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ChapterChapter 1 

Introductio n 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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ChapterChapter 1 

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 rad ia t io n 

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 Sect ion 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 

25 5 



ChapterChapter 1 

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% 
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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. 

Origi nn 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 

31 1 



ChapterChapter 1 

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. 

41 1 



ChapterChapter 1 

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 

43 3 
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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 

44 4 
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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 

45 5 
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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 

46 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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Chloroplastt  DNA evidence for  the evolution of Microseris 
(Asteraceae)) in Australia and New Zealand after  long-distance 
dispersall  from western North America 

Kitt yy Vijverberg, Ted H. M. Mes, and Konrad Bachmann 

AmericanAmerican Journal of Botany 86(10): 1448-1463. 1999 

Abstract Abstract 

Restrictionn site mutations and trnL(VAA)-trnF(GAA) intergenic spacer length variants in the 
chloroplastt genome were used to investigate the phylogenetic relationships among 53 Australian 
andd New Zealand Microseris populations and to assess their position within their primarily North 
Americann genus. The study was performed to enhance understanding of evolutionary processes 
withinn this unique example of intercontinental dispersal and subsequent adaptive radiation. A 
southernn blot method using four-base restriction enzymes and fragment separation on 
polyacryamidee gels resulted in 55 mutations of which 30 were potentially phylogenetically 
informative.. Most mutations were small indels of <162 bp, 80% of which were <20 bp. The small 
indelss were useful for phylogenetic reconstruction of Australasian Microseris as judged by the high 
consistencyy indexes. The results confirmed the monophyly of the Australian and New Zealand 
Microseris.Microseris. The occurrence of "hard" basal polytomies in the most parsimonious trees indicated 
thatt rapid radiation has occurred early in the history of the taxon. The monophyly of M 
lanceolata,lanceolata, which includes the self-incompatible ecotypes of the Australian mainland, was 
confirmed.. Within this species three clades were found that reflect more geographic distribution 
thann morphological entities, suggesting that migration and possibly introgression between 
differentt ecotypes, or parallel evolution of similar adaptations, has occurred. One of the three 
cladess was supported by a 162-bp deletion in the trnL-trnF spacer, while a subgroup of this 
exhibitedd also a tandemly repeated trnF exon. The data were inconclusive about the monophyly 
off  the second Australasian species, M scapigera, which comprises the New Zealand, Tasmanian, 
andd autofertile ecotypes of Australia. 

KeyKey words—adaptive radiation; Asteraceae; cpDNA RFLPs; indels; long-distance 

dispersal;; Microseris; phylogeny; trnL(\JAA)-trnF(GAA). 
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Introductio n n 

Adaptivee radiation is generally defined as the evolutionary process in which species 
descendedd from a common ancestor multiply and diverge to occupy different ecological niches. 
Excellentt examples of adaptive radiation are found in the flora of oceanic islands, e.g., the 
Hawaiiann silversword alliance (Baldwin et al. 1990), the genus Dendroseris on the Juan 
Fernandezz Islands (Crawford et al. 1992), and the genus Aeonium on the Canary islands (Lems 
1960).. These examples concern taxa noted for their conspicuous morphological variation that 
aree supposed to have been evolved from one or a few individuals after long-distance dispersal 
fromm related, more uniform, genera on the continent. In contrast to the morphology, molecular 
diversificationn is generally less pronounced among the oceanic island relatives. This suggests 
samplingg of genetic variation by a founding event followed by drift in the next few 
generations.. Molecular evolutionary studies of the oceanic island taxa helped to understand 
mechanismss of evolution, origins of organismic lineages, and the genetic basis of adaptations 
(e.g.,, Schilling et al. 1994; Francisco-Ortega et al. 1996; Okada et al. 1997; Vargas et al. 1998). 
Apartt from the oceanic island flora, examples of disjunct intercontinental distributions of 
plantt genera exist, such as the disjunction of temperate herbs between the west coast of North 
Americaa and southern South America (Carlquist 1983). Like the floras of the oceanic islands, 
thesee disjunctions are supposed to be the result of bird dispersals rather than of tectonic plate 
movementss (Carlquist 1983). Little empirical data are available about the evolution of 
intercontinentall  dispersed species, but investigation of these taxa could add insights into the 
processess of adaptive radiation and speciation. 

Thee Australian and New Zealand Microseris (Asteraceae, Lactuceae), M lanceolata 
(Walp.)) Sch.-Bip., and M. scapigera (Forst.) Sch.-Bip., provide a good opportunity to study 
patternss of adaptive radiation following intercontinental dispersal. This allotetraploid (In = Ax 
==  36) perennial plant group finds its closest relatives in western North America (Chambers 
1955;; Wallace and Jansen 1990) where six perennial and seven annual species of Microseris 
occur.. The one remaining species of the genus, the annual M. pygmaea, occurs in Chile. 
Karyotypicc and morphological features suggest an origin of the Australian and New Zealand 
MicroserisMicroseris by hybridization of a North American annual and perennial diploid species, 
followedd by polyploidization and long-distance dispersal (Chambers 1955). This 
hypothesizedd origin suggests a single introduction into Australia or New Zealand. Its present 
distributionn covers New Zealand, Tasmania, and southern Australia (Fig. 1), and various 
ecotypess exist (Fig. 2; Table 1). Marked adaptations are tubers to overcome summer drought 
("murnong""  or M; Gott 1983), vegetative propagation via shoots on horizontally outgrowing 
rootss to resist winter-frozen mountain slopes ("alpine" or A), and waxy leaves to avoid 
evaporationn near seashores ("coastal" or C). This morphological diversification is maintained 
inn the greenhouse. Both self-compatible and self-incompatible breeding systems are present in 
thee taxon (Table 1), and the Australian mainland harbours a rare autofertile "fine-pappus" 
ecotypee (F; N. H. Scarlett, personal communication, La Trobe University, Melbourne, 
Australia).. On the basis of morphological features, it has been suggested to include the 
Australiann "F" ecotype together with the Tasmanian and New Zealand plants in M. scapigera. 
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Fig.. 1. Distribution of Australian and New Zealand Microseris populations examined. Population 
numberss follow ecotypes (Fig. 2; Tables I, 2), and symbols correspond to chloroplast types (Fig. 
6):: A = M. lanceolata-\, D = Mln-2 (characterized by a 162-bp deletion in the trnL-tmF 
intergenicc spacer), D! = mixed for Mln-2  duplicated trnF exon, O = Mln-2, DO = mixed for 
Mln-2Mln-2 and Mln-3,  and O = M. scapigera; open symbols = self-incompatible (outcrossing), and 
closedd symbols = autofertile or self-compatible. 
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Tabl ee 1. Characteristics of Microseris scapigera and M. lanceolata (a.) general and (b.) 
deviatingg ecotypes. Morphological descriptions follow Sneddon (1977), Gott (1983), and authors' 
observations.. Official descriptions have yet to be published (Sneddon, unpublished data). 

a. . 

Mainn characteristic 
Placee of origin (Fig. 1) 
Habitat t 
Numberr of existing sites 

MM scaf 

"Coastal" " 

(C) ) 

Waxyy leaves 
Neww Zealand, coast 

Limestonee cliff 
>5 5 

Populationn sizes (Table 2) <200 
Altitudee (Table 2) 
Breedingg system 
Roots s 
Habitt (Fig. 2) 
Flowerr head diameter 
Pappuss part number 
Scaless on pappus 
Achenee length 

<2000 m 
Self-(in)compatible e 
Multiple,, fibrous 

Medium m 
355  12 mm 

10-20 0 
yes s 

3.5-88 mm 
Achenee filled with embryo Entirely 
Chloroplastt type" 

b. . 

MscMsc , O) 

Generall  ecotypes (Fig. 2) 

igera igera 

"Fine-pappus" " 

(F) ) 

Scale-lesss pappus 
Victoria,, centre 

Swampyy grassland 
5 5 

<200,, except F4 
<2000 m 

Autofertile e 
Fibrouss taproot 

Smaller r 
200  7 mm 

45-65 5 
no o 

8.5-13.55 mm 
Half f 

MscMsc ) 

"Mumong" " 

(M) ) 

Tuberouss roots 
Southernn Australia 

Grassland,, woodland 
>25 5 

<200-1400 000 
<7500 m 

Self-incompatible e 
2°° root = tuber 

Medium m 
422  13 mm 

9-18 8 
yes s 

5-8.55 mm 
Entirely y 

Mln-2,Mln-2, -3(D,D!, O) 

Deviatingg or nontypical (nt) ecotypes 

«« 1 

"Alpine" " 
(A) ) 

Shootss on roots 
Southeasternn Australia 

Alpinee woodland 
>5 5 

>1000 0 
>12000 m 

Self-incompatibie e 
2°° root forms shoots 

Larger r 
466  15 mm 

-18 8 
yes s 

7.5-100 mm 
Entirely y 

Mln-2,Mln-2, -3 (D, O) 

Font,, F7ntB 

F8nt,, F9ntb 

M20nt t 
A ln t t oo A4nt 

A8nt t 

Tasmania;; >800 m; (multiple) fibrous roots; 
F6nt—grassland;; smaller than F; -8.5 mm long three-quarter filled achenes; 
F7nt—medium;; 35-45 pappus parts with small scales; 4-5.5 mm long entirely 
filledd achenes. 
Neww Zealand; >750 m, (multiple) fibrous roots, entirely filled achenes; 
F8nt—smallest,, -40 pappus parts; 5-6 m long achenes; 
F9nt—largerr than F; flower head diameter ~3 cm; -20 pappus parts with small scales, 
-55 mm long achenes. 
Unstablee tuber formation in the greenhouse; chloroplast type = Mln-\ (A)a. 
Northernn New South Wales; -1000 m; forms no shoots; smaller than A; chloroplast 
typee = Mln-\ (A)". 
formss tubers at high altitude. 

Bothh italic 3-letter codes (followed by a number) and symbols refer to chloroplast types as defined in the 
cladogramm shown in Fig. 6, and italic 3-letter codes also correspond to species sensu Sneddon (unpublished 
data). . 
F7ntt and F9nt are somewhat arbitrarily classified as nontypical "F" ecotypes. 
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Fig.. 2. Schematic presentation of Microseris scapigera and M. lanceolata ecotypes. See Table 1 
forr descriptions. Drawings by Gerard Oostermeijer. 

andd the Australian "A" and "M" ecotypes in M. lanceolata [B. V. Sneddon, personal 

communication,, Victoria University of Wellington, New Zealand: a revision of Australian 

MicroserisMicroseris for the Flora of Australia, volumes 37 and 38, Asteraceae 1 and 2, in preparation 

(A.. E. Orchard [Ed.], Australian Biological Resource Study, Canberra, Australia)]. 

MicroserisMicroseris is certainly indigenous to the region and was collected in New Zealand on 

Captainn Cook's first voyage (1769; Ebes 1988). It is one of the 4-12 native genera of 

Lactuceaee in Australia (A. E. Orchard, personal communication), and one of the 7-9 native 

generaa in New Zealand (I. Breitwieser, Landcare research, Christchurch, New Zealand, 

personall  communication). Tubers of the Australian lowland ecotype were called "murnong" 

byy Victorian aborigines and are known to have been used as a staple food (Gott 1983). The 

currentt genetic structure of the "M" ecotype was analysed with allozymes and shows a low 

detectablee differentiation among populations, supposedly reflecting its original abundance and 

widespreadd distribution (Prober et al. 1998). 

