapter 2 and 3). 

Thee AFLPs showed enough variation within the ingroup to estimate the nDNA genetic 
structuree (Chapter 4). The method was, however, too sensitive to allow for comparison with 
thee diploid North American outgroup species (see Origin of the taxon pg. 31), so that no 
rootedd analyses could be performed. In addition, the molecular variation showed evidence for 
geneticc exchange within the taxon (Chapters 2, 4), indicating a network rather than a 
bifurcatingg evolutionary history. Therefore, the AFLP data were phenetically interpreted 
usingg distance and multivariate analyses, and a phylogenetic hypothesis based on the nDNA 
off  the Australian and New Zealand Microseris was not obtained. 

Becausee only one nrDNA ITS sequence was found in the Australian and New Zealand 
MicroserisMicroseris (Appendix 1), no phylogeny reconstruction based on the nrDNA could be 
performed.. The sequence was, however, valuable to establish its systematic position within 
thee genus (Fig. 3). In addition, the ITS sequence could be used to investigate the supposed 
allotetraploidd origin of the Australian/New Zealand Microseris. and the possibility of the 
existencee of a recombinant nrDNA sequence of the parental sequences, as was suggested by 
Vann Houten et al. (1993). The sequence appeared to share nucleotides with both putative 
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parentss of the hybrid, an ancestral North American annual and a perennial species of the genus 
(seee Origin of the taxon. pg. 31, Appendix 1, Fig. 3b). Evidence for shared derived nucleotide 
substitutionss was, however, only detected for M. scapigera/M. lanceolata and the North 
Americann perennials (positions 296, 561, 625, 626, 661, and possibly 141,494, 495 and 498). 
Althoughh three positions showed character states that could possibly be derived together with 
thee annuals (positions 130, 154 and 576). This indicated that the nrDNA sequence is likely to 
bee mainly or entirely perennial derived, and did not strongly support the existence of a 
recombinantt nrDNA sequence within the Australian and New Zealand Microseris. Finally, the 
ITSS sequence variation between the in- and outgroup of the species was used to estimate the 
agee of the taxon according to the molecular clock hypothesis (see Age of the taxon pg. 34) 

Phylogeneticc inference 

Generally Generally 

Inferringg a phylogenetic tree is the making of an "estimate" of the evolutionary history from 
thee data available (Swofford et al. 1996). The inference is postulated on the inheritance of 
ancestrall  characteristics, and on the existence of an evolutionary history defined by changes in 
thesee characters. Almost all of the used methods accept the appropriateness of a tree-like 
modell  of evolution. The selection of one or more trees is either based on an algorithm that 
leadss to the determination of the tree or by an optimal criterion that evaluates alternative 
phylogeniess and decides which one is "better". The algorithmic methods include all forms of 
pair-groupp cluster analyses, e.g., unweighted pair-group method using arithmetic averages 
(UPGMA,, Sneath and Sokal 1973), and some other distance methods, e.g., Neighbour joining 
(Saitouu and Nei 1987). The optimal criterion methods require a definition by which the trees 
aree evaluated based on what is known about evolutionary processes. Most widely used 
criteriaa are the principle of parsimony that seeks solutions that minimize the amount of 
evolutionaryy change, and likelihood methods that estimate the actual amount of change 
accordingg to an evolutionary model, e.g., an expression of nucleotide substitution rates 
(Swoffordd et al. 1996; Lewis 1998). The algorithmic methods are computationally fast because 
theyy proceed directly towards a solution. Because these methods do not evaluate the different 
treess they may give an answer which may not be the most likely phylogeny. The algorithmic 
methodss are therefore best to explore the data and to find a starting tree for more thorough 
searchess under a given criterion (Swofford et al. 1996). The optimal criterion methods are 
computationallyy more complex, which limits their use for evaluating large data sets. By 
modifyingg the thoroughness of the search, these methods can be made applicable to a certain 
amountt of data, balancing between efficiency and time and computational speed available 
(Hillisetal.. 1996b). 

Alll  of these methods will select a tree regardless of how non tree-like data appear. 
Somee biological phenomena, such as recombination events within genes and hybridization 
eventss between lineages, can however, only be represented in networks (Swofford et al. 1996; 
Hilli ss et al. 1996b; Iketani 1998). In studies that include these biological phenomena, such as 
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studiess at or below the species level, methods that build networks rather than trees should be 
used.. To date, only few network methods are available, e.g., Split Decomposition (Bandelt 
andd Dress 1992; see also pg. 24), but with the increasing interest in intraspecific applications, 
furtherr development of these algorithms is to be expected. 

TheThe cladistic theory 

Thee cladistic theory is formulated by Hennig (1966) and describes the method of classification 
andd reconstructing genealogies of organisms that is most widely accepted today. It claims (1) 
thatt the hierarchical similarity of taxa can be presented by a branching diagram, (2) that 
characterss change their state at different hierarchical levels, and that states that are present 
onlyy in part of the study group indicate relationships within that study group, (3) that 
characterr congruence is the decisive criterion for distinguishing homology from nonhomology, 
andd (4) that the principle of parsimony maximizes character congruence (Scotland 1992). The 
homologyy of a character is defined as the same organ under every variety of form and function, 
andd includes for sequence data essentially "positional" homology (Swofford et al. 1996). 
Similaritiess form a fundamental basis for reconstructing evolutionary history. Hennig (1966) 
differentiatedd primitive similarities (plesiomorphies) from advanced similarities 
(apomorphies),, and regarded shared characters between organisms the result of shared 
inheritance.. In addition, shared derived characters (synapomorphies) are evidence of exclusive 
commonn ancestry (strict monophyly). Conflicting similarities are termed homoplasies and can 
bee the result of convergence (involving nonhomologous characters), parallelism, and reversal. 

Inn the cladistic theory, common ancestry is the one and only justification for the 
establishmentt of systematic groups. A monophyletic or "natural group" (clade) is defined by 
thee sharing of a common ancestor which is not also the ancestor of another group. It includes 
alll  descendants of a common ancestor, whereas a paraphyletic group (grade) does not, e.g., the 
reptiless are not monophyletic because they share their most recent common ancestor with the 
birds.. The point of paraphyly has been difficult to accept in practice because monophyly is 
nott always conform what is seen as "natural" groups in nature, e.g., reptiles and birds are 
clearlyy two different groups. In the phylogenetic treatment of molecular data, monophyly as 
definedd by Hennig (1966) has also been adopted (Chapter 2). 

ParsimonyParsimony methods 

Treee building according to the principle of maximum parsimony is essentially associated with 
thee cladistic theory, and is the most widely used method. In this method, trees are selected 
thatt minimize the total tree length, that is, the number of character changes that are needed to 
explainn a given set of data. A number of different constraints on character state changes can be 
incorporated,, e.g., Fitch parsimony (Fitch 1971) allows any character state to freely transform 
intoo another state at the cost of one step, Wagner parsimony (Kluge and Farris 1969; Farris 
1970)) accounts for the order of character states so that a transformation from state one to 
threee requires two steps, and Dollo parsimony (Farris 1977) does not allow reversals. Also, 
variouss weights based on the assumptions of the investigator can be incorporated via a step-
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matrixx (e.g., Albert et al. 1992; Kitching 1992; Swofford et al. 1996). The rooting of the tree 
occurss via outgroup comparison. This involves the choice of a taxon that is closely related to 
thee study group. Preferably, the sister taxon is used, that is the taxon that shares the most 
recentt common ancestor with the ingroup. The outgroup is regarded to reflect the ancestral 
statess of the characters, and as a result, the characters of the ingroup become polarized and the 
eventuall  monophyly of (parts of) the ingroup can be determined. 

Measuress of fit  between trees and data include the consistency index (CI) and retention 
indexx (RI; Siebert 1992; Swofford et al 1996). The CI is the minimum number of steps needed 
too represent the data divided by the actual number of steps. This measure is most often used, 
preferablyy with the exclusion of the number of character changes that are unique for only one 
individuall  (autapomorphies). In addition, the CI is negatively correlated to the number of taxa 
andd the number of characters. The RI is considered to be a better measure of evidential 
supportt for groups than the CI. This measure can be thought of as the proportion of 
similaritiess on a tree that are interpreted as synapomorphies (Farris 1989). The statistical 
supportt for each internal branch of the tree can be estimated by bootstrap (Felsenstein 1985) 
orr decay (Bremer 1988) analyses. The bootstrap analysis is based on data sets which include 
characterss that are sampled with replacement from the original data set. The support for each 
branchh equals the percentage of bootstrap replicates in which the branch is formed. A 
minimumm of 100 replicates should be performed, and a bootstrap support <50% is regarded to 
bee a weak support for a branch, which should preferably not be presented in the final tree. 
Thee decay value is the number of steps that must be added to the minimal tree length before a 
monophyleticc group collapses. One disadvantage of the decay values is that it is not clear how 
largee a value must be for a group to be considered well-supported (Swofford et al. 1996). 

MaximumMaximum likelihood methods 

Thee maximum likelihood methods require a probability model of evolutionary process prior to 
thee analyses. This model might be fully defined or contain many parameters that are to be 
determinedd from the data (Swofford et al. 1996; Huelsenbeck and Crandall 1997; Lewis 1998). 
Thee method evaluates the probability that the chosen model will have generated the observed 
data.. The phylogenies are than inferred by finding those trees that yield the highest 
likelihoods.. These trees are not necessarily the shortest ones as defined under the parsimony 
principlee (see former paragraph). The use of models in phylogenetic inferences is not generally 
acceptedd because they can only include information about the evolutionary processes we 
alreadyy know (Siebert 1992; Swofford et al 1996; Lewis 1998), e.g., base substitution 
processess in nucleotides and gene frequency changes. However, any method (implicitly) 
includess assumptions, and the model-based methods have the advantage that they allow for an 
objectivee measurement of possible inadequacies of the models (Lewis 1998). Felsenstein 
(1981)) introduced the maximum likelihood method for phylogenetic inferences using DNA 
sequencee data, and with the increase of molecular data this method is becoming more in use. 
Onee of the advantages of the maximum likelihood methods is that they are statistically 
consistentt by definition, that is, when the data sample tends to infinity the result converges 
onn to the "truth" of the model (Siebert 1992; Swofford et al. 1996; Hilli s et al 1996b). 
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Parsimonyy ignores information on branch lengths when evaluating a tree (Felsenstein 1981; 
Hendyy and Penny 1989; Swofford et al. 1996), whereas maximum likelihood considers that 
changeschanges are more likely along long branches as compared to short ones. As a result parsimony 
methodss may become inconsistent by the increase of data when these include more and more 
characterss that do not favour the "true" tree. In addition, maximum likelihood methods often 
yieldd estimates that have lower variance than other methods, and tend to be more robust to 
manyy violations of the assumptions used in its models (Swofford et al. 1996). 