AA phylogenetic tree of Microseris based on restriction fragment length polymorphisms 

(RFLPs)) in the chloroplast genome shows a strongly supported annual and perennial clade 

andd places the two Australian accessions tested at the basis of the annual clade (Wallace and 
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Jansenn 1990). In a nuclear RFLP study of Microseris including six Australian mainland 
accessions,, the Australian Microseris shows features of both the annual and perennial species 
(Vann Houten et al. 1993). Both studies confirm the close relationship of the Australian 
MicroserisMicroseris to the North American species, while the cpDNA phylogeny suggests that an 
ancestrall  annual plant has been the maternal parent of the original hybrid. Similarity in achene, 
pappus,, root, and inflorescence morphology renders the distinctive perennial M. borealis a 
likelyy candidate for the paternal parent (Chambers 1955). The nuclear RFLPs show the "F" 
ecotypee as least diverged from the North American species, which caused the authors to 
suggestt that this ecotype might be representative for the earliest founders in Australia (Van 
Houtenn et al. 1993). The autofertile breeding system of the "F" ecotype provides a likely 
explanationn for successful establishment of Microseris into the Southern hemisphere after 
arrivall  of a single individual. This hypothesis would also imply a shift in breeding system 
fromm autofertility to self-incompatibility within the Australasian Microseris. It also suggests a 
derivationderivation of Tasmanian and New Zealand plants from (an) Australian population(s). 

Inn the present study we investigated the phylogenetic relationships among a wide 
rangee of Australian and New Zealand Microseris populations that represent the distribution 
rangee and various ecotypes and between the Australasian Microseris and the North American 
speciess of the genus. For this,, we used RFLPs and trnL{UAA)-trnF{G AA) intergenic spacer 
variantss in the chloroplast genome. The choice of chloroplast DNA (cpDNA) was based on 
itss proven utility in molecular evolutionary studies (reviewed in Soltis et al. 1992b), its 
freedomm of complex sexual processes due to its uniparental inheritance, and its ease of 
analysis.. Due to the conservative mode of evolution of cpDNA (Downie and Palmer 1992) 
andd the low taxonomie level of our study, we used a fine-scale restriction site analysis with 
four-basee enzymes in combination with fragment separation on polyacrylamide gels to detect 
sufficientt informative RFLPs. We discuss the utility of the small indels obtained with this 
methodd for phylogenetic analysis at the intra- and interspecific level. TrnL-trnF regions were 
amplifiedd and products of a representative set of plants were sequenced to search for 
additionall  cpDNA mutations. The phylogenetic results are compared with morphological, 
chloroplast,, and nuclear DNA analyses to obtain a better understanding of the evolutionary 
historyy and adaptive radiation of Australian and New Zealand Microseris and to assess 
evolutionaryy processes following colonization of a continent. 

Material ss and methods 

PlantPlant material 

Seedss were collected from 53 natural populations in Australia and New Zealand representing 
thee morphological variation and distribution range of the two species (Figs 1, 2; Tables 1, 2). 
Collectionss were made from up to 15 separate individuals per population, and plants were 
grownn in a cool greenhouse in Amsterdam. The annual species Microseris douglasii, M. 
elegans,elegans, and M. pygmaea, perennials M. borealis and M. laciniata, and Uropappus lindleyi 
weree used as outgroups (Table 2; Wallace and Jansen 1990). All populations and outgroup 
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speciess were represented by two plants in the RFLP analysis and an additional 2-10 plants in 
thee trnL(UAA)-trnF(GAA) length variant analysis. The annual species were chosen from 
populationss most diverged for RAPD patterns and cpDNA RFLPs (Van Heusden and 
Bachmannn 1992a, b; Roelofs and Bachmann 1997; Roelofs et al. 1997). The trnL-trnF 
intergenicc spacers of eight ingroup and two outgroup accessions, representing the different 
variants,, were sequenced. 

ChloroplastChloroplast RFLP analysis 

Totall  genomic DNA was isolated from 0.7 g of freeze dried or 3 g of fresh leaves of individual 
plantss with the use of the cetyltrimethyl-ammonium-bromide (CTAB) procedure (Saghai-
Marooff  et al. 1984), and the modifications by Roelofs and Bachmann (1995). In addition, 
eitherr an RNase treatment was included or DNA was CsCl purified (Vlot et al. 1992). 
Approximatelyy 5 \ig of total DNA were digested with each of the four-base recognizing 
restrictionn enzymes, Hinü, Rsa\, and Trail, under conditions recommended by the 
manufacturer.. Restriction fragments were resolved on 6% polyacrylamide gels (Sequagel-6, 
Biozyme,, Landgraaf, The Netherlands) and electroblotted to Hybond N™ membranes 
(Amersham,, Buckinghamshire, England; Kreitman and Aguadé 1986). The cpDNA was 
examinedd using a Sad Lactuca cpDNA library that covers 96% of the genome (Jansen and 
Palmerr 1987b; Table 3). Probes were 32P random primed labeled (Feinberg and Vogelstein 
1983),, and blots were hybridized overnight at 65°C with one probe at a time. Subsequently, 
blotss were washed twice for 5 min with 2 x SSC at room temperature (Sambrook et al. 1989), 
twicee for 30 min with 0.5 x SSC/0.1% SDS at 65°C, and once with 0.5 x SSC/0.1% SDS at 
roomm temperature. X-OMAT-AR5 films (Kodak, Driebergen, The Netherlands) were exposed 
att -70° C for 2-10 d with the use of an intensifying screen. 

Presencee and absence of mutations were scored directly form the films (e.g., Fig. 3). 
Thee relatively large number of small fragments obtained with the fine-scale restriction site 
methodd did not afford detailed mapping (Francisco-Ortega et al. 1996). The choice of method 
was,, however, necessary to detect sufficient informative RFLPs, based on earlier results by 
Wallacee and Jansen (1990) using five- and six-base enzymes. In the ingroup, homology 
assessmentt of mutations was judged from the low number of synapomorphies found per 
enzyme/probee combination (one to five) in the generally conservative fragment patterns. 
Mutationss were considered restriction site changes when both the undigested as well as the 
twoo fragments after digestion were detected. Mutations were regarded as indels when detected 
withh more than one enzyme using the same probe. Hybridization with the trnL-trnF 
fragmentss aided in the homology assessment within the relatively variable 7.7-kb region 
(probee 11; Table 3) by eliminating variable bands that hybridized to trnL-trnF. Except for 
probess 10 and 11 (6.9- and 7.7-kb regions; Table 3) mutations were not found in neighbouring 
probee regions at the chloroplast genome, so that multiple scoring of identical mutations was 
avoided.. Homology assessment of mutations in the ingroup vs. the outgroups, especially the 
moree diverged North American perennial Microseris and Uropappus lindleyi (Wallace and 
Jansenn 1990), was more difficult. When fragment patterns were too complex, mutations in the 
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Tablee 2. Australian and New Zealand Microseris populations and outgroup species examined. 

Populationn State" and place of origin: collection date, collector initials' 
number""  (original population number)*1 

Altitudee Population 
(m)cc size' 

Ingroup:: Australian and New Zealand Microseris, perennials, 2« : 

M.M. lanceolata (Mln) 
4x4x = 36: 

Aln tt NSWn, Armidale: Feb. 1994, DB (B92) 
A2ntt NSWn, Armidale: Mar. 1992, ED, SM (B93) 
A3ntt NSWn, Armidale: Mar. 1978, BS (B94) 
A4ntt NSW, Thomas Lagoon: Mar. 1994, DB (T53) 
A55 NSW, Brindabella Range: Mar. 1996, LS (A66) 
A66 VIC, Mount Buffalo: Feb. 1992, BG (KOI) 
A77 VIC, Fall's Creek: Feb. 1992, JM (N22) 
A8ntt VIC, Mount Skene: Feb. 1994, BS; Mar. 1996, BG (S14) 
Mll  NSWn, Bundarra: Nov. 1995, SP (J88) 
M22 NSWn, Wallabadah: Nov, 1995, LS, SP (P77) 
M33 NSW, Stuart Town: 1992, SP, LS; Oct. 1995, SP, KV (T13) 
M44 NSW, Euchareena: 1992, SP, LS; Oct. 1995, SP, KV (SOI) 
M55 NSW, Molong: Nov. 1992, SP, LS; Oct. 1995, SP, KV (L66) 
M66 NSW, Garra: Nov. 1992, SP, LS; Oct. 1995, SP, KV (K55) 
M77 NSW, Toogong: Nov. 1992, SP, LS; Oct. 1995, SP, KV (P06) 
M88 NSW, Canowindra: Nov. 1992, SP, LS; Oct. 1995, SP, KV (H33) 
M99 NSW, Woodstock: Nov. 1992, SP, LS; Oct. 1995, SP, KV (RIO) 
M100 NSW, Monteagle: Nov. 1992, TL, LS; Oct. 1995, SP, KV (M03) 
Mi ll  NSW, Muttama: Nov. 1992, TL, LS (N05) 
M122 NSW, Bookham: Nov. 1992, TL, LS (G66) 
M133 NSW, Captain's Flat: 1992, SP, LS; Oct. 1995, LS, KV (U10) 
M144 VIC, Chiltern: Nov. 1991, BG (L02) 
M155 VIC, Dawson: Nov. 1995, NS (A12) 
M166 VIC, Whittlesea: Dec. 1992, SP, KT; Nov. 1995, MB (Q09) 
M177 VIC, Dunmoochin: Nov. 1990, DF (G02) 
M188 VIC, Christmas Hills: Dec. 1992, YF (J44) 
M199 VIC, Anglesea: Nov. 1995, ES (A 15) 
M20ntt VIC, Narraburra Road: Oct. 1995, NS, KV (B90) 
M211 VIC, Bannockburn: Oct. 1990, NS; Oct. 1995, NS, KV (F01) 
M222 VIC, Forest Park: Nov. 1995, TD (D96) 
M233 VIC, Werona Road: Nov. 1995, NS (A95) 
M244 VIC, Streatham: Nov. 1991, TB; Nov. 1995, TB (E74) 
M255 VIC, LakeFyans: Oct. 1995, BG, KV (P46) 
M266 VIC, Wartook State Forest: Oct. 1995, BG, KV (P03) 
M277 VICnw, Raak Plain: Nov. 1995, HB, NS (A78) 
M288 VICnw, Pink Lakes: Oct. 1995, BG, KV (N51) 
M299 SA, Rockleigh: Nov. 1995, RC, DM, RT (P01) 
M300 SA, Kyeema Conservation Park: Dec. 1995, RC, RT (W01) 
M311 SA, Parsons Beach: Nov. 1995, RC, DM (H99) 
M322 WA, Esperance: Feb. 1997, TB, RL, CT (Z44) 

**  Population numbers follow ecotypes (Fig. 2; Table 1), and italic 3-letter codes correspond to species. 
bb States in Australia are: NSW = New South Wales, NSWn = northern New South Wales, SA = South 

Australia,, WA = West Australia, VIC = Victoria, VICnw = northwestern Victoria; 
Isless of New Zealand are: NZn = Northern island, NZs = Southern island. 

-100 0 0 

1070 0 

-100 0 0 

1060 0 
1200 0 

1200 0 

-170 0 0 
1570 0 

750 0 
520 0 

-35 0 0 

-35 0 0 
580 0 
500 0 
400 0 
340 0 
500 0 
460 0 
280 0 
460 0 

-75 0 0 

<200 0 
<200 0 

300 0 
<200 0 

240 0 
<200 0 

<200 0 
<200 0 

400 0 
-35 0 0 
<200 0 

-35 0 0 
200 0 

<200 0 

<200 0 

<200 0 
<200 0 

<200 0 

<200 0 

9 9 

9 9 

? ? 
9 9 

>1000 0 
>1000 0 

9 9 

9 9 

>1000 0 
9 9 

580 0 
440 0 
376 6 

3000 0 

600 70 0 
-600 0 0 

700 0 
1400 00 0 

288 00 0 
155 00 0 

1200 0 
9 9 

? ? 
-50 0 0 

9 9 

9 9 

9 9 

s..  a . 

s..  a . 

>100 0 0 
? ? 

s..  a . 
>100 0 0 

>100 0 0 
7 7 

>100 0 0 
? ? 
? ? 
? ? 
? ? 
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Tablee 2. Continued. 

Populationn State" and place of origin: collection date, collector initials' Altitude Population 
number'' (original population number)*1 (m)e size' 

Ingroup:: continued: 
M.M. scapigera (Msc) 

CI I 
C2 2 
C3 3 
C4 4 
Fl l 
F2 2 
F3 3 
F4 4 
F5 5 
Font t 
F7nt t 
F8nt t 
F9nt t 

NZn, , 
NZn, , 
NZs, , 
NZs, , 
VIC, , 
VIC, , 
VIC, , 
VIC, , 
VIC, , 
TAS, , 
TAS, , 
NZs, , 
NZn, , 

Castlee Point: Feb. 1996, BS (E82) 
Redd Rocks: 1995/96, BS, KV (R50) 
Wardd Beach: May. 1992, BS (M88) 
Isolationn Creek: Feb. 1996, BS (W20) 
Beveridge:: 1986; 1989, NS (E02) 
Upfield:: 1991/92, DT, AD, YF (JO!) 
Derrimutt Grassland Reserve: Oct. 1995, NS, KV (A01) 
Lakee Goldsmith: Nov. 1995, TB (E15) 
Blythvale:: 1989, CB; 1994, BW; Oct. 1995 NS, KV (D91) 
Iriss River: Feb. 1994, BS (Y50) 
Mountt Ben Lomond: Feb. 1994, BS (F13) 
Glentanness Station: Jan. 1996, BS (W40) 
Tongariroo National Park: Feb. 1995, BS (H50) 

Outgroups:: North American and Chilean annual Microseris, In = 18 
M.M. douglasii (Mdo) 

Mdo-\Mdo-\ California, Humboldt, Garberville, 1969, KC (A26) ? ? 
Mdo-2Mdo-2 California, Riverside, Alberhill Mountain, 1991, JB, KC (E73c) ? ? 

M.M. elegans (Mel) 
Mel-\Mel-\ California, Solano, Rio Vista, 1991, JB, KC (E61.5) ? ? 
Mel-2Mel-2 California, Santa Barbara, Dead Man Canyon, 1991, JB, KC (E38.7) ? ? 

M.M. pygmaea (Mpy) 
Mpy-\Mpy-\ Chile, Province de Choapa, El Teniente, 1980, JG (C96) ? ? 
Mpy-2Mpy-2 Chile, Santiago Prov., ?, ? (A92) ? ? 

Outgroups:: North American perennial Microseris and annual Uropappus, 2n = 18 
MM  borealis (Mbo) 

MboMbo Oregon, Clackamas, Mount Hood, ?, KC (C9I) -1000m ? 
M.M. laciniata (Mia) 

Mla-\Mla-\ Oregon, Linn Country, Philomath, ?, ? (A82) ? ? 
Mla-2Mla-2 California, Mendocino, Eel River Canyon, 1970, KC (L01) ? ? 

U.U. tindleyi (Uli) 
Uli-\Uli-\  Arizona, Pima, Mar. 1993, KC (F05) ? ? 
Uli-2Uli-2  Arizona, Pima, 1993, KC (E75) ? ? 

cc Collectors are: C. M. Beardsell (CB), D. M. Bell (DB), Howard Browne (HB), Johannes Battjes (JB), Max 
B.. (MB), Rhonda Bruhm (RB), Tym Barlow (TB), Kenton L. Chambers (KC), R. J. Chinnock (RC), 
Adriann Daniell (AD), Elizabeth Davidson (ED), Tim D'Ombrain (TD), D. Frood (DF), Yvonne Fripp 
(YF),, Beth Gott (BG), Jiirke Grau (JG), Brendan Lepschi (BL), T. Lally (TL), D. E. Murfet (DM), John 
Morgann (JM), Sue Mclntyre (SM), Suzanne Prober (SP), Barry Sneddon (BS), Esma Salkin (ES), Lindy 
Spindlerr (LS), Neville Scarlett (NS), Coral Turley (CT), Dale Tonkinson (DT), Kevin Thiele (KT), 
RosemaryRosemary Taplin (RT), Kitty Vijverberg (KV), and Bill Weatherly (BW). 

dd Numbers in brackets are population numbers used in the collection kept by Konrad Bachmann. 
Altitudess and population sizes are exact or approximate estimates by collectors, ? = unknown, and s. a. = 
smalll  population size because the area <50 m". 

<200 0 

<200 0 

10 0 
200 0 

<200 0 
<200 0 
<200 0 
<200 0 
<200 0 

820 0 
1200 0 
750 0 

1340 0 

<200 0 
<200 0 
<200 0 
<200 0 

? ? 

s..  a . 
<200 0 

>1000 0 
s..  a . 

<200 0 
<200 0 
<200 0 
<200 0 
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ingroupp were scored as missing data in the outgroups. Consequently, the number of mutations 
onn which rooting was based is reduced. In the case of complex patterns, also, fewer mutations 
weree included among the outgroups than actually present. The data set is available on request 
fromm the first author. 

AmplifyingAmplifying and sequencing of the XmL(UAA)-tm¥(GAA) intergenic spacer 

Totall  genomic DNA was isolated from 50 mg of fresh leaves of individual plants with the use 
off  the CTAB procedure (Saghai-Maroof et al. 1984), the modifications by Hombergen and 
Bachmannn (1995), and an extra RNase treatment. TmL-trnF intergenic spacers were amplified 
fromm 2 to 3 ng total DNA using the "e" and "f primers of Taberlet et al. (1991) and following 
theirr protocol. Either 0.05 U Super Tag DNA Polymerase with Super Tag buffer (HT 
Biotechnology,, Cambridge, England) or, when products were sequenced, 2.75 U Expand™ 
high-fidelityy thermostable DNA polymerase with accompanying MgCb buffer (Boehringer 
Mannheim,, Almere, The Netherlands) were used. Amplification products were resolved on 
1.2%% agarose gels and visualized by UV-light after staining with ethidium bromide. For DNA 
sequencing,, trnL-trnF amplification products were purified from 1 % low melting point 
agarosee gels using the Geneclean II kit (Biolabs, Westburg, Leusden, The Netherlands). 
Fragmentss were either sequenced manually, using the direct Circumvent™ Thermal Cycle 
dideoxyy DNA sequencing kit (Biolabs), or automated on an ALFexpress™ (Pharmacia 
Biotech,, Roosendaal, The Netherlands) after cloning into a Bluescript SK(+) vector. For 
cloning,, T-vectors were constructed by digestion of a Bluescript SK(+) vector at the EcoKV 
sitee followed by incubation of 50 ug vector with 0.3 mmol/L dTTP and 0.05 U Super Tag 
DNAA Polymerase with Super Tag buffer for 3 h at 72°C. Similarly, purified fragments were 
equippedd with a 3'-terminal Adenosine residue by incubating them with dATP. Ligation of 25 
ngg A-fragment with 100 ng T-vector was performed with T4 DNA ligase according to the 
instructionss of the manufacturer. Plasmids were electrotransformed into E. coli strain HB101 
usingg the Gene Pulser™ (BioRad) apparatus, and transformants were plated onto IPTG/X-
gall  plates (Sambrook et al. 1989). Plasmid DNA was isolated from positive clones using the 
alkalinee lysis mini preparation method (Sambrook et al. 1989) with an additional RNase, 
phenol/chloroform,, and ethanol precipitation treatment. Final yield was -75 ug purified DNA 
inn 120 JIL H2O from which 12 ug was sequenced using the Cy5™ AutoRead™ sequencing 
kitt (Pharmacia Biotech). Sequences were manually aligned to the tobacco trnL-trnF region 
(Shinozakii  et al. 1986), and secondary structures of tRNA-Phe molecules were checked by 
handd (Sprinzl et al. 1989). 

PhylogeneticPhylogenetic analysis 

Phylogeneticc trees were calculated with PAUP 3.1.1 (Swofford 1993) using the heuristic 
searchh algorithm with TBR branch swapping, STEEPEST DESCENT and MULPARS 
options,, and with 1000 random additions of taxa. Calculations were performed with both the 
restrictionn site and length mutations included, using one representative that showed identical 
mutations,, and with all changes equally weighted. The calculations were performed twice, 
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oncee with the annual Microseris as an outgroup (mutations 1-55; Table 3a) and the perennial 
MicroserisMicroseris and Uropappus lindleyi excluded, and once with U. lindleyi as an outgroup 
(mutationss 1-77; Table 3a, b). Dollo analyses or separate analyses for restriction site data 
weree unnecessary because site changes showed no homoplasy. Decay analyses (Bremer 1988; 
Soltiss et al. 1993) were performed to assess branch support. Bootstrap analyses (Felsenstein 
1985)) were omitted because there were many possible most parsimonious trees. This was 
mainlyy due to missing data in a few ingroup individuals that were not analysed for all three 
enzyme/probee combinations, and outgroup accessions that were not scored for all mutations. 
Ann indication for bootstrap support of branches within the ingroup was obtained by an 
analysiss using only M. elegans-l as an outgroup. 

Results s 

CpDNACpDNA RFLPs 

Thee survey of cpDNA restriction site variation among 53 Australian and New Zealand 
MicroserisMicroseris populations and three annual outgroup species (Table 2) identified a total of 55 
lengthh and restriction site mutations (Table 3a) of which 30 were potentially phylogenetically 
informative.. Within the ingroup, two chloroplast mutations were present in all accessions 
tested,, 18 were shared by individuals of more than one population (e.g., Fig. 3), seven were 
restrictedd to the two plants studied of one population, and 13 were unique for single plants. 
Noo mutations were shared by all annual Microseris tested, and no mutations were variable in 
bothh the ingroup and annual outgroups. Approximately 500 restriction sites were invariable 
forr the ingroup and annual outgroups. One-third of the mutations were recognized as deletions 
(Tablee 3a), insertions or a duplication (see next paragraph), and four as restriction site gains or 
losses.. At least 60% of the mutations were RFLPs smaller than 20 bp (Table 3a), 15% 
concernedd RFLPs of length 20-162 bp, and only two were RFLPs larger than 162 bp (280 bp, 
numberr 8, and 1400 bp, number 26). The remaining 25% mutations were RFLPs of unknown 
length.. All mutations are located in the large single-copy region of the chloroplast genome. 
Mutationss were most highly concentrated near the inverted repeat-proximal end of the 
Asteraceaee inversion (probe 6; Table 3; Jansen and Palmer 1987b), and in the region wherein 
thee trnL-trnF region is located (probe 11). 

Inn addition to the mutations found in the Australian, New Zealand, and North 
Americann annual Microseris (see above), 22 mutations (numbers 56-77; Table 3b) were 
includedd for the perennial outgroups (Table 2) and Uropappus lindleyi. All but two of these 
222 mutations were potentially phylogenetically informative. Two mutations were found to be 
variablee in both the ingroup and perennial outgroups (numbers 32 and 41; Table 3), while no 
mutationss were variable in the annual as well as the perennial Microseris. 
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Tablee 3. CpDNA restriction site mutations found in (a.) Australian and New Zealand Microseris 
andd annual outgroups and (b.) perennial outgroups and Uropappus lindleyi. 