AlgorithmicAlgorithmic methods: UPGMA and Split Decomposition 

Clusterr analyses, such as the UPGMA method, form a major part of the algorithmic methods. 
Theyy are used to represent similarity or distance data in the form of an ultrametric tree, that 
is,, under the assumption that all lineages evolve equal amounts (Swofford et al. 1996). The 
treess are constructed by linking the least distant pairs of individuals, followed by successively 
linkingg more distant (groups of) individuals. The UPGMA method is the most commonly 
usedd clustering method (Sneath and Sokal 1973), and uses the averages of distances within 
groupss to determine the minimal distance between groups and individuals in building the tree 
(Swoffordd et al 1996). When the data are ultrametric, the representation of the tree is exact, if 
not,, systematic errors are likely to be introduced. Cluster analyses have a strong phenetic 
perspectivee because they only account for the extent of similarity, while the historical 
branchingg order (see former paragraphs) is of secondary importance. By calculating a distance 
orr similarity matrix, the information about character changes is lost and the relationships 
betweenn individual characters and a phenogram cannot be interpreted (Scotland 1992). Also 
thee choice of the distance or similarity algorithm, the clustering method used, and the input 
orderr of individuals can influence the final result. The cluster analyses are, therefore, best to 
obtainn a first idea about the relationships within a group. 

Splitt Decomposition is a method for representing trends in distance data graphically 
(Bandeltt and Dress 1992). Apart from detecting well-supported groupings, they also identify 
conflictingg groups that may have strong support in the data. The conflict is represented by 
drawingg a tree as a network (see Fig. 3b). The method may give an idea about the measure of 
reticulationn within a taxon. Because it is based on distances, and not on characters, it does not 
allowallow to detect which kind of conflict is present in the data and losses the information about 
characterr changes (see also former paragraph). 

Classificationn of Microsehs 

Summary Summary 

Thee primarily North American genus Microsehs D. Don 1832 and its sister genus Uropappus 
Nutt.. 1841 are placed in the subtribe Microseridinae of the tribe Lactuceae in the family 
Asteraceaee on the basis of pappus, achene, pollen, and inflorescence morphology, as well as 
chromosomee number (x = 9; Chambers 1955). Microsehs comprises -16 species of annual and 
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Genuss Microseris morphology y 

Subgenus s Section n Species s 

laciniata laciniata 

hoho welii 

ScorzonellaScorzonella nutans 

sylvatica sylvatica 

paludosapaludosa perennials 

ApargidiumApargidium borealis 

Microseris Microseris 

Brachycarpa Brachycarpa 

MonerMoner mos scapigera {4x; Aus/NZ) 

CalocalaisCalocalais linearifolia 

decipiensdecipiens (4x) 

heterocarpaheterocarpa {Ax) 

douglasiidouglasii annuals 

acuminataacuminata (4x) 

campestriscampestris {4x) 

bigelovii bigelovii 

elegans elegans 

pygmaeapygmaea (Chile) 

Microseris Microseris 

Fig.. 1 Intrageneric classification of Microseris based on morphology, cytology, and crossing 
experiments,, redrawn from Chambers (1955). Tetraploid (4x) and disjunct (Australia/New 
Zealand;; Chile) species are indicated, all others are diploid and occur in western North America. 
M.M. scapigera represents both Australian and New Zealand accessions of Microseris. 

perenniall  herbs (Fig. 1). including two disjunct species in Australia/New Zealand (Sneddon 

1977;; B. V. Sneddon, personal communication) and one in Chile. The Australian and New 

Zealandd Microseris are allotetraploid perennials {In = 4x = 36), and are supposed to have 

originatedd via hybridization of an ancestral North American annual and a perenniall  diploid 

speciess of the genus, followed by polyploidization and long-distance dispersal (Chambers 

1955;; see Origin of the taxon pg. 31). Their chloroplast genomes are phylogenetically closely 

relatedd to those of the annual Microseris (Wallace and Jansen 1990; Fig. 2; Chapter 2), 

whereass their nrDNA ITS sequences are closest to the perennials (Fig. 3). The North 
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Americann perennials are a well-defined sister clade to the annuals, based on both the cp- and 
nDNAA results. On the basis of morphology (Chambers 1955), RFLPs in the cpDNA (Wallace 
andd Jansen 1990), and evidence from the nDNA (Van Heusden and Bachmann 1992b; Van 
Houtenn et al. 1993; Roelofs and Bachmann 1997), the Chilean species M. pygmaea D. Don is 
derivedd from within the annual clade. 

TheThe Asteraceae and Lactuceae 

Thee Asteraceae (previously named Compositae) form the largest family of dicots, including 
aboutt 1500 genera and 23.000 species (Bremer 1994). Its members are characterized by a 
capitulum,, which is an inflorescence that forms a head of sessile small flowers (florets) 
crowdedd together on a receptacle (torus). This inflorescence is often surrounded by an 
involucre,, i.e., a circle of one or several rows of bracts (phyllaries) at the base of the compact 
flowerr head. The flowers consist of a corolla of four to five fused petals (sympetalous) that 
formm a tube at the base or entirely, an inferior ovary with one chamber and one seed, a style 
withh two stigmas, and four to five stamens with anthers fused into a cylinder around the style 
(Hickmann 1993; Bremer 1994). The fruits are called "achenes" [De Candolle 1813, also 
"cypsela",, Mirbel 1815 (from Wagenitz 1976)], are dry, closed (indehiscent), cylindrical to 
ovoid,, fall at maturity (deciduous), and have a pappus attached that facilitates distribution. 
Thee family is subdivided into three subfamilies: the Asteroideae, Lactucoideae (or 
Cichorioideae),, and Barnadesioideae (Bremer and Jansen 1992). The former two subfamilies 
aree not definitively circumscribed (Jansen et al. 1992; Bremer 1994), and the Lactucoideae are 
likelyy to be paraphyletic. The subfamily Barnadesioideae was previously known as the 
subtribee Barnadesiinae of the tribe Mutisieae, which was elevated to the subfamily status after 
itt was shown to be ancestral (plesiomorphic) to the remaining Asteraceae on the basis of the 
absencee of a 22-kb inversion in the cpDNA that is uniquely present (apomorphic) in all other 
Asteraceaee (Jansen and Palmer 1987a). The Asteraceae may have originated as recently as 30 
millionn years ago (Mya; Raven and Axelrod 1974; Cronquist 1977; Anderson et al. 1999), and 
iss amongst the most derived families within the flowering plants based on morphology, and 
sequencee variation in the rbcL and atpB regions of the cpDNA (Chase et al. 1993; Savolainen 
ett al. 2000) and 18S nrDNA (Soltiset al. 1997; Soltis et al. 2000). 

Thee tribe Lactuceae (formerly known as Cichorieae) is one of the six or seven tribes of 
thee Lactucoideae, and consists of ~11 subtribes, 98 genera, and >1550 species (Bremer 1994). 
Thee monophyly of this tribe is well supported by morphological (Bremer 1994) and cpDNA 
(Jansenn et al. 1992; Whitton et al. 1995) characteristics. The members are easily recognized on 
thee basis of ligulate capitula, five-lobed ligules, and milky sap. The Lactuceae are 
predominantlyy distributed in the Northern hemisphere, with seven mainly Old World 
(Eurasian)) subtribes, three North American ones, and one isolated island subtribe (Bremer 
1994).. A number of Old World subtribes also have several species of the larger genera in the 
Americas,, Africa, and sometimes Australia, and one of them, the Sonchinae, is cosmopolitan. 
Mostt Lactuceae occur in dry or moderately humid areas, while they are mostly absent from 
thee humid tropics. 
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Genuss Microseris cpDNA A 

28 8 

199 perennials 

29 9 

24 4 

annuals s 

lindleyi-lindleyi-1 1 

lindleyi-2 lindleyi-2 

laciniata-laciniata-1 1 

howelii howelii 

sylvatica sylvatica 

nutans nutans 

laciniata-2 laciniata-2 

paludosa paludosa 

borealis borealis 

scapigera-scapigera-1 1 

scapigera-2 scapigera-2 

heterocarpa-2 heterocarpa-2 

douglasiidouglasii ssp. douglasii 

acuminata acuminata 

campestris campestris 

heterocarpa-heterocarpa-1 1 

decipiens decipiens 

douglasii.douglasii. ssp. tenella 

bigelovii-bigelovii-1 1 

bigelovii-2 bigelovii-2 

pygmaea pygmaea 

elegans elegans 

Fig.. 2 Phylogenetic relationships of Microseris based on chloroplast DNA restriction site 
mutations,, redrawn from Wallace and Jansen (1990). CI = 1, numbers and bars on branches 
indicatee (one) restriction site mutation(s). M scapigera-l and Msc-2 represent an "M" 
populationn from South Australia and population A4nt (B94) from Armidale (Chapters 2-5), 
respectively,, and are presently known as M. lanceolata. 

TheThe Microseridlnae 
Thee subtribe Microseridinae is primarily North American, and is characterized by its short 

stylee branches and orange pollen color (Stebbins 1953). Bremer (1994) retained this subtribe 
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unchanged,, although, Jansen et al. (1991b) suggested that Stephanomeria, from the subtribe 
Stephanomerinae,, should be included in the Microseridinae on the basis of a comparative 
RFLPP study of the cpDNA. This was confirmed by a second RFLP study of the cpDNA for 
somee but not all other species of Si'ephanomeria (Whitton et al. 1995). According to these two 
studies,, the species of Stephanomeria that are likely to be included in the Microseridinae are 
eventuallyy sister to the clade that includes Microseris, Uropappus, Nothocalais, and Agoseris 
(Jansenn et al. 1991b). The other possible sister group to this clade is the second clade within 
thee Microseridinae, including Krigia, Pyrrhopappus, and Phalacroseris. The one remaining 
genuss of the subtribe, Picrosia, was not analysed for its cpDNA variation. The monophyly of 
MicroserisMicroseris and Agoseris, Krigia and Pyrrhopappus, and all four genera, was also supported 
byy a phylogenetic tree based on variation in the nrDNA ITS sequences (Kim and Jansen 
1994).. The inclusion of Stephanomeria in the Microseridinae was not supported by this ITS 
study. . 

Bothh cpDNA studies (see former paragraph) indicated that Microseris does not 
includee Uropappus lindleyi, which was previously named Microseris lindleyi (DC.) Gray or 
M.M. linearifolia (DC.) Sch.-Bip. (Fig. 1). A distinct, basal position of U. lindleyi to Microseris 
wass also indicated by a third RFLP study of the cpDNA (Wallace and Jansen 1990; Fig. 2), 
includingg all species of Microseris. This basal position was strongly defined by nine outgroup 
speciess from within the Microseridinae and other Lactuceae that all showed single ancestral 
statess for the chloroplast mutations involved. The distinctiveness of U. lindleyi was further 
supportedd by a different morphology (Chambers 1955), divergent DNA content (Price and 
Bachmannn 1975), and allozymes (Irmler et al. 1983). As a result, Jansen et al. (1991b) revived 
thee monotypic genus Uropappus for M. lindleyi, which since then serves as an ideal outgroup 
forr the species of Microseris. A phylogenetic treatment of ITS sequence variation confirms 
thee basal position of U lindleyi to Microseris also on the basis of the nDNA (Fig. 3; 
unpublishedd results). 