Number r 

a. . 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 

12 2 
13 3 
14 4 

15 5 

16 6 

17 7 

18 8 

19 9 
20 0 

21 1 
22 2 
23 3 
24 4 
25 5 
26 6 
27 7 
28 8 
29 9 

30 0 

31 1 
32 2 
33 3 
34 4 
35 5 
36 6 
37 7 
38 8 

39 9 
40 0 

'' Probeb 

66 (14.7 kb) 

88 (6.7 kb) 

100 (6.9 kb) 

111 (7.7 kb) 

13(4.6kb) ) 

Enzyme(s) ) 

HinfllTrull HinfllTrull 
Hinü Hinü 
HinfllRsal HinfllRsal 
HinfllRsal HinfllRsal 
HinfVTrull HinfVTrull 
Rsal Rsal 
Rsal Rsal 
Trull Trull 
Trull Trull 
Trull Trull 
Trull Trull 

Hinü Hinü 
Hinü Hinü 
HinÜ HinÜ 

HinÜ HinÜ 
Hinü Hinü 

HinfllHinfll  RsaVTrull 
Hinü Hinü 

Hinü Hinü 
Hinfl/Trull Hinfl/Trull 

Hinfl/Trull Hinfl/Trull 
HinÜ HinÜ 
Hinfl/Trull Hinfl/Trull 
Hinfl/Trull Hinfl/Trull 
Hinü Hinü 
Rsal Rsal 
Rsal/Hinü Rsal/Hinü 
Trull Trull 
Trull Trull 

Trull Trull 

Hinü Hinü 
Hinü Hinü 
Hinü Hinü 
Hinü Hinü 
HinÜ HinÜ 
Hinfl/Trull Hinfl/Trull 
TruU TruU 
TruWRsal TruWRsal 

HinülTruM HinülTruM 
Hinü Hinü 

Mutationn (bp)1 

4500 = 435 [+15] 
4300 = 410 [+20] 
4100 = 395 [+15] 
3455 [+15] = 360 
2355 = 230 [+5] 
8300 [+10] = 840 
?? = 230 
8500 = 570 + 280 
1966 [+120] = 316 
1966 = 2 x 98 
700 [+2] = 72 

5055 = ? 
1266 [+4] = 130 
?? = 220 

4200 [+75] = 495 

1555 [+115] = 270 

425=4155 [+10] 
3155 = ? 

3500 = ? 
2300 [+40] = 270 

4455 [+76] = 521 
3255 [+5] = 330 
3000 + 307 = 445 [+ 
3000 = 285 [+15] 
2600 [+20] = 280 
14000 + 2400 =3800 
5155 [+10] = 525 
4400 [+10] = 450 
900 [+2] = 92 

4200 [+20] = 440 

3255 = 317 [+8] 
2355 = 225 [+10] 
2355 = 228 [+7] 
1455 [+8] = 153 
?== 335 
?== 328 
1855 = 170 [+15] 
?? = 265 

4355 [+10] = 445 
4355 =? 

Typed d 

DEL L 
? ? 

DEL L 
INS S 
DEL L 

? ? 
INS S 
GAIN N 

? ? 

GAIN N 
7 7 

? ? 

? ? 
? ? 

? ? 

? ? 

DEL L 
? ? 

? ? 

INS S 

DUPL L 
7 7 

162]]  DEL 
DEL L 

? ? 
LOSS S 
INS S 

7 7 
7 7 

? ? 

7 7 
? ? 
7 7 
7 7 
? ? 
7 7 
7 7 
7 7 

INS S 
7 7 

Population(s)/speciesr r 

M14-a a 
Min,Min, Msc 
M8-b b 
CI,, C2, C3, C4, F9nt 
Mln Mln 
F9nt t 
F8nt t 
Mln-2 Mln-2 
A6-a a 
Ml ,, M2 
Mln-l,Mln-l, except A2nt-b 

Mdo-2 Mdo-2 
Mpy Mpy 
Mdo-\,Mel-2 Mdo-\,Mel-2 

Ml ,, M2 

Mln Mln 

F8nt t 
Mln-3,Mln-3, except M19-b 

Mpy Mpy 
Mdo-2 Mdo-2 

M3-b,, M7-b, (M9-b, MIO-b) 
M31-b b 
M«-2,(M14-b) ) 
A8nt t 
A2nt-a a 
Mln-l Mln-l 
M25-b,, M32 
M4-b b 
CI,, C2, C3, C4, F9nt, 

Ml ,, M2, Ml4, M29-b 
Mln,Mln, Msc 

Mdo-l,Mel-2 Mdo-l,Mel-2 
Mdo-2,Mdo-2, Mbo, Mia 
Mpy Mpy 
Mel-1 Mel-1 
Mpy-2 Mpy-2 
Mpy-l Mpy-l 
Mel-2 Mel-2 
Mpy-l Mpy-l 

M15 5 
A2nt-b b 
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Number**  Probeb 

41 1 

42 2 
43 3 
44 4 
45 5 
46 6 
47 7 
48 8 

49 9 
50 0 

51 1 
52 2 
53 3 
54 4 
55 5 

b. . 
56 6 
57 7 
58 8 

59 9 

60 0 
61 1 
62 2 
63 3 

64 4 
65 5 
66 6 
67 7 
68 8 
69 9 

70 0 
71 1 
72 2 
73 3 

74 4 
75 5 
76 6 
77 7 

155 (6.3 kb) 

6 6 

8 8 

10 0 

11 1 

13 3 

15 5 

Enzyme(s) ) 

HinfllRsal HinfllRsal 

Hinfl Hinfl 
Rsal Rsal 
Rsal Rsal 
Rsal Rsal 
TruU TruU 
TruU TruU 
TruWTruW Hinfl 

Hinfl/TruU Hinfl/TruU 
HinfllRsal HinfllRsal 

Hinfl/TruU Hinfl/TruU 
Hinfl Hinfl 
Hinfl Hinfl 
TruU TruU 
TruU TruU 

Hinfl Hinfl 
Rsal Rsal 
Trull Trull 

Hinfl Hinfl 

Hinfl Hinfl 
Hinfl!Hinfl!  TruU 
Rsal Rsal 
TruU TruU 

Hinfl!Hinfl!  Trull 
Hinfl Hinfl 
Rsal Rsal 
Rsal Rsal 
Trull Trull 
TruU TruU 

Hinjl Hinjl 
Hinfl Hinfl 
Rsal/Hinfl Rsal/Hinfl 
Rsal Rsal 

TruU TruU 
TruU TruU 
TruU TruU 
Trull Trull 

Mutationn (bp)1 

3900 [+15]= 405 

2055 = 195 [+10] 
5400 [+10] = 550 
3300 [+10] = 340 
2855 = 280 [+5] 
1900 [+10] = 200 
95/105/1100 = n (20+25) 
190== 175 [+15] 

2100 = 200 [+10] 
?? = 174 

4700 = 460 [+10] 
4200 = 350 [+70] 
4000 = 380 [+20] 
5600 = 540 [+20] 
1300 [+65]= 195 

530++ 100 = 630 
6655 [+15] = 680 
1755 = 170 [+5] 

4200 = 415 [+5] 

3855 = ? 
3500 [+5] = 355 
?? = 570 
4555 [+95] = 550 

1700 + 173 = ? 
1155 = ? 
13500 + 800 = 2150 
1800 + 420 = 600 
2500 + 5 = 255 
?? = 230 

4355 + 455 = 890 
?? = 255 
3900 [+5] = 395 
190== 185 [+5] 

4500 = 440 [+10] 
?? = 510 
?? = 375 
?? = 243 

Type" " 

INS S 

? ? 
? ? 
? ? 
? ? 
? ? 

GAIN N 
DEL L 

DEL L 
INS S 

DEL L 
7 7 
? ? 
? ? 
? ? 

LOSS S 
..? ? 

? ? 

? ? 

? ? 

INS S 
? ? 
9 9 

? ? 
? ? 

LOSS S 
LOSS S 
LOSS S 

? ? 

LOSS S 
? ? 

INS S 

? ? 
? ? 
? ? 

Population(s)/species' ' 

Mfl-3 ,, except A5, A6-a, A8nt, 
Ml4 ,, M25-b, M32; Mbo, Mia 

F4-b b 
M2-b b 
M25-b b 
M16-b b 
Alnt ,, A2nt-b, A3nt, Ml , M20nt 
Mln Mln 
M3-b b 

Mpy Mpy 
Mdo-l,Mel-2 Mdo-l,Mel-2 

Mln-l Mln-l 
Mln-3 Mln-3 
M21-b b 
M26-b b 
M12 2 

Mbo,Mbo, Mia 
Mbo,Mbo, Mia 
Mbo,Mbo, Mla-2 

Mbo,Mbo, Mia 

Mbo,Mbo, Mia, Uli 
Mbo,Mbo, Mla-2 
Mbo,Mbo, Mia 
Uli Uli 

Mbo,Mbo, Mia 
Uli Uli 
Mbo,Mbo, Mia 
Mbo,Mbo, Mia 
Mbo,Mbo, Mia, Uli 
Mla-2 Mla-2 

Uli Uli 
Mbo,Mbo, Mia 
Mbo,Mbo, Mia 
Mbo,Mbo, Mia 

Mbo,Mbo, Mia 
Mia,Mia, Uli-2 
Uli Uli 
Mbo Mbo 

""  Mutation number 7 is confirmed by restriction enzyme Baril;  numbers 12, 14 19, 31, 32, and 35 correspond 
too G, H, M, J, L, and K, respectively, reported by Roelofs and Bachmann (1997); numbers 15 and 16 are 
illustratedd in Fig. 3; numbers 21 and 23 represent the duplicated trnF exon and deleted trnL-trnF intergenic 
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TmLTmL (UAA )-tm¥(GAA) inter genie spacer analysis 

Amplificationn products of the trnL-trnF intergenic spacer of different Microseris accessions 

showedd one of three variants: a long (-451 bp; Fig. 4), short (289 bp), or double (289 and 365 

bp)) fragment. The three variants cosegregated with mutations 21 and 23 (Table 3), which was 

confirmedd by hybridizing the total DNA blots using trnL-trnF fragments as a probe. The 

DNAA sequences showed the long trnL-trnF fragment of Microseris to be - 8 5% homologous to 

thee corresponding sequence in tobacco (positions 49854-50291; Shinozaki et al. 1986; Fig. 5). 

Thee sequences of the short trnL-trnF fragments, isolated from either the single short or double 

fragmentt variants (Figs 4. 5). were identical and exhibited a deletion of 162 bp when compared 

too the long fragment. The longer fragment of the double fragment variant showed at its 

upstreamm part a sequence identical to these found for the short fragments, and at its 

downstreamm part an additional 76 bp that resembled a tandemly repeated trnF exon (positions 

50232-50307;; Shinozaki et al. 1986). The 76 bp included 16 nucleotides of the 5'-trnF exon 

downstreamm of the "f" primer site, and 60 nucleotides of the 3'-exon finishing with a second 

"f '' primer site. Different accessions of similar length variants showed minor to no nucleotide 

substitutions.. Only the perennial M. borealis contained variation at positions 126 (Fig. 5), 

234.. and 334-339. the latter resulting in the loss of a Tru\ I site. In addition, one of the 

MicroserisMicroseris lanceolata-2 accession, M2-b, showed variation at positions 29 and 377. Because 

sequencee variation appeared to be virtually absent within the trnL-trnF spacer, sequencing of 

thiss region was limited to a few representatives, and nucleotide substitutions found were not 

usedd in the phylogenetic analysis. 

Lengthh differences on the blots indicated that the 3'-trnF exon (Fig. 5) comprised an 

entiree exon, whereas the upstream 60 nucleotides were confirmed by sequencing. The DNA 

sequencess of the two trnF exons were highly similar to each other and to the one found in 

NicotianaNicotiana tabacum. except for four nucleotides at the end of the 5'-exon (positions 483, 485. 

488,, and 489; Fig. 5), and two at the very beginning of the 3'-exon (positions 491 and 492, 

comparee to 415 and 416). The substitutions corresponded to positions 69, 71, 74, 75, and 1, 

andd 2, of the two chloroplast tRNA-Phe molecules, respectively (Sprinzl et al. 1989). The 

secondaryy structure of the tRNA-Phe molecule coded for by the 5'-exon, showed a G-G 

mismatchh at base pair 4-69 (positions 418 and 483) in the acceptor stem, while no 

mismatchess occurred in the other three stems. The annealing of the acceptor stem of the 

Tablee 3. Continued. 

spacer,, respectively (Figs 4, 5), while population numbers in parentheses indicate plants that were included in 
thee PCR- but not the RFLP- (and phylogenetic) analyses; number 68 is confirmed by sequencing (Fig. 5). 

bb Probes are according to Jansen and Palmer (1987b). 
cc Mutations are polarized against the annual Microseris, fragments noted are found with the first enzyme listed, 

squaree brackets enclose fragments that were not seen on the blots. 
dd Type indicates type of mutation: DEL = deletion, INS = insertion, DUPL = duplication, GAIN = restriction 

sitee gain, LOSS = site loss, and ? = unknown. 
'' Population numbers follow ecotypes (Table 2), and a's and b's indicate one of the two plants per population 

investigated;; italic 3-letter codes correspond to species (Table 2), and Mln-\, Mln-2 and Mln-3 refer to 
chloroplastt types as defined in the cladogram shown in Fig. 6. 
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rtSnMsrtSnMs 2»e!£ nn  IH r-« 

- 4 200 [+75] 

- 2 7 0 0 

MBB MB^^f t ^M w MM M flM —  — M M - 212 2 

|| ^ ^  ^m 

-1555 [+115] 

Fig.. 3. Autoradiogram showing the hybridization patterns of Hinfl digested total DNA of 
MicroserisMicroseris scapigera and M. lanceolata plants (lanes 1-12, indicated by their population numbers; 
Tablee 2), the outgroups M. borealis and M. pygmaea (lanes 13-14), and a size marker (lane 15), 
withh chloroplast DNA probe 8 (6.7-kb; Table 3). Polymorphic bands are designated by arrows: (a) 
denotess mutation 15 (Table 3) and (b ) mutation 16. 
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tRNA-Phee molecule coded for by the 3'-exon is, due to the two substitutions found at 
positionss 1 and 2, probably also disturbed. 
Apartt from the three (rnL-trnF variants obtained by polymerase chain reaction (PCR), the 
blotss hybridized with the trnL-trnF fragments used as a probe showed a few other variants. 
Onee of these variants corresponded to mutation 24 (Table 3), whereas others were detected in 
threee Microsehs lanceolata accessions (A6-a and Ml4), the two perennial outgroups tested 
(Tablee 2), and Uropappus lindleyi. Lengths of the fragments involved indicated that these 
variantss might represent independent duplications of the trnF exon, although this was not 
confirmedd by the amplification products. Because the exact nature of these variants was 
unknown,, they were excluded from the data matrix, while mutation 21 was scored as missing 
dataa for the accessions involved. Currently, the additional trnL-trnF variants are being 
investigatedd by sequencing the trnL(UAA)-trnV(\J AC)/ndhJregion (Vijverberg and Bachmann 
1999). . 

Thee distribution of the three trnL-trnF variants is shown in Figure 1. The short 
fragment,, that exhibited the 162-bp deletion, is unique to Australian Microsehs in which it 
wass observed in populations from New South Wales, South Australia, and northeastern 
Victoriaa (D). Approximately one-third of the plants of four of the populations from New 
Southh Wales (M3, M7, M9. and M10, ; Fig. 1) showed the double fragment, which 
exhibitedd the duplicated trnF exon. All New Zealand, Tasmanian, and remaining Australian 
MicrosehsMicrosehs investigated, as well as all outgroup species, showed the long trnL-trnF fragment. 
Somee populations from northeastern Victoria (A6, Ml4, Ml6, and Ml7, DO; Fig. 1), 
involvingg both the "A" (Fig. 2; Table 1) and "M" ecotypes, showed within-population 
variationn for the long and short fragment. 

PhylogeneticPhylogenetic relationships within the ingroup 

Cladisticc analyses of 53 Australian and New Zealand Microsehs populations and three annual 
outgroupp species (Table 2), using 55 equally weighted length and restriction site mutations 
(Tablee 3a), resulted in 1120 most parsimonious trees of length 60, consistency index 0.92 
(0.866 when autapomorphies were excluded), and retention index 0.96 (autapomorphies in- or 
excluded).. The strict consensus tree of the search is shown in Figure 6. A total of five 
homoplasiouss characters were found, of which three are plotted onto the tree (numbers 11, 18, 
andd 29; Fig. 6), while the two others (numbers 41 and 46) supported branches not present in 
thee strict consensus tree. 

Thee phylogenetic tree (Fig. 6) showed the Australian and New Zealand Microsehs to 
bee monophyletic on the basis of two chloroplast mutations (numbers 2 and 30; Table 3). 
Three-quarterss of the ingroup accessions were included in a clade defined by three mutations 
(numberss 5, 16, and 47). This clade comprised all Australian self-incompatible populations, 
bothh "M" and "A" ecotypes (Figs 1, 2, 6; Tables 1, 2) and corresponds to the previously 
recognizedd species M. lanceolata (Sneddon, unpublished data). The ingroup accessions that 
weree not included in the clade are all members of the second Southern hemisphere species of 
Microsehs,Microsehs, M. scapigera, and comprise all Tasmanian and New Zealand populations as well 
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Fig.. 4. Agarose gel showing the three trnL(UAA)-trnF(GAA) amplification product variants, 
illustratedd with the outgroups Microseris borealis and M. pygmaea (lanes 2-3), six Australian 
MicroserisMicroseris plants (lanes 4-9, indicated by their population numbers; Table 2), a negative control 
(lanee 10), and a size marker (lanes 1 and 11). 

ass the autofertile or "F" ecotype from the Australian mainland. Except for population F8nt, 

thee New Zealand Microseris shared one unique insertion (number 4; Table 3). In addition, 

F8ntt differed from the other New Zealand populations by two autapomorphies (numbers 7 

andd 17). The "F" ecotypes from Australia and Tasmania (Fl-F7nt) were least divergent from 

thee North American Microseris. 

MicroserisMicroseris lanceolata was divided into three clades on the basis of one or two 

chloroplastt mutations each (Mln-\, Mln-2, and Mlrt-3; Fig. 6). Mln-\ (A; Figs 1, 6) included 

populationss from northern New South Wales and one from the vicinity of Melbourne. Plants 

Fig.. 5. Alignment of nucleotide sequences of trnL(UAA)-trnF(GAA) intergenic spacers of 
referencee species Nicotiana tabacum (Shinozaki et al. 1986), perennial outgroup Microseris 
borealis,borealis, annual outgroup M. pygmaea, and ingroup species M. scapigera, and M. lanceolata-l, 
Mln-2,Mln-2, and M/n-3 (Fig. 6). TmL-trnF length variants found in M. lanceolata are: long =451 bp 
(Fig.. 4), short = 289 bp (shows 162-bp deletion), double-s = 289-bp fragment of double PCR 
productt (shows 162-bp deletion), and double-l = 365-bp fragment of double PCR product (shows 
alsoo duplicated trnF exon). Sequenced individuals are from populations F5 (Msc; Table 2), A3nt 
(Mln-\),(Mln-\), M2-b and M28 (Mln-2 short), M3-b and M7-b (Mln-2 double), and A6-a and M14 (Mln-
3).. Primer sequences are in lowercase and indicated; trnL and trnF exons are indicated; nucleotide 
substitutionss as compared to the annual outgroup are underlined; variation between the two 
sequencedd accessions of the same variant are underlined, i.e., positions 29 (C = T) and 377 (T = 
A)) of M2-b (Mln-2 short); gaps are denoted by dashes, N (or n)'s are nonsequenced nucleotides. 
Thee nucleotide sequence data are deposited in the EMBL/GenBank under accession numbers 
AF049662-700 and AF058685. 
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N.N. tabacum 
M.M. boreal is 
M.M. pygmaea 
M.M. scapigera 
Mln-1Mln-1 (long ) 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-2, Mln-2, 

(short ) ) 
(doubl e e 
(double --
(long ) ) 

- trnL-exon n 
20 0 

ggttcaagtccctctatcc c c 
ggttcaagtccctctatcc c c 
ggttcaagtccctctatcc c c 
ggttcaagtccctctatcc c c 
nnnnnnnnnnnnnnnnnnn n n 
ggttcaagtccctctatcc c c 

-s ))  ggttcaagtccctctatcc c 
-1 ))  ggttcaagtccctctatcc c 

ggttcaagtccctctatcc c c 
||  "e "  -prime r  | 

40 0 
CAAAAAGACTATTTCACTCC C 
CAAAAAGACCCTTTGGCTCC C 
CAAAAAGACCCTTTGGCTCC C 
CAAAAAGACCCTTTGGCTCC C 

CAAAAAGAC.CCTTTGGCTCC C 
CAAAAAGACCCTTTGGCTCC C 
CAAAAAGACCCTTTGGCTCC C 
CAAAAAGACCCTTTGGCTCC C 

60 0 
CCAAA C T 
CTAATTCTTTATAGTATCCT T 
CTAATTCTTTATAGTATCCT T 
CTAATTCTTTATAGTATCCT T 
NN^^^NNNNNNNTAGTATCCT T 
CTAATTCTTTATAGTATCCT T 
CTAATTCTTTATAGTATCCT T 
CTAATTCTTTATAGTATCCT T 
CTAATTCTTTATAGTATCCT T 

800 10 0 12 0 
N.N. tabacum ATTTATCCGACCCCCTTTCC TTAGCGGTTCC.AAATTCCTT ATCTTTCTCATTCACTCTAT 
M.M. borealis TTTTATTTATCCTTTTTTCG TTAGCGGTTCAAAACTCCTT ATCTTTCTCATTCACT--AC 
M.M. pygmaea TTTTTTTTATCCTTTTTTCG TTAGCGGTTCAAAACTCCTT ATCTTTCTCATTCACT--AC 
M.M. scapigera TTTTATTTATCCTTTTTTCG TTAGCGGTTCAAAACTCCTT ATCTTTCTCATTCACT--AC 
Mln-1Mln-1 (long )  TTTTATTTATCCTTTTTTCG TTAGCGGTTCAAAACTCCTT ATCTTTCTCATTCACT--AC 
Mln- 22 (short )  TTTTATTTATCCTTTTTTCG 
Mln-2Mln-2 (double-s )  TTTTATTTATCCTTTTTTCG 
Mln-2Mln-2 (double-1 )  TTTTATTTATCCTTTTTTCG 
Mln- 33 (long )  TTTTATTTATCCTTTTTTCG TTAGCGGTTCAAAACTCCTT ATCTTTCTCATTCACT--AC 