TheThe genus Microseris 

Thee genus Microseris consists of four subgenera and -16 species (Chambers 1955; Fig. 1). It 
hass a western North American distribution, with the disjunct M. scapigeralM. lanceolata in 
Australiaa and New Zealand and the annual M. pygmaea in Chile. The genus is separated from 
itss morphologically closest genera, Nothocalais and Agoseris, by a "major morphological 
discontinuity""  (Chambers 1955), which concerns primarily the roots that are fleshy and pale 
insteadd of woody and blackish, and the often nodding buds in Microseris. The subgenera are 
classifiedd on the basis of morphology, cytology, and crossing experiments. Three of them 
consistt of perennial species: Scorzonella (Nutt.) Sch.-Bip., Apargidium (Torr. and Gray) 
Chamb.,, and Monermos (or Moniermos; Hook, f.; Fig. 1) Chamb., and the fourth includes all 
annuals:: Microseris. The annual species are different from the perennials in that they are self-
compatiblee (autogamous), and have achenes that are half- to entirely filled with the embryo 
andd contain (2-) 5 (10 in M. pygmaea) scaly pappus parts. The North American perennials are 
outcrossingg species, have entirely filled achenes with the embryo, and contain 6-35 paleaceous 
pappuss parts in the species of Scorzonella and 30-60 capillary ones in M. borealis (Bong.) 
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Genuss Microseris nrDNA A 

100% % 

iuuu/o o 

111 (+4) 95% 

perennials s 
55 (+4) 78% 

22 (+5) 83% 

3{+l )) 100% 

annuals s 
33 (+3) 97% 

6(+l)) 98% 

l(+3) ) 

77 (+4) 

22 (+3) 

22 (+2) 

l(+4) ) 

l(+3) ) 

22 (+2) 

1 1 

88 (+4) 

A.A. grandiflora 

A.A. retrorsa 

U.U. lindleyi-X 

U.U. lindleyi-2 

M.M. borealis 

M.M. laciniata 

M.M. sylvatica 

M.M. lanceolata 

M.M. scapigera 

M.M. bigelovii 

M.M. elegans 

M.M. pygmaea 

M.M. douglasii 

Fig.. 3 (a.) Phylogenetic relationships of Microseris, Uropappus, and Agoseris based on nuclear 
DNAA ITS sequences. CI = 0.78 (autapomorphies excluded), numbers, numbers in brackets, and 
percentagess below branches indicate numbers of mutations, numbers of homoplasious mutations, 
andd bootstrap supports, respectively, (b.) See next page. 

Sch.-Bip.. M. borealis is also distinct from the other Microseris in its distribution range, which 
rangess from northern California up to Alaska. The different lineages of Australian and New 
Zealandd Microseris show different combinations of the morphological characters that 
discriminatee between the annual and perennial Microseris (Fig. 2 and Table 1 of Chapter 2; 
Chapterr 5). 

Accordingg to the molecular phylogenies, both the cp- and nDNA clearly separate 
MicroserisMicroseris in an annual and perennial clade (Wallace and Jansen 1990; Fig. 2; Chapter 2; Van 
Houtenn et al. 1993; Fig. 3). They do not support the subgeneric status of Scorzonella and 
Apargidium,Apargidium, but strongly group them together. The perennial subgenus Monermos, concerning 
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Genuss Microseris nrDNA A 

U.U. Iindleyi-2 
U.U. lindleyi-l 

M.M. elegans 

M,M, pygmaea 

M.M. bigelovii 

M.M. douglasii 

M.M. sylvatica 

M,M, laciniata/ M. borealis 

M.M. scapigera/ M. lanceolata 

Fig.. 3b. Continued. 
Distancess among Microseris and Uropappus based on nuclear DNA ITS sequences, as resolved 
withh Spit Decomposition, showing that M. scapigera/M. lanceolata share mutations with both, 
thee annual and perennial Microseris, but are closer to the perennials. 

thee Australian and New Zealand Microseris, is most closely related to the annuals on the 

basiss of cpDNA (Fig. 2) and closest to the perennials based on ITS sequences (Fig. 3). Further 

phylogeneticc investigations of the annuals indicate a close relationship among M. bigelovii 

(Gray)) Sch.-Bip., M. elegans Green ex Gray, and M. pygmaea, whereas M. douglasii (DC.) 

Sch.-Bip.. is more distinct and includes a number of populations that show cytoplasmic 

introgressionn for the cpDNA of other annuals (Roelofs and Bachmann 1997; Roelofs et al. 

1997).. The annuals have been extensively studied to resolve questions on speciation via 
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analysingg the genetics of phenotypic plasticity and the heritability of morphological traits 
(Vann Heusden 1990; Vlot 1993; Battjes 1994; Van Houten et al. 1994; Bachmann and 
Hombergenn 1995,1997; Bachmann and Roelofs 1995; Gailing et al. 1999; Gailing and 
Bachmannn 1999,2000). 

Mostt Microseris species are diploid but M. scapigeralM. lanceolata and the annuals: 
M.M. decipiens Chamb., M. heterocarpa (Nutt.) Chamb., M. acuminata Greene, and M 
campestriscampestris Greene, are tetraploid (Fig. 1). The origins of the different tetraploids have been 
investigatedd by molecular studies, using the scheme of phylogenetic relationships proposed 
byy Chambers (1955) as a starting-point. Hybridization experiments with nrDNA probes 
resolvedd that U. lindleyi and M. douglasii are the putative parents of M, heterocarpa, and U. 
lindleyilindleyi and M. bigelovii those of M. decipiens (Wallace and Jansen 1995). Due to the shifted 
taxonomiee rank of U. lindleyi (see pg. 28), these hybrid origins have to be interpreted as 
intergenericc ones, and as a consequence, the genus Stebbinoseris Chamb. was created for M. 
heterocarpaheterocarpa and M. decipiens (Jansen et al. 1991b). The origins of M. acuminata and M. 
campestriscampestris were investigated by Roelofs et al. (1997), whom suggested that these two species 
sharedd an extinct annual taxon as the maternal parent, while the paternal parents were M. 
douglasiidouglasii and M. elegans, respectively. The tetraploid nature of the Australian and New 
Zealandd Microseris is supposed to be the only annual-perennial hybrid within the genus, and 
iss discussed in the next paragraph. 

Originn and taxonomy of the Australian and New Zealand Microseris 

Origin Origin 

Thee origin of the Australian and New Zealand Microseris involves a number of rare events. 
Thee karyotype shows two small and two large sets of chromosomes (Chambers 1955; Fig. 4), 
indicatingg that the plants are allotetraploid derivatives of a hybrid between an annual and 
perenniall  species of the genus. Phylogeny reconstructions of the cpDNA variation indicate 
thatt one of the parents is an extinct, early offshoot of the well-supported clade of annual, self-
fertilee Microseris (Wallace and Jansen 1990; Fig. 2; Chapter 2). Since the chloroplast genome 
iss maternally inherited in the Asteraceae (Corriveau and Coleman 1988), this ancestral annual 
iss likely to be the maternal parent of the hybrid. The pollen parent is supposed to be a 
perennial,, probably outcrossing species, that is morphologically related to the present M. 
borealisborealis (Chambers 1955). According to RFLPs in the nDNA and variation in ITS sequences 
(Vann Houten et al. 1993; Fig. 3; Appendix 1) M. scapigera/M. lanceolata shares markers with 
both,, the annual and perennial species of the genus. The hybridization experiments with 
nrDNAA probes did not resolve the putative parents of the Australian and New Zealand 
MicroserisMicroseris (Wallace and Jansen 1990; Wallace and Jansen 1995), but showed them to share a 
NcolNcol site with the annual Microseris (own observation). The unlikely origin of the taxon is 
alsoo supported by the formation of sterile diploid hybrids between M. borealis and the 
presentt annual M. bigelovii that resemble M. scapigera/M. lanceolata morphologically (K. 
Bachmann,, unpublished results). Attempts to cross the Australian/New Zealand Microseris 
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withh M. borealis were unsuccessful (K. L. Chambers, unpublished results; Sneddon 1977). M. 
scapigera/M.scapigera/M. lanceolata itself can be crossed to North American diploids to produce vigorous 
sterilee triploid hybrids (K. L. Chambers and K. Bachmann, unpublished results). Judging from 
thee present distribution of North American Microseris (Chambers 1955), the parents were 
ecologicallyy distinct from each other. The diploid annuals and M. borealis are no-where 
sympatric.. The allopolyploid hybrid has left no trace in North America. Its long-distance 
dispersall  to the Southern hemisphere is best explained by a unique event involving one or a 
feww achene(s). 

RecentRecent taxonomy 

Att present, two species of Australian and New Zealand Microseris are recognized on the 
basiss of morphology, biogeography, and crossability data [B. V. Sneddon: a revision of 
Australiann Microseris for the Flora of Australia, volumes 37 and 38, Asteraceae 1 and 2, in 
preparationn (A. E. Orchard, ed.), Australian Biological Resource Study, Canberra, Australia]. 
Thesee are M. lanceolata, endemic to the Australian mainland, and M. scapigera, occurring in 
Neww Zealand, Tasmania, and a few populations in Victoria. Each of the two species includes 
twoo morphologically distinct ecotypes, an "alpine" (A) and a "murnong" (M) ecotype, and a 
"coastal""  (C) and a "fine-pappus" (F) one, respectively (Figs 1, 2, and Table 1 of Chapter 2; 
Chapterr 5). The molecular and morphological results of the present studies (Chapters 2-5) 
confirmm the monophyly of M. lanceolata, and indicate that M. scapigera might be diverged 
intoo two species, one that includes all New Zealand accessions and another one including the 
Tasmaniann and Victorian "F" populations (see Taxonomy, Discussion of Chapter 5). Within 
M,M, lanceolata, the data lack phylogenetic (Chapter 2) and statistical (Chapters 4, 5) support 
forr the divergence of the "A" and "M" ecotypes into two subspecies. Instead, they suggest 
thatt these two ecotypes are maintained or re-established by an efficient selection (see 
Discussionss of Chapters 4, 5). Crossing experiments show that the plants of all four ecotypes 
aree able to interbreed, although, fertility is reduced in some combinations, particularly those 
betweenn Australian and New Zealand accessions (Sneddon 1977; own observation). The cp-
andd nDNA data indicate that genetic exchange among populations of different ecotypes 
occurredd (recently) in nature (Chapters 2, 4). Their ability to interbreed suggests that the 
Australiann and New Zealand Microseris can also be considered as one species with two or 
threee subspecies. This latter possibility is regarded less likely by the author, since geographic 
isolationn was found to be important between the Australian and New Zealand accessions 
(Chapterr 4) and adaptive radiation is going on (Chapter 5), both indicating that a further 
divergencee among the two species is to be expected in the future. In addition, the monophyly 
off  M lanceolata is supported by molecular results (Chapters 2, 4). 

HistoricalHistorical account 

Thee early taxonomie history of the Australian and New Zealand Microseris starts with its 
discoveryy by Sir Joseph Banks and Dr. Daniel Solander at Totaranui (Queen Charlotte Sound) 
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Fig.. 4. Karyotypes of Microseris species, showing (a.) the typically large chromosomes of a 
diploidd (2« = 18) North American perennial species, (b.) the typically small chromosomes of a 
diploidd (2« = 18) North American annual species, and (c, d.) the allotetraploid genomes {In = Ax 
== 36) of New Zealand and Australian Microseris, including sets of both, the large and small 
chromosomes.. Figures show root-tip metaphases and have a width of -20-30 urn. They are 
reproducedd and kindly provided by (a.) Price and Bachmann (1975): Fig. 2., M. nutans; (b.) Oud et 
al.. (1986): Fig. 1., M. bigelovii; (a, d.) Sneddon (1977): Plate 42, Fig. A., M. scapigera, 
populationn C4 from New Zealand (see Table 2 of Chapter 2), and Fig. B., M. lanceolata, "M" 
populationn from A. C. T. , Australia. 

onn Captain James Cook's first voyage to New Zealand (1769-1770; Sneddon 1977; Ebes 1988 

pp.. 161, plate 494; original collection is preserved in Sydney, National Museum of Australia). 

Solanderr described the species in detail under the name Scorzonera scapigera, however the 

magnummagnum opus planned by Banks and Solander was never published. George Forster (1786) 
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publishedd the name, but this publication was invalid because it lacked an accompanying 
descriptionn (Sneddon 1977). The name was finally validated by Allan Cunningham (1838). 
Wilhelmm Walpers (1840) published a description of material collected in Australia as 
PhyllopappusPhyllopappus lanceolatus. Joseph D. Hooker (1847) described Scorzanera lawrencii from 
Tasmania,, and placed it together with S. scapigera Forst, in a newly erected subgenus: 
MoniermosMoniermos (later referred to as Monermos). In 1852, Hooker submerged these two species, 
togetherr with P. lanceolatus, under the name Microseris forsteri Hook. f. C. H. Schultz-
Bipontinuss (1866) recognized two species: M. scapigera (Forst, f.) Sch.-Bip. and M, 
lanceolatuslanceolatus (Walp.) Sch.-Bip., and reduced M. forsteri to a synonym under M. scapigera. 
Subsequentt authors, including Chambers (1955), mostly treated the Australian and New 
Zealandd Microseris as one species, referring it either to M. forsteri or to M. scapigera. In his 
firstt revision, Sneddon (1977) distinguished two species: M. scapigera, confined to New 
Zealand,, and M. lanceolata, occurring in Australia including Tasmania. In this revision, M. 
lanceolatalanceolata was subdivided into three groups, informally described as "races" and viewed as 
possiblee subspecies. These "races" correspond to the "M" , "A" , and "F" ecotypes used in the 
presentt study. In a recent revision for the Flora of Australia (in preparation), Sneddon 
transferredd the "F" ecotype ("race 3"), that includes Tasmanian as well as a few Victorian 
populations,, to M. scapigera. Although not yet formally described, M. scapigera and M. 
lanceolatalanceolata are nowadays in general use by botanists in the region and refer to the New Zealand 
andd the Australian Microseris, respectively. According to the present studies (Chapters 2-5), 
thee "F" ecotype might deserve an apart status, whereas the "A" and "M" ecotypes should not 
bee regarded as different subspecies. 

Agee of the taxon and mode of dispersal 

EvidenceEvidence from historical records 

Thee Australian and New Zealand Microseris are certainly indigenous to the region, i.e., they 
existt since before European settlement, -150-200 years ago (ya). Reports from Captains 
Cook'ss first voyage mention that Microseris was collected in New Zealand (1769; Ebes 1988), 
whereass early European settlers in Australia describe the abundance of the "M" ecotype (Gott 
1983).. The tubers of the "M" ecotype (Fig. 2 of Chapter 2; Fig. 1 of Chapter 5) have been 
usedused as a staple food by aborigines: 

"There"There is a small cichoraceous plant with a yellow flower, which grows in the grassy 
placesplaces near the river, and on its root, the children chiefly subsist. As soon almost as they 
cancan walk, a little wooden shovel is put into their hands, and they learn thus early to pick 
aboutabout the ground for those roots and a few others." (Mitchell 1838, V. 1:336, on the 
BoganBogan River, NSW; citation repeated from Gott 1983). 

AA low allozyme differentiation between populations of this "M" ecotype is likely to reflect 
theirr original abundance and widespread distribution (Prober et al. 1998). 

Accordingg to the time of origin of the Asteraceae, -30 Mya (see Classification pg. 26), 
andd the more diverged nature of the Lactuceae and Microseridinae, respectively, the lower 
timee bound of the taxon should not have exceeded the 20 My or so. In this time period, 
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Australiaa and New Zealand existed mainly as islands, although land and stepping stone 
connectionss with South and East Asia have repeatedly existed (Barlow 1981; Sibley and 
Ahlquistt 1990). Both Australia and the New Zealand continental fragment were parts of 
Gondwanalandd for millions of years (Crook 1981; Powell et al. 1981; Sibley and Ahlquist 
1990;; Storey 1995). This supercontinent of the Southern hemisphere also included South 
America,, Africa, India, and Antarctica. Australia emerged as a separated continent around 35 
Mya,, whereas it collided with the southeastern Asian volcanic arcs around 15 Mya. The New 
Zealandd continental fragment diverged from Antarctica between 60-80 Mya, and the Tasman 
Seaa was formed along the eastern side of Australia, separating New Zealand from Australia by 
deepp water. Apart from the continental southwestern portion of New Zealand, the eastern 
partt of the Northern Island has another origin, possibly a fragment of a Pacific 
continental/archipelagoo (Sibley and Ahlquist 1990). These different geological aspects indicate 
thatt Australia and New Zealand should have obtained their members of the Asteraceae via a 
post-Gondwanalandd event. 

Thee Lactuceae are primarily distributed in the Northern hemisphere (see Classification 
pg.. 26). Only four to twelve native genera of Lactuceae occur in Australia (A. E. Orchard, 
Australiann Biological Research Study, Canberra, Australia, personal communication), and a 
maximumm of nine are known for New Zealand (I. Breitwieser, Landcare Research, 
Christchurch,, New Zealand, personal communication). The Microseridinae are essentially 
Northh American (Stebbins 1953; Bremer 1994). The disjunct South American species 
MicroserisMicroseris pygmaea is morphologically and molecularly derived within the annual clade (see 
Classificationn pg. 26; Figs. 2, 3). These disjunct distributions and derived position of M. 
pygmaeapygmaea suggest that Microseris has not arrived in Australia or New Zealand via their 
repeatedd connections with South and East Asia or by dispersal from South America. They 
alsoo indicate that the plants were not introduced by the first human colonizers of the region, 
thee Aborigines or Maoris, who also arrived from South and East Asia (Tindale 1981; Thorne 
1981;; Gott 1983; Pownall 1992). 

Thee climate during the last 20 My allows for the existence of Microseris in Australia 
andd New Zealand, at least in certain refugia (areas that have remained unaffected by 
environmentall  changes). In the Oligocene (38-27 Mya), the world climate drastically changed 
ass a result of the initiation of the circumpolar oceanic circulation, caused by the final 
separationn of South America and Australia from Antarctica (Barlow 1981; Kemp 1981; 
Gallowayy and Kemp 1981; Anderson et al. 1999). As a consequence, heat transport from the 
equatorr to the pole was reduced, dropping sea surface temperatures around the South Pole 
considerably.. The amount of precipitation also was reduced, and northern and western 
Australiaa became relatively arid. At the Miocene (27-10 Mya), a cooler time period set in, 
whichh has continued until the present. In parts of Australia further aridity may have occurred, 
andd an increase in seasonality resulted in an increase of the level of habitat differentiation on 
thee continents. In the Pliocene (10-2.5 Mya), sea surface temperatures rapidly fluctuated and 
cycless of colder (glacial) and warmer (interglacial) intervals augmented a trend towards cycles 
off  aridity. Glaciation in the Southern hemisphere was mostly confined to high elevations, such 
ass the Central Plateau of Tasmania and the New Zealand Alps. The latest glacial phase was in 
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thee late Pleistocene (1.6-0.01 Mya), 18.000 ya, and showed temperatures of 5-10°C below 
thosee of today. Summers were dry, hot, and windy, and precipitation was around 50% of 
whatt it is now. Between 16.000-10.000 ya temperatures rose but conditions were still dry. In 
thee early Holocene (10.000-present) conditions were relatively warm and high rainfall 
occurred.. Since than, there have been only modest climatic changes. 

Changess of the environments during the last 20 My are also unlikely to have restricted 
thee occurrence of Microseris in (parts of) Australia and New Zealand. During this time, 
tectonicc activity was modest in Australia (Barlow 1981; Galloway and Kemp 1981). The 
highestt mountains were formed in the southeast of Australia, i.e., the Eastern Highlands, of 
whichh Tasmania represents the southern most part and Mount Kosciusko, in southern New 
Southh Wales, at 2.228 m the highest point. Volcanism occurred in eastern Australia: in 
Tasmaniaa and New South Wales until the middle Miocene, in Queensland until present, and in 
Victoriaa until the Holocene, most recently 1400 ya. The basalt flows resulted in islands and 
habitatt differentiation, but did not seriously affect the biology of Australia due to their 
manifestationn in relatively restricted areas. Most of the continent experienced prolonged 
weathering,, resulting in poor and relatively uniform soils. Marine incursions, mainly in the 
south,, resulted in a greater range of habitat differentiation along the coasts. Large, natural fires 
havee always affected the Australian vegetation during periods of aridity. Man-induced fires 
influencedd the environments for the last few ten thousands of years, but their effects were 
probablyy not strikingly different from those of the natural fires, i.e., man might have increased 
thee frequency of fires, but the intensity was likely to be reduced. New Zealand has been 
geologicallyy unstable for the last several million years (Pownall 1992), and volcanic activity 
changedd its entire topography, particularly that of the central North Island. Due to this 
geologicall  instability and the considerable climatical changes (see former paragraph), parts of 
thee land elevated, whereas others fell below sea level. These extreme fluctuations resulted in 
repeatedd extinction of many species on the islands, while others remained only in the northern 
partss of the country or in isolated pockets in coastal lowlands. The rapid changes of the 
environmentt also resulted in strong habitat differentiation, both in space and in time, and 
requiredd high and rapid adaptability of the flora and fauna of New Zealand. 