N.N. tabacum 
M.M. borealis 
M.M. pygmaea 
M.M. scapigera 
Mln-1Mln-1 (long ) 
Mln-2Mln-2 (short ) 

140 0 
TCTTTT -  TAQAAATGGATTTG 
TCTTTQTACAAATGGATCTG G 
TCTTTATACAAATGGATCTG G 
TCTTTATACAAATGGATCTG G 
TCTTTATACAAATGGATCTG G 

Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-2 Mln-2 

( d o u b l e - s) ) 
( doub le -1) ) 
( long) ) 

1600 18 0 
AGCGTAAATGG.CTTTCTCTTT ATCACAAGTCTTGTGATATA 
AGCGGAAATGCTGTTCTCTTT ATCACA TGTGATATA 
AGCGGAAATGCTGTTCTCTTT ATCACA TGTGATATA 
AGCGGAAATGCTGTTCTCTTT ATCACA TGTGATATA 
AGCGGAAATGCTGTTCTCTTT ATCACA TGTGATATA 

TCTTTATACAAATGGATCTGG AGCGGAAATGCTGTTCTCTT ATCACA TGTGATATA 

N.N. tabacum 
M.M. borealis 
M.M. pygmaea 
M.M. scapigera 
Mln-1Mln-1 (long ) 
Mln-2Mln-2 (short ) 

200 0 
TATGATACAC.ATAGAAATGA A 
TATGATACATGTATAAATGA A 
TATGATACATGTATAAATGA A 
TATGATACATGTATAAATGA A 
TATGATACATGTATAAATGA A 

Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-3 Mln-3 

(doubl e e 
(doubl e e 
(long ) ) 

220 0 
ACQTCTTTGAGG CAA 
ACATCTTTGAGTTTGAGCAA A 
ACATCTTTGAGTTTGAGCAA A 
ACATCTTTGAGTTTGAGCAA A 
ACATCTTTGAGTTTGAGCAA A 

240 0 
GG.AATCC C  C  T  AG.TTGAA 
GAAAACCCCATTTATTTGAA A 
GAAAACCCCATTTGTTTGAA A 
GAAAACCCCATTTGTTTGAA A 
GAAAACCCCATTTGTTTGAA A 

S) ) 
1) ) 

TATGATACATGTATAAATGAA ACATCTTTGAGTTTGAGCAA GAAAACCCCATTTGTTTGAA 

N.N. tabacum 
M.M. borealis 
M.M. pygmaea 
M,M, scapigera 
Mln-1Mln-1 (long ) 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-3 Mln-3 

(short ) ) 
(double --
(double --
(long ) ) 

260 0 
TGATTCCCTATCAATATCAT T 
TGATTCACGATCGATATTTT T 
TGATTCACGATCGATATTTT T 
TGATTCACGATCGATATTTT T 
TGATTCACGATCGATATTTT T 

ATCGATATTTT T 
-S))  ATCGATATTTT 
-1 ))  ATCGATATTTT 

TGATTCACGATCGATATTTT T 

280 0 
TA£TCATACTGAAACTTACA A 
TATTCATACTGAAACTTACA A 
TATTCATACTGAAACTTACA A 
TATTCATACTGAAACTTACA A 
TATTCATACTGAAACTTACA A 
TATTCATACTGAAACTTACA A 
TATTCATACTGAAACTTACA A 
TATTCATACTGAAACTTACA A 
TATTCATACTGAAACTTACA A 

300 0 
AAGT-CATCTTTTTGAAGAT T 
AAGTTGTTCTTTT T 
AAGTTGTTCTTTT T 
AAGTTGTTCTTTT T 
AAGTTGTTCTTTT T 
AAGTTGTTCTTTT T 
AAGTTGTTCTTTT T 
AAGTTGTTCTTTT T 
AAGTTGTTCTTTT T 

66 6 



ChloroplastChloroplast DNA phylogeny 

N.N. tabacum 
M.M. boreal is 
M.M. pygmaea 
M.M. scapigera 
Mln-1Mln-1 (long ) 
Mln-Mln-
Mln-Mln-
Mln-Mln-
Mln Mln 

-2 -2 
-2 2 
-2 2 
-3 3 

(short ) ) 
(doubl e e 
(doubl e e 
(long ) ) 

320 0 
£GAAGAAATTT C.CCCGG 
-GA-CAAATTATAGGCCCGG G 
-GA-CAAATTATAGGCCCGG G 
-GA-CAAATTATAGGCCCGG G 
-GA-CAAATTATAGGCCCGG G 
-GA-CAAATTATAGGCCCGG G 

-S))  -GA-CAAATTATAGGCCCGG 
-1 ))  -GA-CAAATTATAGGCCCGG 

-GA-CAAATTATAGGCCCGG G 

340 0 
CTTTGAGAAAATTTTTAATC C 

GATGAGGCTT..  T 
GATGAGGCTATTAAAT T 
GATGAGGCTATTAAAT T 
GATGAGGCTATTAAAT T 
GATGAGGCTATTAAAT T 
GATGAGGCTATTAAAT T 
GATGAGGCTATTAAAT T 
GATGAGGCTATTAAAT T 

360 0 
TACTTTTGTCCTTGTAATTG G 
TTAATACG-CGTTCTA-TTG G 
TTAATACG-CGTTCTA-TTG G 
TTAATACG-CGTTCTA-TTG G 
TTAATACG-CGTTCTA-TTG G 
TTAATACG-CGTTCTA-TTG G 
TTAATACG-CGTTCTA-TTG G 
TTAATACG-CGTTCTA-TTG G 
TTAATACG-CGTTCTA-TTG G 

N.N. tabacum 
M.M. borealis 
M.M. pygmaea 
M.M. scapigera 
Mln-1 Mln-1 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-2 Mln-2 

(long ) ) 
(short ) ) 
(doubl e e 
(doubl e e 
(long ) ) 

380 0 
ACATAGACCCC.AGTTCTCTA. . 
ACATAGACCCAAGT-CTTTG G 
ACATAG*CCCAAGT-CTTTG G 
ACATAG//  CCAAGT-CTTTG 
ACATAGACCCAAGT-CTTTG G 
ACATAGACCCAAGT-CTTTG G 

--  s  )  ACATAGACCCAAGT-CTTTG 
-1 ))  ACATAGACCCAAGT-CTTTG 

ACATAGACCCAAGT-CTTTG G 

400 0 
A TT AAAATGAGGATA 
ATAAAATGAAAATGAGGATG G 
ATAAAATGAAAATGAGGATG G 
ATAAAATGAAAATGAGGATG G 
ATAAAATGAAAATGAGGATG G 
ATAAAATGAAAATGAGGATG G 
ATAAAATGAAAATGAGGATG G 
ATAAAATGAAAATGAGGATG G 
ATAAAATGAAAATGAGGATG G 

420 0 
CC TACATTGGGAATAGCCGGG 
AGACATGAGGACTAGTCGGG G 
AGACATGAGGACTAGTCGGG G 
AGACATGAGGACTAGTCGGG G 
AGACATGAGGACTAGTCGGG G 
AGACATGAGGACTAGTCGGG G 
AGACATGAGGACTAGTCGGG G 
AGACATGAGGACTAGTCGGG G 
AGACATGAGGACTAGTCGGG G 

N.N. tabacum 
M.M. borealis 
M.M. pygmaea 
M.M. scapigera 
Mln-1Mln-1 (long ) 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-3 Mln-3 

(short ) ) 
(doubl e e 
(doubl e e 
(long ) ) 

440 0 
ATAGCTCAGTTGGTAGAGCA A 
ATAGCTCAGTTGGTAGAGCA A 
ATAGCTCAGTTGGTAGAGCA A 
ATAGCTCAGTTGGTAGAGCA A 
ATNN^^sINM^NNNNM^NNNNN N 
ATAGCTCAGTTGGTAGAGCA A 

-S))  ATAGCTCAGTTGGTAGAGCA 
-1 ))  ATAGCTCAGTTGGTAGAGCA 

ATAGCTCAGTTGGTAGAGCA A 

trnf-exon n 
460 0 

GAGGACTGAAAATcctcgtg g 
GAGGACTGAAAATcctcgtg g 
GAGGACTGAAAATcctcgtg g 
GAGGACTGAAAATcctcgtg g 
NNNNNNNNNNNNNnnnnnnn n 
GAGGACTGAAAATcctcgtg g 
GAGGACTGAAAATcctcgtg g 
GAGGACTGAAAATcctcgtg g 
GAGGACTGAAAATcctcgtg g 

480 0 
tcaccagttcaaatCTGGT T T 
tcaccagttcaaa t t 
tcaccagttcaaa t t 
tcaccagttcaaa t t 
nnnnnnnnnnnnn n n 
tcaccagttcaaa t t 
tcaccagttcaaa t t 
tcaccagttcaaatCTGGT T T 
tcaccagttcaaa t t 

f ""  -prime r  | 

N. N. 
M. M. 
M. M. 
M. M. 
Mln-1 Mln-1 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-3 Mln-3 

500 0 
CCTGGCACATT (se e 415 ) 

5200 54 0 
tabacum tabacum 
borealis borealis 
pygmaea pygmaea 
scapigera scapigera 

(long ) ) 
(short ) ) 
(double-s ) ) 
(double-1 ))  CCGGACAAGTCACGGGATAG CTCAGTTGGTAGAGCAGAGG ACTGAAAATcctcgtgtca c 
(long ) ) 

II  « f  « _ 

550 0 
N.N. tabacum 
M.M. borealis 
M.M. pygmaea 
M.M. scapigera 

(long ) ) Mln-1 Mln-1 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-2 Mln-2 
Mln-3 Mln-3 

( s h o r t) ) 
( d o u b l e - s) ) 
(doub le -1)) c a g t t c a a at 
( long) ) 

p r i m err | 
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off  these populations resembled each other in their morphology, which is intermediate between 
thee "M" and "A" ecotypes (Table 1). Mln-2 (D; Fig 1) consisted of all populations of the 
"M""  ecotype from New South Wales, northern Victoria, and South Australia, as well as 
populationn Ml 5, and part of the individuals of populations Ml 6 and M17 (and Ml 4) from 
easternn Victoria. This clade included in addition part of the individuals of population A6 of 
thee "A" ecotype, also from northeastern Victoria. Mln-2 was well characterized by the 162-bp 
deletionn in the trnL-trnF intergenic spacer (number 23; Table 3), and some individuals within 
thiss clade contained the duplicated trnF exon (number 21). Mln-3 (O; Fig. 1) comprised the 
remainingg (individuals of the) Victorian populations, both "M" and "A" ecotypes. Within this 
lastt clade, population A7 of the "A" ecotype shared one insertion with its neighbouring 
populationss of the "M" ecotype (number 41; Table 3). 