Thee distribution of Microseris between Australia, Tasmania, and New Zealand could 
possiblyy have occurred via migration over land or else, by dispersals over sea. Tasmania was 
partt of the Australian mainland at least until the Oligocene/Miocene, when Bass Strait was 
firstfirst formed (Barlow 1981; Galloway and Kemp 1981). Since then, this seaway opened for at 
leastt eight times during the interglacials, the most recent event being 13.500-12.000 ya. Also 
thee North and South islands of New Zealand repeatedly formed one landmass as a result of 
relativee sea level fluctuations. The Lord Howe Rise in the north of the Tasman Sea is a 
submarinee ridge from northwest New Zealand towards northeast Australia. It may have been a 
landd bridge in the past, but is more than 2000 m below sea level today. 

Thee distribution of Microseris on the continents may have, apart from the climatical 
andd environmental changes described in the former paragraphs, been influenced by human 
activities.. The first Aborigines arrived in Australia at least 40.000 ya (Tindale 1981; Thome 
1981;; Gott 1983; Brown and Lomolino 1998, pp. 579), when there was an almost continuous 
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landd bridge between Asia and Australia. By 30.000 ya the Aborigines had spread throughout 
thee mainland and Tasmania. Within the past 1500-3000 y, population density increased, and 
moree efficient recourses became exploited. The Aborigines were essentially hunters-gatherers 
(seee citation pg. 34) and may particularly have been involved in the transport of the tuberous 
formm of Microseris (Gott 1983). At the time of European settlement, the Aborigines occupied 
andd utilized the entire continent, and counted between 250.000 and one million people. The 
Maoris,, or Polynesian people of New Zealand, arrived in New Zealand more than 3000 ya 
(Pownalll  1992; Brown and Lomolino 1998). They are supposed to have reached the islands in 
wavess of migration (Encyclopedia Britannica 2000), including a "great fleet" in the 14th 
centuryy from a mythic land that is usually identified as Tahiti. The first Maoris were 
agriculturall  people, with a technology requiring them to burn and cultivate. By the time the 
firstt Europeans arrived, much of the forest area had been burnt off and grasslands covered 
mostt of the continent. These new vast grasslands may have given Microseris the opportunity 
too became a wide spread species. The inhabitation by European colonists has strongly 
effectedd the landscape of Australia and New Zealand during the last two centuries (e.g., Prober 
ett al. 1998). Cropping and livestock grazing, the introduction of European grasses and hard-
hoofedd animals, the settlements and urbanization all have greatly modified the native 
vegetation.. Together with the reduction of native grasslands, the occurrence of Microseris has 
stronglyy declined. 

MolecularMolecular clock estimates 

Indicationss of strong correlations between estimates of sequence divergences and divergence 
timess raise the possibility that molecular comparisons could provide an idea about the time of 
divergencee of taxa (Hilli s et al. 1996b). Constancy of evolutionary rates, however, is an 
expectationn of the neutral theory (Kimura 1983) and may be biased by selection (see also 
IntronsIntrons and intergenic spacers pg. 16). In adaptive radiations, average rates mentioned in the 
literaturee may also insufficiently reflect early periods of rapid radiation in the history of the 
taxaa (Baldwin and Sanderson 1998). The presence of rate heterogeneity between lineages can 
bee tested by calculating the sequence divergence values between the lineages of interest, e.g., 
byy using equations proposed by Nei and Li (1979). When evolutionary rates between lineages 
aree homogenous, an age estimate can be proposed on the bases of their divergence from their 
mostt common ancestor and the average substitution rates known for that particular DNA 
region.. According to the possible rate inconstancy of evolution, both within and between taxa, 
thiss age estimate should be regarded with a rough estimate. 

Wallacee and Jansen (1990; Fig. 2) tested the relative rates of cpDNA evolution 
betweenn the annual and perennial Microseris. They found no significant differences so that a 
"molecularr clock" between these two lineages could not be rejected. Wallace and Jansen (1990) 
foundd 25 and 19 cpDNA mutations, out of 1100 sites tested, between the common ancestor 
off  the two lineages and the annuals and perennials, respectively (Fig. 2). The averaged 
synonymouss substitution rates reported for the cpDNA of mosses and different vascular 
plantss vary between 0.1 x 10"3 and 3 x 10"3 substitutions per nucleotide position per My 
(Wolfee and Sharp 1988; Gaut 1998; Chiang and Schaal 2000). The -1100 restriction sites 
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testedd correspond to -5500-6000 nucleotide positions. Accordingly, the time of divergence 
betweenn the annual and perennial Microseris could be estimated, and was found to range 
betweenn 1 [i.e, (19/6000) / 3 x 10"3] and 45 [i.e., (25/5500) / 0.1 x 10_3] My. The estimated 
maximumm age of 45 My is very unlikely because the Asteraceae originated only -30 Mya (see 
Classificationn pg. 26), and Microseris should be much younger than that. Wallace and Jansen 
(1990)) found only one mutation between the annuals and Australian Microseris. Using the 
abovee mentioned calculation scheme, M. scapigera/M. lanceolaia are estimated to have 
originatedd between 40.000 ya and 1.8 Mya (1/25 of 1 and 45 My, respectively). Because the 
lowerr boundary is regarded to be unrealistic, the Australian and New Zealand Microseris are 
likelyy to be younger than 1.8 My. 

Similarly,, an age estimate could be calculated from the ITS sequence variation 
(Appendixx 1; Fig. 3). According to these sequences M. scapigera/M. lanceolata are separated 
fromm their common ancestor with the perennial Microseris by four out of 482 ITS-1 and ITS-
22 nucleotide positions (positions 292, 509, 521, 577), and the perennials are separated by two 
too seven mutations out of 482 positions (depending on the in- or exclusion of homoplasious 
characters).. Relative rate tests of ITS evolution were not performed due to the low and similar 
numberss of substitutions. Averaged ITS substitution rates reported for grasses (Gaut et al. 
1996).. Robinsonia (Asteraceae; Sang et al. 1995), Curcurbitaceae (Jobst et al. 1998), and 
Winteraceaee (Suh et al. 1993) range between 3 x 103 and 9 x 10"3 substitutions per nucleotide 
positionn per My, the highest number concerning Robinsonia. Using these substitution rates, 
thee time of divergence of Australian and New Zealand Microseris was found to be between 
0.99 [i.e., (4/482) / 9 x 10'3] and 2.8 [i.e., (4/482) / 3 x 10"3] My. 

Thee age estimate based on the ITS sequences is likely to be more accurate than the one 
derivedd from the cpDNA, because the number of substitutions in the ITS is higher, the 
numberr of tested sites is precisely known, and the reported rate estimates concern the gene 
involvedd as well as relatively related species. On the other hand, only one ITS sequence was 
foundd in the allotetraploid Australian and New Zealand Microseris (Van Houten et al. 1993; 
ownn observation), which is likely to be mainly derived from the perennial genome (see 
MolecularMolecular markers used in Australian and New Zealand Microseris pg. 20, Fig. 3, and 
Appendixx 1). The process of concerted evolution that might have outcompeted the annual 
nrDNAA sequence is not well-understood and, consequently, the evolution rate in the nrDNA 
off  M. scapigera/M. lanceolata could have been biased. 

Conclusion Conclusion 

Accordingg to the historical records, the Australian and New Zealand Microseris are (much) 
olderr than 200 y, the time that European settlement started, and not older than -20 My, the 
timee at which the Lactuceae or Microseridinae might have arisen. Following the molecular 
clockk estimates M. scapigera/M. lanceolata are at least 40.000 y old but not older than 1.8 
Myy based on cpDNA mutations, and between 0.9 My and 2.8 My old according to the ITS 
sequencee variation. These results are congruent and indicate that the maximum age of the taxon 
iss likely not to exceed the 1 -2 My. 
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LongLong distance dispersal 

Givenn that Microseris has not been introduced via land or stepping stones connections with 
otherr continents or via human activities (see forgoing paragraphs), they are most likely to have 
beenn introduced via long-distance dispersal. This could either have occurred via avian dispersal 
orr else, by atmospheric dispersal. Unexpected disjunct distributions are also known from 
oceanicc islands (e.g., Baldwin et al. 1998; Stuessy and Ono 1998), and have in a number of 
casess been suggested to be mediated by birds. One example of this is the interpopulation 
disjunctionn in Peperomia berteroana (Piperaceae) between the Juan Fernandez Islands of the 
Chileann coast and Tristan da Cunha in the Atlantic Ocean (Valdebenito et al. 1990). The 
Tristann Storm Petrel is known to breed in both archipelagos and has been suggested to be the 
mostt likely cause of this distribution. Other examples concern the Hawaiian silversword 
alliancee (Asteraceae; Baldwin et al. 1991) and Hawaiian Sanicula (Apiaceae; Vargas et al. 
1998)) that both find their ancestors in North America. The 3900 km of ocean is sometimes 
artificiallyy crossed by North American migratory birds that are regularly seen on the Hawaiian 
islands,, and appendages on the seeds of the plants involved may have given them the 
opportunityy to adhere to those birds. The amphitropical disjunction between California and 
Chilee is a third example of long-distance dispersal that has been suggested to be bird-mediated 
(Carlquistt 1983). This was supported by both seed and fruit types as well as migratory 
patternss of birds, whereas external seed and fruit attachments on birds were regarded to be 
moree likely than internal transport. The disjunct Microseris pygmaea from Chile was among 
thee plants investigated in that study. Studies on migratory patterns of birds between western 
Northh America and Australia are rare, but a few shore-birds are known to migrate along the 
Pacificc fly way (Carlquist 1983), and these could possibly have been involved in the dispersal 
fromm Microseris to the Southern hemisphere. 

Breedingg system 

Self-Self- incompatibility 

Withinn the Australian and New Zealand Microseris, both self-compatible (selfing) and self-
incompatiblee (outcrossing) populations occur. Strong self-compatibility is restricted to the 
"F""  ecotype, whereas parts of the populations of the "C" ecotype are moderately self-
incompatiblee (Sneddon 1977; Tables 1, 2 of Chapter 2; Table 1 of Chapter 5). In the case of a 
self-incompatiblee breeding system, the hermaphroditic (or androgynous) seed plant is unable 
too produce zygotes after self-pollination (Richards 1997 pp. 200-241). AH self-incompatible 
plantss in the Asteraceae are supposed to have sporophytic systems, that is, they control the 
behaviorr of the pollen grain with the sporophytic anther and not via the pollen 
(gametophytes).. Due to the di- or multi-allelic genetic basis of this sporophytic system, 
dominancee will usually be expressed. This has the consequence that the number of cross-
compatiblee classes is less than theoretically expected and this, in turn, makes it difficult to 
determinee the number of classes in experimental designs. Apart from this, the Australian and 
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Neww Zealand Microseris are allotetraploid (see Origin of the taxon pg. 31), which makes the 
geneticc basis of the self-(in)compatibility and its dominance even more complex. Therefore, no 
attemptss have been made to determine the genetic basis of the compatibility system in M. 
lanceolata/M.lanceolata/M. scapigera. It was, however, observed in crosses between plants of the "A" and 
"M""  ecotypes (populations A6 x Ml6, Table 2 of Chapter 2) that different self-
incompatibilityy alleles are present within the taxon, because an F2-generation could only be 
obtainedd among less than 10% of the F1 cross-combinations. 

Thee chloroplast (Chapter 2) and nuclear (Chapter 4) genetic variation does not resolve 
thee direction of evolution between one or the other breeding system within the Australian and 
Neww Zealand Microseris. The data indicate, however, that one of the breeding systems 
evolvedd more than once within the taxon (see Fig. 6 of Chapter 2). Generally, it has been 
suggestedd that sporophytic self-incompatibility systems are secondary, having been derived 
fromm self-compatible plants (Richards 1997). Self-fertility in thee founding individual is a likely 
explanationn for the establishment of Microseris in the Southern hemisphere. If the founder 
wass self-incompatible, a break down of self-incompatibility or the introduction of more than 
onee diaspore should have been involved in its establishment. With respect to the former, 
delayedd pollination, in which fresh, selfed pollen are placed on overmature stigmas, is a likely 
mechanismm (Richards 1997). The introduction of more than one self-incompatible individuals 
inn a founding event was also suggested in a study of the Hawaiian silversword alliance 
(Baldwinn et al. 1991). These different explanations do, however, not account for the present 
existencee of both types of breeding systems. The fact that both systems occur next to each 
otherr within the taxon, and that at least one of them has evolved more than once, suggests that 
thee transformation between self-compatibility and self-incompatibility, at least within the 
Australiann and New Zealand Microseris, occurs relatively easily. 

Apomixis Apomixis 

Previously,, it was suggested that the plants of the "F" ecotype were apomictic (agamosperm) 
ratherr than self-compatible (N. H. Scarlett, personal communication, La Trobe University, 
Melbourne,, Australia), that is, asexually reproducing by producing fertile seeds in the absence 
off  sexual fusion between gametes (Richards 1997 pp. 396-450). This was indicated by the fact 
thatt the plants of the "F" ecotype are fully fertile in isolation and morphologically uniform. 
Thee clonal structure of this ecotype was confirmed by DNA fingerprints, using 
oligo(GATA)-probess (K. Bachmann, unpublished results; method in Van Heusden et al. 
1991).. The polyploid nature of the plants might also be evidence for the occurrence of 
apomixis,, since polyploidy can lead to partial sterility, and this can promote agamospermy 
(Richardss 1997). According to RFLPs in the nDNA, the populations of the "F" ecotype could 
havee a basal position in the phylogeny reconstruction of Australian Microseris (Van Houten 
ett al. 1993). A basal position of the "apomictic" ecotype to the other Australian and New 
Zealandd Microseris would be a likely explanation for the arising of a taxon of obligate 
outcrossess from a single colonizing achene (see former paragraph). 

Thee present study shows no evidence for the occurrence of apomixis within the 
Australiann and New Zealand Microseris. Emasculation experiments, in which both the anthers 
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andd stigmas were removed before anthesis, did not result in fruit-set (own observations). 
Micro-dissectionss of flower buds, just before anthesis, showed a simultaneous maturity of 
ovariaa and pollen grains, giving the flowers the opportunity to self-pollinate (own 
observations).. According to AFLP patterns (Appendix 1 of Chapter 4), the offspring of 
differentt field collected plants of the "F" ecotype were not uniform within or between 
populations.. The AFLP patterns of these plants were, however, more uniform than those of 
plantss from outcrossing populations, and the numbers of fragments in individual plants were 
amongg the lowest numbers found. These results indicate a higher level of homozygosity to be 
presentt in plants of the "F" ecotype as compared to the outcrossing plants. Higher levels of 
homozygositiess can be the result of selfing, while fixed heterozygosity is more expected in 
casess of apomixis. All these different facts indicate that the "F" ecotype is more likely to 
reproducee by self-pollination than via apomixis. 
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Appendixx 1. Alignment of nrDNA ITS-1 and ITS-2 nucleotide sequences of Microseris, 
Uropappus,Uropappus, and Agoseris species. The origins of the sequenced individuals are presented at the end 
off  this alignment. Primer sequences are in lowercase and indicated; 18S, 5.8S, and 26S exons, and 
ITS-11 and ITS-2 regions are designated; nucleotide substitutions are underlined; numbers 1-15 
indicatee gaps in the order at which they appear in the alignment. See next page. 

A. A. 
A. A. 
U. U. 
U. U. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 

grandigrandi flora. 
retrorsa retrorsa 
lindleyi-1 lindleyi-1 
lindleyi-2 lindleyi-2 
borealboreal is 
laciniata laciniata 
sylvatica sylvatica 
douglasii douglasii 
bigelovii bigelovii 
elegans elegans 
pygmaea pygmaea 
lanceolata lanceolata 
scapigera scapigera 

||  prime r  its- 5 
20 0 

ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 
ggaagtaaaagtcgtaaca a a 

- ||  18 S 
40 0 

ggTTTCCGTAG-TGAACCTG G 
ggTTTCCGTAG-TGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 
ggTTTCCGTAGGTGAACCTG G 

II  6 0 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 
CGGAAGGATCATTGTCGAAC C 

A. A. 
A. A. 
U. U. 
U. U. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 

grandiflora grandiflora 
retrorsa retrorsa 
lindleyi-1 lindleyi-1 
lindleyi-2 lindleyi-2 
borealboreal is 
laciniata laciniata 
sylvatica sylvatica 
douglasii douglasii 
bigelovii bigelovii 
elegans elegans 
pygmaea pygmaea 
lanceolata lanceolata 
scapigera scapigera 

ITS-1 1 
80 0 

CCTGCC AACAGCAGAACGACC 
CC CTGC AA C AGCAGAACGACC 
CC CTGC AAAAGCAGAACGACC 
CC CTGC AAAAGCAGAACGACC 
CC CTGC AAAAGCAGAACGACC 
CCTGCC AAAAGCAGAACGACC 
CCTGCC AAAAGCAGAACGACC 
CCTGCC AAGAGCAGAACGACC 
CCTGCC AAAAGCAGAACGACC 
CCTGCC AAAAGCAGAACGACC 
CCTGCC AAAAGCAGAACGACC 
CCTGCC AAAAGCAGAACGACC 
CCTGCC AAAAGCAGAACGACC 

100 0 
CGCGAACAAGTACCCACAAT T 
CGCGAACAAGTACCCACAAT T 
CGCGAACGAGTACCCATAAT T 
CGCGAACGAGTACCCATAAA A 
CGCC GAACGAGTACCCAAATA 
CGCGAACGAGTACCCAAATA A 
CGCGAACGAGTACCCAAATA A 
CGCGAACGAGTACCCAAATA A 
CGCGAACGAGTACCCAAATA A 
CGCGAACGAGTACCCAAATA A 
CGCGAACGAGTACCCAAATA A 
CGCGAACGAGTACCCAAATA A 
CGCGAACGAGTACCCAAATA A 

120 0 
CGGGAGTCAGTGGATGTTGG G 
CGGGAGTCGGTGGATGTTGG G 
CGGGAGTTGG-GGGTATTGG G 
CGGGAGTTGG-GGGTATTGG G 
TSGGAGTTGG-GGATATTGG G 
TGGGAGTTGG-GGATATTGG G 
TGGGAGTTGG-GGATATTGG G 
CGGGAGTTGG-GGGTATTGG G 
CGGGAGTCGG-GGGTATTGG G 
CGGGAGTTGG-GGGTATTGG G 
CGGGAGTTGG-GGGTATTGG G 
CGGGAGTTGG-GGGTATTGG G 
CGGGAGTTGG-GGGTATTGG G 

A. A. 
A. A. 
U. U. 
U. U. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 

grandiflora grandiflora 
retrorsa retrorsa 
lindleyi-1 lindleyi-1 
lindleyi-2 lindleyi-2 
borealboreal is 
laciniata laciniata 
sylvatica sylvatica 
douglasii douglasii 
bigelovii bigelovii 
elegans elegans 
pygmaea pygmaea 
lanceolata lanceolata 
scapigera scapigera 

140 0 
CTCCGGTCTATATCCACGAC C 
CTTCGGTCTCTATCCACGAC C 
CTCTGGCCTTTATCCCTTTC C 
CTCTGGCCTTTATCCCTTTC C 
CTTTGGTCTCTATCCCTGGC C 
CTTTGGTCTCTATCCCTGGC C 
CTTTGGTCTCTATCCCTGGC C 
CTCCGGTCTCTATCCCTGGC C 
CTTTGGTCTTTATCCCCGGC C 
CTTTGGTCTTTATCCCCGGC C 
CTTTGGTCTTTATCCCCGGC C 
CTTTGGTCTTTATCCCTGGC C 
CTTTGGTCTTTATCCCTGGC C 

160 0 
GCCCTGCCGGCGTGTGTTTG G 
ACTCTGCCGGCGTATGTTTG G 
GCCCTGCCGGCATATGTCGG G 
GCCCTGCCGGCATATGTCGG G 
ACCCTGCCGGCATATGTTTG G 
ACCCTGCCGGCATATGTTTG G 
ACCCTGCCGGCATATGTTTG G 
GCCCTGTCGGCATGTGTTTG G 
GCCCTGCCGGCATGCGTTTG G 
GCCCTGCCGGCATGCGTTTG G 
GCCCTGCCGGCATGCGTTTG G 
ACCCTGCCGGCATGTGTTTG G 
ACC CCTGCCGGCATGTGTTTG 

180 0 
TGATGCCCCATCCGGGGTTT T 
TGATGCCCCATTTGGGGTTT T 
TGGTGCTCCGTTCGGGGCGC C 
TGGTGCTCCGTTCGGGGCGC C 
TGGTGCCCCGTTAGGGGTGC C 
TGGTGCCCCGTTAGGGGTGC C 
TGGTGCCCCGTTAGGGGTGC C 
TGGTGCCCCGTTAGGGGTGC C 
TGGTGCCCCGTCAGGGGTGC C 
TGGTGCCCCGTTAGGGGTGC C 
TGGTGCCCCGTTAGGGGTGC C 
TGGTGCCCCGTTAGGGGTGC C 
TGGTGCCCCGTTAGGGGTGC C 
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Appendixx 1. Continued. 
Thee different accessions of M. lanceolata and M. scapigera investigated have identical ITS-1 and 
ITS-22 sequences. Number 16 denotes an Nco\ site in the nrDNA outside the region sequenced. The 
sequencee data of Uropappus lindleyi-2 and the annual Microseris are from Roelofs et al. (1997). All 
sequencess are deposited in the EMBL/GenBank. 