PositionPosition of the ingroup within the genus 

Cladisticc analyses of all Microseris species tested (Table 2) and Uropappus lindleyi used as an 
outgroup,, using 77 equally weighted length and restriction site mutations (Table 3), resulted in 
16800 most parsimonious trees of length 84, consistency index 0.92 (0.88 when 
autapomorphiess were excluded), and retention index 0.96 (autapomorphies in- or excluded). 
Thee strict consensus tree, summarized for the ingroup topology shown in Figure 6, is 
presentedd in Figure 7. In addition to the five homoplasious characters mentioned in the 
previouss paragraph, mutation 75 was homoplasious (Table 3). The results showed the genus 
MicroserisMicroseris defined by five chloropiast mutations (Fig. 7). The annual, Australian, and New 
Zealandd Microseris form a monophyletic group on the basis of three mutations and were 
sisterr to the perennial Microseris that were defined by ten mutations. The monophyly of the 
annuall  species was not supported. Microseris douglasii-l and M. elegans-2 shared mutations 
withh each other rather than with the second accession of their species, resembling earlier 
resultss of Roelofs et al. (1997). The Californian M. laciniata-2 shared two mutations with M. 
borealboreal is rather than with the Oregon accession of M laciniata. 

Fig.. 6. Strict consensus tree of 1120 most parsimonious trees showing relationships among 53 
Australiann and New Zealand Microseris populations and three annual outgroup species. The 
phylogenyy is based on 55 equally weighted cpDNA RFLPs (Table 3a), most of them small indels. 
Treee length is 60, consistency index 0.92 (0.86 when autapomorphies excluded), and retention 
indexx 0.96 (autapomorphies in- or excluded). Branch lengths correspond to numbers of mutations; 
numberr of black bars correspond to number of mutations as well as to decay values; open, gray, 
andd thin bars indicate three of the five homoplasious mutations, respectively; numbers in 
bracketss correspond to bootstrap support when only M. elegans-X was used as an outgroup; 
restrictionn site changes are indicated as G = gain, and L = loss; trnL-trnF spacer variants are 
denotedd as DEL-162 = 162-bp deletion, and DUPL-frnF = trnF exon duplication. Population 
numberss follow ecotypes (Fig. 2; Tables 1, 2); chloropiast types are: M lanceolata-X (A; Fig. I), 
Mln-2Mln-2 (D), Mln-3 (O) and M. scapigera , ©); underlined accessions are from populations that 
showw variation for Mln-2 and Mln-3 type chloroplasts; abbreviations of places of origin of 
populationss are explained in Table 2, footnote b. 
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specc i es/c hloroplast type, 
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Discussion n 

PhylogeneticPhylogenetic utility of small cpDNA RFLPs 

Thee chloroplast mutations found within the Australian, New Zealand, and annual Microseris 
(Tablee 3a) are mostly indels of <162 bp, of which 80% are <20 bp. These small indels are 
reliablee characters for phylogenetic reconstruction of Australian and New Zealand Microseris 
ass judged by the high consistency indexes (0.86-0.92; Fig. 6). Small indels (<1000 bp) have 
beenn reported to be frequently homoplasious (Downie and Palmer 1992) and are therefore 
oftenn omitted from phylogenetic analyses (e.g., Sytsma and Gottlieb 1986; Palmer et al. 1988; 
Wallacee and Jansen 1990). They have a tendency to cluster in "hot spots" (e.g., Downie and 
Palmerr 1992; Hipkins et al. 1995), which makes homology assignment difficult. In several 
studies,, however, small indels have been proven useful for phylogenetic reconstruction of 
closelyy related species (e.g., Doebley et al. 1987; Soltis et al. 1989; Soltis et al. 1990). Also, in 
aa chloroplast study of Crassulaceae based on sequences of the trnL-tmF intergenic spacer, 
onlyy one of 34 indels of length 3-20 bp was found to be homoplasious (Van Ham et al. 1994). 
Inn our study, no "hot spot" regions for indels are recognized because few mutations are 
detectedd per enzyme/probe combination. Four of the five homoplasious mutations are <20 bp, 
whereass the fifth has an unknown length. Our results show that small indels can be useful for 
phylogenyy reconstruction at the intra- and interspecific level, in particularly when they are 
>200 bp. 

Thee fact that many more indels than restriction site changes are found contrasts with 
mostt other studies (e.g., Soltis et al. 1992a; Gielly and Taberlet 1994; Mes et al. 1996; Sang et 
al.. 1997a). Only four of the RFLPs detected within the ingroup and annual outgroups are 
recognizedd as site changes from which three involve the AT-rich 7>wll sequence (TTAA; 
Tablee 3a). Apparently, the RFLPs of <20 bp that would have mostly remained undetected in 
conventionall  Southern blotting using six-base enzymes and agarose gels are indels rather than 
changess in closely linked restriction sites. The results suggest that evolution of the chloroplast 
genome,, at least within Microseris, primarily occurs by small indels at the lower taxonomie 
levels.. The phylogenetic utility of small indels in the Australasian Microseris indicates that a 
fine-scalefine-scale restriction site method using four-base enzymes and poly acryl amide gels can be 
chosenn in studies at the intra- and interspecific levels when other methods lack sufficient 
variation. . 

TrnL(UAA)-tmF(GAA)TrnL(UAA)-tmF(GAA) variation 

AA deletion of 162 bp in the trnL-tmF spacer, not detected in any of the North American 
MicroserisMicroseris or in the reference species tobacco, is present in populations from the Australian 
mainlandd (Mln-2, D; Figs 1, 5, 6). A subset of these plants also exhibit a duplicated trnF exon 
(D!;; Fig. 1). Although deletions in intergenic spacers are quite common (e.g., Downie and 
Palmerr 1992), duplications of entire tRNA genes are rarely reported (e.g., Tsai and Strauss 
1989)) and have not yet been observed in the plastids of Asteraceae. For the chloroplast 
genomess of grasses and gymnosperms, however, a number of partially duplicated tRNAs 
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Af.Af. lanceolata-l 

Af.Af. lanceolata-2 
1 1 

Af.Af. lanceolata-3 

Af.Af. scapigera 

—— M. scapigera 

M.scapigera M.scapigera 

mm group 

M.M. elegans-l 

22 | Af. douglasii-l 

Af.Af. elegans-2 

JJ  Af. 

Af.Af. douglasii-2 

Af.Af. pygmaea-2 

Af.Af. pygmaea-1 c c 
annual l 

outgroup p 

Af.Af. Iaciniata-l 

Af.Af. laciniata-2 

Af.Af. borealis 

perennial l 
outgroup p 

U.U. lindleyi-l 

—— U. lindleyi-2 

Fig.. 7 . Strict consensus tree of 1680 most parsimonious trees showing the position of 
Australiann and New Zealand Microseris within the genus. The phylogeny is based on 77 equally 
weightedd cpDNA RFLPs (Table 3a, b). Tree length is 84, consistency index 0.92 (0.88 when 
autapomorphiess excluded), and retention index 0.96 (autapomorphies in- or excluded). The tree is 
summarizedd for the ingroup shown in Fig. 6. Branch lengths correspond to number of 
nonhomoplasiouss mutations, and numbers above branches indicate decay values. 

(Quigleyy and Weil 1985; Howe et al. 1988; Tsudzuki et al. 1994; Hipkins et al. 1995) and 
pseudo-tRNAA genes (Hiratsuka et al. 1989; Shimada and Sugiura 1989) are known. The 
mechanismm by which the tRNA gene duplications arose is unknown, but it has been 
speculatedd that their secondary structure or transcription might be involved (Howe et al. 
1988;; Hipkins et al. 1995). Also, entire tRNAs as well as dispersed repeats that are segments 
off  tRNA genes are mentioned as possible substrates for recombination (e.g., Wolfe 1988). 
Manuall  inspection of the sequence of the trnF exon shows no internal repeats or 
"recombinogenic""  (Howe et al. 1988) parts. Repeated sequences are in general known for their 
susceptibilityy to recombination and slippage misrepair (e.g., Tsai and Strauss 1989; Wolfson 
ett al. 1991; Hipkins et al. 1995). Accordingly, the tandemly repeated trnF exon might be 
involvedd in DNA rearrangements. This may also explain the additional trnL-trnF variants 
foundd within the chloroplast genomes of Microseris. 

Itt is unknown whether one or both of the trnF exons code for functional tRNA-Phe 
molecules.. Sequences of the exons indicate that the annealing of the acceptor stem is disturbed 
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inn both corresponding tRNA-Phe's. Due to these mismatches, the two exons may represent 
pseudogenes,, which raises the question whether a functional trnF gene is present at all. The 
nucleotidee substitutions at the downstream end of the 5'- (Fig. 5) and upstream part of the 3'-
trnFtrnF exon suggest that this part of the sequence has been involved in the duplication. Because 
thee remaining sequence of the 5'-exon is unchanged, this exon probably represents the original 
trnFtrnF gene, while the 3'-exon should then be the duplicated one. Possibly, the tRNA-Phe coded 
forr by the 5'-exon is still functional despite the G-G mismatch in its acceptor stem. 

Accordingg to the distribution of the two apomorphic tmL-trnF variants (Fig. 1), the 
presentt distribution of the variants tentatively indicates a spread of Microseris from Victoria 
too the north and west. Interestingly, the populations that show variation for the presence and 
absencee of the 162-bp deletion concern both the "A" (Fig. 2) and "M" ecotypes. This 
probablyy indicates migration of Microseris between populations of either ecotype, possibly 
associatedd with introgression, or parallel evolution of similar ecotypes. Independent deletions 
off  the 162 bp in the two ecotypes is considered less likely because this mutation shows no 
homoplasyy (Fig. 6). 

EvolutionaryEvolutionary history of Australian and New Zealand Microseris 

Thee chloroplast phylogenies (Figs 6, 7) show the Australian and New Zealand Microseris as a 
monophyleticc group, supporting a single, or at most a few closely spaced in time, colonizing 
event(s)) into Australia or New Zealand. A single origin was anticipated on the basis of its 
supposedd mode of origin (Chambers 1955), and is strongly supported by the uniform 
allotetraploidd karyotype found within all members of the taxon (Sneddon 1977). The 
Australiann and New Zealand Microseris are closely related to the North American and Chilean 
annuall  Microseris and more diverged from the North American perennial species of the genus 
(Fig.. 7). This confirms the results of a cpDNA study by Wallace and Jansen (1990) and 
supportss their suggestion that an ancestral annual plant has been the maternal parent of the 
originall  hybrid. In contrast to the results of Wallace and Jansen (1990), our data are 
inconclusivee about the monophyly of the annual Microseris, but instead show the 
Australasiann Microseris to be natural. 

Withinn the chloroplast phylogeny of the Australian and New Zealand Microseris (Fig. 
6)) we found a basal polytomy. This polytomy results from a lack of mutations rather than of 
homoplasy,, suggesting rapid radiation early in the history of the taxon. "Hard" polytomies, 
i.e.,, the fixed attachments of the polytomous node to its descendant nodes (Maddison 1989), 
aree indicative of the process of multtple-speciation In this process, populations would 
originatee via founder events followed by drift that in turn samples the initial genetic variation 
inn the next generations (e.g., Okada et al. 1997). Subsequently, the genetic variation within 
populationss declines while differentiation between populations increases. "Hard" polytomies 
havee been reported for highly diversified, relatively closely genetically related taxa on oceanic 
islandss (e.g., Baldwin et al. 1990; Crawford et al. 1993; Sang et al. 1994; Mes et al. 1996). Our 
resultss indicate that the process of adaptive radiation has occurred similarly within the 
continentall  Australasian Microseris as is known for the oceanic island taxa. Due to the "hard" 
polytomy,, a better resolution of the basal relationships within the Australian and New 
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Zealandd Microseris is unlikely to be achieved on the basis of additional chloroplast mutations. 
Inn addition, the extensive sample size of our study does not support a biased estimate of 
phylogeneticc relationships as a result of missing clade-specific mutations. 