A. A. 
A. A. 
U. U. 
U. U. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 

grandiflora grandiflora 
retrorsa retrorsa 
lindleyi-1 lindleyi-1 
lindleyi-2 lindleyi-2 
borealboreal is 
laciniata laciniata 
sylvatica sylvatica 
douglasii douglasii 
bigelovii bigelovii 
elegans elegans 
pygmaea pygmaea 
lanceolata lanceolata 
scapigera scapigera 

200 0 
CATGGATCTCACGTTGGCAC C 
CATGGATCTCACGTTGGCAC C 
CACGGATGTCGTGTTGGCAC C 
CACGGATGTCGTGTTGGCAC C 
CATTTATGTCATGTTGGCAC C 
CATTTATGTCATGTTGGCAC C 
CTCTTATGTCATGTTGGCAC C 
CATTTATGTCATGTTGGCAC C 
CGTTTATGTCATGTTGGCAC C 
CGTTTATGTCATGTTGGCGC C 
CGTTTATGTCATGTTGGCAC C 
CATTTATGTCATGTTGGCAC C 
CATTTATGTCATGTTGGCAC C 

220 0 
ATTAACAAACCCCGGCACGA A 
ATTAACAAACCCCGGCACGA A 
GTTAACAAACCCCGGCACGA A 
GTTAACAAACCCCGGCACGA A 
ATTAACAAACCCCGGCACGA A 
ATTAACAAACCCCGGCACGA A 
ATTAACAAACCCCGGCACGA A 
ATTAACAAACCCCGGCACGA A 
GTTAACAAACCCCGGCACGA A 
ATTAACAAACCCCGGCACGA A 
ATTAACAAACCCCGGCACGA A 
ATTAACAAACCCCGGCACGA A 
ATTAACAAACCCCGGCACGA A 

240 0 
CATGTGCCAAGGAAAATATT T 
CATGTGCCAAGGAAAATATT T 
TATGTGCCAAGGAAAATACT T 
TATGTGCCAAGGAAAATATT T 
CATGTGCCAAGGAAAATATT T 
CATGTGCCAAGGAAAATATT T 
CATGTGCCAAGGAAAATATT T 
CATGTGCCAAGGAAAATACT T 
CATGTGCCAAGGAAAATACT T 
CATGTGCCAAGGAAAATACT T 
CATGTGCCAAGGAAAATACC C 
CATGTGCCAAGGAAAATATT T 
CATGTGCCAAGGAAAATATT T 

A . . 
A . . 
U. U. 
U. U. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 

grandiflora grandiflora 
retrorsa retrorsa 
lindleyi-1 lindleyi-1 
lindleyi-2 lindleyi-2 
borealboreal is 
laciniata laciniata 
sylvatica sylvatica 
douglasii douglasii 
bigelovii bigelovii 
elegans elegans 
pygmaea pygmaea 
lanceolata lanceolata 
scapigera scapigera 

260 0 
AAATGAGAAGGACGCGTCCA A 
AAATGAGAAGGACACGTCCA A 
AAATGAGAAGGACGCGTCCA A 
AAATGAGAAGGACGCGTCCA A 
AAATGAGAAGGACGCGTCCA A 
AAATGAGAAGGACGCGTCCA A 
AAATGAGAAGGACGCGTCCA A 
AAACGAGAAGGACGCGTCAG G 
AAACGAGAAGGACGCGTCCA A 
AAACGAGAAGGACGCGTCCA A 
AAACGAGAAGGACGCGTCCA A 
AAATGAGAAGGACGCGTCCA A 
AAATGAGAAGGACGCGTCCA A 

280 0 
TTATCACCCCGTTCGCGGTG G 
TTATCACCCCGTTCGCGGTG G 
TTATCGCCCCGTTCGCGGT--
TTGTCGCCCCGTTCGCGGTG G 
TTATCGCCCCGTTCGCGGTG G 
TTATCGCCCCGTTCGCGGTG G 
TTATCGCCCCGTTCGCGGTG G 
TTATCGCCCCGTTCGCGGTG G 
TTAT-GCCCCGTTCGCGGTA A 
TTAT-GCCCCGTTCGCGGAG G 
TTAT-GCCCCGTTCGCGGTG G 
TTATCGCCCCGTTCGCGGTG G 
TTATCGCCCCGTTCGCGGTG G 

300 0 
TGTGTCTTGGCGTTTGCCTC C 
TGTGTCTTGGCGTTTGCCTC C 
TGTGTCTTGGCGTA-GCCTC C 
TGTGTCTTG-CGTA-GCCTC C 
TGTGTCTTGGCGTT-ACCTC C 
TGTGTCTTGGCGTT-ACCTC C 
TGTGTCTTGGCGTT-ACCTC C 
TGTGTCTTGGCGTT-TCCTC C 
TGTGTCTTGG--TT-GCCTC C 
TGTGTCTTGG—TT-GCCTC C 
TGTGTCTTGG--TT-GCCTC C 
TGTGTCTTGGCCTT-ACCTC C 
TGTGTCTTGGCCTT-ACCTC C 

A. A. 
A. A. 
U. U. 
U. U. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 

grandiflora grandiflora 
retrorsa retrorsa 
lindleyi-1 lindleyi-1 
lindleyi-2 lindleyi-2 
borealis borealis 
laciniata laciniata 
sylvatica sylvatica 
douglasii douglasii 
bigelovii bigelovii 
elegans elegans 
pygmaea pygmaea 
lanceolata lanceolata 
scapigera scapigera 

||  32 0 
CTTGAAATTAACAAACGACT T 
CTTGAAATTAACAAACGACT T 
CTTGAAATTA-CAAACGACT T 
CTTGAAATTA-CAAACGACT T 
CTTAAAATTAACAAACGACT T 
CTTAAAATTAACAAACGACT T 
CTTAAAATTAACAAACGACT T 
CTTAAAATTAACAAACGACT T 
CTTAAAATTAACAAACGACT T 
CTTAAAATTAACAAACGACT T 
CTTAAAATTAACAAACGACT T 
CTTAAAATTAACAAACGACT T 
CTTAAAATTAACAAACGACT T 

5.8 S S 
340 0 

CTCGGCAACGGATATCTCGG G 
CTCGGCAACGGATATCTCGG G 
CTCGGCAACGGATATCTCGG G 
CTCGGCAACGGATATCTCGC C 
CTCGGCAACGGATATCTCGS S 
CTCGGCAACGGATATCTCGG G 
CTCGGCAACGGATATCTCGG G 
CTCGGCAACGGATATCTCGC C 
CTCGGCAACGGATATCTCGC C 
CTCGGCAACGGATATCTCGC C 
CTCGGCAACGGATATCTCGC C 
CTCGGCAACGGATATCTCGG G 
CTCGGCAACGGATATCTCGG G 

|--prime rr  its- 2 
360 0 

CTCACgcatcgatgaagaa c c 
CTCACgcatcgatgaagaa c c 
CTCACgcatcgatgaagaa c c 
CTCACgcatcgatgaagaac CTCACgcatcgatgaagaac 
STCACgcatcgatgaagaa c c 
CTCACgcatcgatgaagaa c c 
CTCACgcatcgatgaagaa c c 
CTCACgcatcgatgaagaac CTCACgcatcgatgaagaac 
CTCACgcatcgatgaagaac CTCACgcatcgatgaagaac 
CTCACgcatcgatgaagaac CTCACgcatcgatgaagaac 
CTCACgcatcgatgaagaac CTCACgcatcgatgaagaac 
CTCACgcatcgatgaagaa c c 
CTCACgcatcgatgaagaa c c 
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Appendixx 1. Continued: ITS-1 and ITS-2 sequences 

A. A. 
A. A. 
U. U. 
U. U. 
M. M. 
M. M. 
M, M, 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 

grandiflora grandiflora 
retrorsa retrorsa 
lindleyi-1 lindleyi-1 
lindleyi-2 lindleyi-2 
borealboreal is 
laciniata laciniata 
sylvatica sylvatica 
douglasi douglasi 
bigelovii bigelovii 
elegans elegans 
pygmaea pygmaea 
lanceolata lanceolata 
scapigera scapigera 

/ 3 — | | 
380 0 

gcagcAAAATGCGATACTTG G 
g^ag cc  AAAATGCGATAC TT G 
gcagcAAAATGCGATACTTG G 
gcc  ag e AAAATGCGATACTTG 
gcagcAAAATGCGATACTTG G 
gcagcAAAATGCGATACTTG G 
gcagcAAAATGCGATACTTG G 
gcc  ageAAAATGCGATACTTG 
gcagcAAAATGCGATACTTG G 
gcagcAAAATGCGATACTTG G 
gcc  ageAAAATGCGATACTTG 
gcagcAAAATGCGATACTTG G 
gcagcAAAATGCGATACTTG G 

400 0 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCC G 
GTGTGAATTGCAGAATCCCC G 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCG G 
GTGTGAATTGCAGAATCCCG G 

420 0 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 
TGAACCATCGAGTTTTTGAA A 

A..  grandiflora 
A.A. retrorsa 
U.U. lindleyi-1 
U.U. lindleyi-2 
M.M. boreal is 
M.M. laciniata 
M,M, sylvatica 
M,M, douglasii 
M.M. bigelovii 
M,M, elegans 
M.M. pygmaea 
M.M. lanceolata 
M,M, scapigera 

440 0 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCC GCCCGAAGCC 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 
CGCAAGTTGCGCCCGAAGCC C 

460 0 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCCAAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 
ATCCGGCTGAGGGCACGCCT T 

II  48 0 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 
GCCTGGGCGTCACGCATCGC C 

A.A. grandiflora 
A.A. retrorsa 
U.U. lindleyi-1 
U.U. lindleyi-2 
M.M. boreal is 
M.M. laciniata 
M.M. sylvatica 
M.M. douglasii 
M.M. bigelovii 
M.M. elegans 
M.M. pygmaea 
M.M. lanceolata 
M.M. scapigera 

ITS- 2 2 
500 0 

GTCGCCCCCACCAC-TCATC C 
GTCGCCCCCC ACCAT-TCATC 
GTCGCCCCCGCCAAATCTTC C 
GTCGCCCCCGCCAAATCTTC C 
GTCGCCCCCC ACCAT-TCATC 
GTCGCCCCCACCAT-TCATC C 
GTCGCCCCCACCAT-TCATC C 
GTCGCCCCCACCAAATCTTC C 
GTCGCCCCCACCAAATCTTC C 
GTCGCCCCCGCCAAATCTTC C 
GTCGCCCCCACCAAATCTTC C 
GTCGCCCCCACCAT-TCATC C 
GTCGCCCCCACCAT-TCATC C 

520 0 
CCTATAGGCATGAGTGGCTT T 
CATGTAGGCATGAGTGGCTT T 
CCTACGGGCATGTTTGGCGT T 
CCTACGGGCATGTTTGGCGT T 
CCAATGGGCATGTTTGGCAT T 
CCAATGGGCATGTTTGGCAT T 
CCAATGGGCATGTTTGGCAT T 
CCAACGGGAATGTTTGGCGT T 
CCAACGGGAATGTTTGTGGT T 
CCAACGGGAATGTTTGTGGT T 
CCAACGGGAATGTTTGTGGT T 
CCAACGGGTATGTTTGGCGT T 
CCAACGGGTATGTTTGGCGT T 

540 0 
TGGGGCGGAGA-TTGGTCTC C 
TGGGGCGGAGA-TTGGTCTC C 
CGGGGCGGATA-TTGGACTC C 
CGGGGCGGATA-TTGGACTC C 
CGGGGCGGATA-TTGGACTC C 
CGGGGCGGATA-TTGGACTC C 
CGGGGCGGATA-TTGGACTC C 
CGGGGCGGATACTTGGACTC C 
CGGGGCGGATA-TTGGACTC C 
CGGGGCGGATACTTGGACTC C 
CGGGGCGGATA-TTGGACTC C 
TGGGGCGGATA-TTGGACTC C 
TGGGGCGGATA-TTGGACTC C 
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Appendixx 1. Continued: ITS-1 and ITS-2 sequences 

A. A. 
A. A. 
U. U. 
U. U. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 

grandiflorgrandiflor a 
r e t r o r sa a 
lindleyi-1 lindleyi-1 
lindleyi-2 lindleyi-2 
boreslis boreslis 
laciniata laciniata 
sylvatica sylvatica 
douglasii douglasii 
bigelovii bigelovii 
elegans elegans 
pygmaea pygmaea 
lanceolata lanceolata 
scapigera scapigera 

560 0 
CCGTGCTTTGTGTGCGGTTG G 
CCGTGCTTTGTGTGCGGTTG G 
CCGTGCTTTCGGTGCGGTTG G 
CCGTGCTTTCGGTGCGGTTG G 
CCGTGCCTTTGGTGCGGTTG G 
CCGTGCCTTTGGTGCGGTTG G 
CCGTGCCTTTGGTGCGGTTG G 
CCGTTCCTTTGGTTCGGTTG G 
CCGTGCCTTTGGTGCGGTTG G 
CCGTGCCTTTGGTGCGGTTG G 
CCGTGCCTTTGGTGCGGTTG G 
CCGTGCCTTTGGTGCGGTTG G 
CCGTGCCTTTGGTGCGGTTG G 

580 0 
GCCTAAACTGAAGTC-ACCT T 
GCCTAAACTGAAGTC-ACCT T 
GCCTAAACCGGAGTC-ACCT T 
GCCTAAACCGGAGTC-ACCT T 
TCCTAAACTGGAGTC-ACCT T 
TCCTAAACTGGAGTC-ACCT T 
TCCTAAACCGGAGTC-ACCT T 
GCCTAAACTGGAGTCAACCT T 
GCCTAAACTGGAGTCGACCT T 
GCCTAAACTGGAGTCGACCT T 
GCCTAAACTGGAGTCGACCT T 
TCCTAAACTGGAGTCG-CCT T 
TCCTAAACTGGAGTCG-CCT T 

600 0 
TTGGTGGACGCACAACTAGT T 
TTGGTGGACGCACAACTAGT T 
TGGGTGGACGCACAACTAGT T 
TGGGTGGACGCACAACTAGT T 
TGGGTTGACGCACGACTAGT T 
TGGGTTGACGCACGACTAGT T 
TGGGTTGACGCACGACTAGT T 
TGGGTTGACGCACGACTAGT T 
TGGGTTGACGCACGACTAGT T 
TGGGTTGACGCACGACTAGT T 
TGGGTTGACGCACGACTAGT T 
TGGGTTGACGCACGACTAGT T 
TGGGTTGACGCACGACTAGT T 

A. A. 
A. A. 
U. U. 
U. U. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 
M. M. 

grandiflora grandiflora 
retrorsa retrorsa 
lindleyi-1 lindleyi-1 
lindleyi-2 lindleyi-2 
borealboreal is 
laciniata laciniata 
sylvatica sylvatica 
douglasii douglasii 
bigelovii bigelovii 
elegans elegans 
pygmaea pygmaea 
lanceolata lanceolata 
scapigera scapigera 

620 0 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 
GGTGGTTGAATAGACCCTCG G 

640 0 
TCTTTTGTTGTGYGTCGTAA A 
TCTTTTGTTGTGCGTCGTAA A 
TCTTCGGTTGTGCGTCGTAA A 
TCTTCGGTTGTGCGTCGTAA A 
TCTTAAGTTGTGCGTCGTAA A 
TCTTAAGTTGTGCGTCGTAA A 
TCTTAAGTTGTGCGTCGTAA A 
TCTTCGGTTGTGCGTCGTAA A 
TCTTCGGTTGTGCGTCGTAA A 
TCTTCGGTTGTGCGTCGTAA A 
TCTTCGGTTGTGCGTCGTAA A 
TCTTAAGTTGTGCGTCGTAA A 
TCTTAAGTTGTGCGTCGTAA A 

660 0 
GCCGTGAGGGAGGACTTTGA A 
GCCGTGAGGGAGGACTTTGA A 
GCCGTAAGGGAGGCCTTTGA A 
GCCGTAAGGGAGGCCTTTGA A 
GCCGTAAGGGAGGCCTTT— — 
GCCGTAAGGGAGGCCTTT— — 
GCCGTAAGGGAGGCCTTT— — 
GCCGTAAGGGAGGCCTTT---
GCCGTAAGGGAGGCCTTT---
GCCGTAAGGGAGGCCTTT---
GCCGTAAGGGAGGCCTTT— — 
GCCGTAAGGGAGGCCTTT— — 
GCCGTAAGGGAGGCCTTT---

A.A. grandiflora 
A.A. retrorsa 
U.U. lindleyi-1 
U.U. lindleyi-2 
M.M. boreal is 
M.M. laciniata 
M.M. sylvatica 
M.M. douglasii 
M.M. bigelovii 
M.M. elegans 
M.M. pygmaea 
M.M. lanceolata 
M.M. scapigera 

680 0 
TGAAGACCCCAACGTGTCGT T 
TGAAGACCCCAACGTGTCGT T 
TGAAGACCC-AACGTGTCGT T 
TGAAGACCCCAACGTGTCGT T 
-GAAGACCCCAATGTGTCGT T 
-GAAGACCCCAATGTGTCGT T 
-GAAGACCCCAACGTGTCGT T 
TGAAGACCCCAATGTGTCGT T 
TGAAGACCCCAATGTGTCGT T 
TGAAGACCCCAATGTGTCGT T 
TGAAGACCCCAATGTGTCGT T 
-GAAGACCCCAATGTGTCGT T 
-GAAGACCCCAATGTGTCGT T 

700 0 
CCTGCGACGATGCTCCGACC C 
CCTGCGACGATGCTCCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 
CTTGCGACGATGCTTCGACC C 

26S S 
720 0 

GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
GCGACCCCAGGTCAGGCGGG G 
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Appendixx 1. Continued: ITS-1 and ITS-2 sequences 

A.A. grandiflora 
A.A. retrorsa 
U.U. lindleyi-1 
U.U. lindleyi-2 
M.M. boreal is 
M.M. laciniata 
M.M. sylvatica 
M.M. douglasii 
M.M. bigelovii 
M.M. elegans 
M.M. pygmaea 
M.M. lanceolata 
M.M. scapigera 

740 0 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 
ACTACCCGCTGAGTTTAAgc c 

prime rr  its- 4 ] 
758 8 

atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 
atatcaataagcggagg a a 

GAPSS & 

10000 0 0 
10000 0 0 
01010 0 0 
01001 0 0 
01000 0 0 
01000 0 0 
01000 0 0 
01000 0 0 
01100 1 1 
01100 1 1 
01100 1 1 
01000 0 0 
01000 0 0 
12345 6 6 

JVcoI-sit e e 
774 4 

001110000 ? ? 
001110000 ? ? 
110110001 1 1 
110110000 1 1 
101110110 1 1 
101110110 1 1 
101110110 ? ? 
100000100 0 0 
100100100 0 0 
100000100 0 0 
100100100 0 0 
101101110 1 1 
101101110 1 1 
789111111 1 1 

012345 6 6 
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Appendixx 1. Continued: Populations sequenced for ITS-1 and ITS-2. 

Speciess Population Place of origin", collection date, collector initials 
number r 

Northh American outgroup species, In = 18: 

AgoserisAgoseris grandijlora D29 ?, ? 
AgoserisAgoseris retrorsa A10 ?, ? 
UropappusUropappus lindleyi-\ F05 Arizona, Pima, Mar. 1993, KC 
UropappusUropappus lindleyi-2 E75 Arizona, Pima, Mar. 1993, KC 

Northh American perennial Microseris, 2n = 18 

MicroserisMicroseris borealis C91 Oregon, Clackamas, Mount Hood, ?, KC 
MicroserisMicroseris laciniata L01 California, Mendocino, Eel River Canyon, 1970, KC 
MicroserisMicroseris sylvatica - California, 'Perry' 

Northh American annual Microseris, 2*7 =18 

MicroserisMicroseris douglasH E68 Colusa, Cortina Ridge, Mar. 1991, JB, KC 
MicroserisMicroseris bigelovü C94 Canada, British Columbia, ? 
MicroserisMicroseris elegans D03 Cholame, San Luis Obispo, ? 
MicroserisMicroseris pygmaea A92 Chile, Santiago Province, ? 

Australiann and New Zealand Microseris, 2n = 4x = 36: 

MicroserisMicroseris lanceolata A3nt NSWn, Armidale, Mar. 1978, BS 
A66 VIC, Mount Buffalo, Feb. 1992, BG 
M33 NSW, Stuart Town. 1992, SP, LS; Oct. 1995, SP, KV 

MicroserisMicroseris scapigera C3 NZs, Ward Beach, May. 1992, BS 
F5F5 VIC, Blythvale, 1989, CB; 1994, BW; Oct. 1995 NS, KV 

**  Places of origin in Australia and New Zealand are: NSW(n) = (northern) New South Wales, VIC = Victoria, 
andd NZs = Southern island of New Zealand. 

bb Collectors are: C. M. Beardsell (CB), Johannes Battjes (JB), Kenton L. Chambers (KC), Beth Gott (BG), 
Suzannee Prober (SP), Barry Sneddon (BS), Lindy Spindler (LS), Neville Scarlett (NS), Kitty Vijverberg 
(KV) ,, and Bill Weatherly (BW); see also Table 2 of Chapter 2. 
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