Becausee there is a basal polytomy (Fig. 6), the Australian mainland, Tasmania, or one 
off  the islands of New Zealand are equally likely places for arrival of the founder population 
afterr long-distance dispersal from western North America. The chloroplast data show the 
autofertilee "F" ecotypes of Australia (Fl-F7nt; Fig. 6; Table 1) to be the least diverged from 
thee North American Microseris. This was also indicated by a nuclear DNA study (Van 
Houtenn et al. 1993; see introduction). When chloroplast and nuclear DNA are congruent, the 
chloroplastt data support the suggestion that the "F" ecotype might be closest to the earliest 
founderss of Microseris in Australia. On the other hand, the results could imply that the 
mutationn rate is reduced in both genomes of the Australian "F" ecotypes. In a study of the 
Hawaiiann silversword alliance (Baldwin et al. 1991) it was demonstrated that the ancestor of 
thee taxon overcame the breeding barrier of self-incompatibility, supposedly by the 
introductionn of at least two individuals. This shows that autofertility in the founder is not per 
see needed to colonize new areas. In summary, the data are inconclusive about the closest 
relativess to the earliest founder of Microseris in the Southern hemisphere. 

Thee chloroplast types (Fig. 6) confirm the monophyly of Microseris lanceolata as it 
wass delimited by Sneddon (unpublished data). Within M. lanceolata three clades are 
recognizedd that correspond more with geographical distribution than with morphological 
entitiess (Figs 1, 2, 6; Tables 1, 2). Each clade contains at least one population of both the "A" 
andd "M" ecotype, and a few populations of either ecotype are polymorphic for Mln-2 and 
Mln-3Mln-3 chloroplast types. In addition, one population of the "A" ecotype (A7) shares a 
chloroplastt mutation with its neighbouring populations of the "M" ecotype (number 41; 
Tablee 3). The incongruencies between the morphology and chloroplast data indicate that 
dispersall  or introgression has occurred between the populations of different ecotypes within 
M.M. lanceolata or that there has been parallel evolution of morphological adaptations. The 
presencee of intermediate morphologies between the "A" and "M" ecotypes (populations 
Alnt-A4nt,, A8nt, and M20nt; Table 2) also indicates that hybridization or parallel evolution 
mayy have occurred among these ecotypes. Due to the incongruencies with the morphology, 
thee chloroplast data do not support a subdivision of M. lanceolata into species or subspecies 
thatt comprise the "A" and "M" ecotypes, respectively, as was earlier suggested by Sneddon 
(1977).. Nuclear markers will have to be examined to see whether, for example, the "A" 
adaptationss have originated more than once, and whether or not there is a zone of 
introgressionn between populations of the "M" and "A" ecotypes in northeastern Victoria (Fig. 

1). . 
Thee chloroplast phylogeny (Fig. 6) is inconclusive about the monophyly of Microseris 

scapigerascapigera (Sneddon, unpublished data). The results indicate that M. scapigera might be 
furtherr subdivided into two or more (sub)species, e.g., one including the Australian and 
Tasmaniann populations of the "F" ecotype, one that contains all but one of the New Zealand 
populations,, and a third that comprises the remaining New Zealand population (Fig. 6). The 
divisionn of the Australasian Microseris into two species was mainly based on morphology 
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andd crossability data (Sneddon 1977, personal communication). Within this classification the 
inclusionn of the Australian "F" ecotype in M. scapigera was uncertain because it showed a 
loww fertility in crosses with the New Zealand members of M scapigera. The crossability data, 
morphologyy (Fig. 2; Table 1), and breeding system, distinguish the "F" ecotype of the 
Australiann mainland (F1-F5; Table 2) from the "C" one of New Zealand (C1-C4), as do the 
chloroplastt types (Fig. 6). The chloroplast types of the "F" ecotypes from the Australian 
mainlandd and Tasmania (F6nt, F7nt) are identical, while their morphologies (Table 1) are 
largelyy similar, suggesting a close relationship between these populations. The chloroplast 
DNAss of the New Zealand "F" ecotypes (F8nt, F9nt) are more diverged from those of the 
Australiann and Tasmanian ones, and this divergence is partly supported by their morphology 
(Tablee 1). The data indicate that F9nt is more similar to the New Zealand "C" ecotype than to 
thee other "F" populations, while F8nt is different from both the "C" and "F" ecotypes. Our 
resultss are inconclusive about the direction of the interisland dispersals, and it is unclear 
whetherr the discrepancy between F8nt and the other New Zealand populations implies that 
thesee islands were colonized twice. 

Conclusions s 

Thee phylogenetic relationships of 53 populations of Australian and New Zealand Microseris 
weree investigated using RFLPs and trnL{\JAA)-trnF{GAA) length variants in the chloroplast 
genome.. The results (Figs 6, 7) indicate that the evolutionary processes that occurred within 
thiss continental taxon after long-distance dispersal from western North America were similarly 
too those found in studies of oceanic island taxa (e.g., Baldwin et al. 1990; Crawford et al. 1992; 
Francisco-Ortegaa et al. 1996; Okada et al. 1997). The occurrence of "hard" basal polytomies in 
thee most parsimonious trees indicates that the taxon has early and rapidly radiated. The basal 
polytomiess leave questions about the place of arrival of the first individual(s), the subsequent 
(interisland)) dispersals, the direction of the shift in breeding system, and the order in which 
differentt ecotypes arose unresolved. The "hard" polytomies and the extensive sample size 
suggestt that a better resolution of basal relationships will not be achieved on the basis of 
additionall  chloroplast mutations. The data are inconclusive about the monophyly of the 
Australasiann species Microseris scapigera {sensu Sneddon, unpublished data), while the 
monophylyy of the other species, M. lanceolata (sensu Sneddon), is confirmed. Within the 
latter,, the distribution of RFLPs in the chloroplast genome suggests that different ecotypes 
havee similar chloroplast types. In order to discriminate between likely explanations for this 
contradiction,, such as introgression and parallel evolution of similar adaptations, expanded 
nuclearr DNA investigations are needed. 
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Molecularr  evolution of a tandemly repeated trnF(GAA) gene in the 
chloroplastt  genomes of Microseris (Asteraceae), and the use of 
structurall  mutations in phylogenetic analyses 

Kitt yy Vijverberg and Konrad Bachmann 

MolecularMolecular Biology and Evolution 16( 10): 1329-1340. 1999 

AA bstract 

Wee sequenced the first c. 900 bp of the 5'-trnL(UAA)-trnV/(UAC)/ndhJ region of the chloroplast 
DNAA of different Microseris accessions in order to resolve homoplasious length variation detected 
att the trnL(\JAA)-trnF(GAA) region. We found two to four tandemly repeated trnF genes in the 
speciess of Microseris (Asteraceae, Lactuceae) and two in their sister genus Uropappus. Sequences 
indicatedd nonhomologous transitions between two, three, and four trnF genes in different 
MicroserisMicroseris taxa. Independent origins of similar trnF copy numbers were inferred from a 
chloroplastt phylogeny of Microseris. The taxa involved grow on separate continents, supporting 
parallell  origins of similar length variants. The changes in trnF copy numbers were best explained 
byy interchromosomal recombination with unequal crossing over. The 5' copies of the repeats 
showedd the highest sequence conservation, suggesting that these copies are likely to be functional 
trnFtrnF genes, whereas the other ones probably represent pseudogenes. Our results show that length 
polymorphismss accumulate once a duplicated sequence has become incorporated. Due to parallel 
gainss of similar trnF copy numbers, homoplasious length variation was introduced into the data 
matrix.. The data demonstrate that length polymorphisms cannot be used as indicators for 
phylogeneticc distance unless they can be analyzed at the sequence level. 

KeyKey Words—Asteraceae; cpDNA phylogeny; interchromosomal recombination; 

Microseris;Microseris; pseudogenes; trnF{GAA). 
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Introductio n n 

Thee chloroplast genome of land plants is known for its high degree of conservation in size, 
structure,, gene content, and linear order of genes (Palmer 1991; Downie and Palmer 1992). 
Mostt structural mutations found in the chloroplast (cp) DNA concern indels <10 bp and, to a 
lesserr extent, larger length mutations (up to 1200 bp) in non-coding regions (Palmer 1991). 
Complexx rearranged cpDNAs are present in only a few plant groups, including conifers 
(Strausss et al. 1988) and two tribes of legumes that lack the inverted repeat (ÏR; Palmer et al. 
1987b),, grasses that contain three inversions (Quigley and Weil 1985; Doyle et al. 1992), and 
somee Geraniaceae that show a largely extended IR (Palmer et al. 1987a). Apart from the IR, 
repeatedd sequences >50 bp are usually absent from the common land plant chloroplast 
genomess (Palmer 1991), and repeated coding sequences are rarely reported. Examples of 
duplicatedd genes involve tRNA (pseudo)genes (e.g., Mubumbila et al. 1984; Hiratsuka et al. 
1989;; Tsai and Strauss 1989; Hipkins et al. 1995), pseudo rpll  and rpl23 (Bowman et al. 
\9SS),psbA\9SS),psbA (Lidholm et al. 1991), mdpsaM (Wakasugi et al. 1994). Most of these 
duplicatedd genes were reported for the rearranged chloroplast genomes of conifers, legumes, 
andd grasses. This possibly implies that structural mutations accumulate whenever a first 
rearrangementt has become incorporated (Palmer and Thompson 1982) or that the gene 
duplicationss originated at the time of rearrangement (Howe et al. 1988; Shimada and Sugiura 
1989). . 

Repeatedd sequences are often suggested to be involved in rearrangements, as they can 
actt as substrates for slippage mispairing and recombination (Bowman and Dyer 1986; 
Bowmann et al. 1988; Wolfson et al. 1991; Morton and Clegg 1993; Cosner et al. 1997). Small 
indelss (<10 bp) probably originate via slippage and mispairing during DNA replication or 
repair,, mediated by very short direct repeats (Palmer 1991). Larger length mutations arise 
moree likely by intramolecular recombination between short repeats (Ogihara et al. 1988; 1992) 
orr unequal crossing over between misaligned tandem repeats (Blasko et al. 1988; Nimzyk et al. 
1993).. Inversions are associated with repeated sequences (Howe 1985; Palmer et al. 1987a) as 
welll  as with tRNA genes (Howe et al. 1988; Shimada and Sugiura 1989). The tRNA genes 
mightt be involved in cpDNA rearrangements via their secondary structure (Howe et al. 1988) 
orr via homologous regions (Hiratsuka et al. 1989). 

AA total of 30-32 tRNA genes are present within the cpDNA of land plants (Ohyama et 
al.. 1986; Shinozaki et al. 1986; Tsudzuki et al. 1994). These genes are dispersed throughout 
thee genome and occur as single-copy genes, except for 5-8 genes that are located in the IR and 
presentt twice (Maréchal-Drouard et al. 1993). It is generally assumed that the cp-tRNA genes 
encodee all tRNAs needed for protein synthesis. For some chloroplast genomes, tRNA 
pseudogeness have been reported (see above), and some of these pseudogenes might have arisen 
duringg inversions. Intact tRNAs, as well as dispersed repeats that are segments of tRNA 
genes,, have also been associated with the expansion and contraction of the IR (Wolfe 1988). 

Thee conservative mode of cpDNA evolution suggests that changes in structure and 
genee content may provide significant phylogenetic information. As a consequence, cpDNA is 
widelyy employed in phylogenetic studies at the species and higher taxonomie levels (reviewed 
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inn Soltis et al. 1992b). Inversions, gene and intron losses, and the expansion and contraction of 
thee IR have been useful in demonstrating the monophyly of different plant groups (e.g., 
Jansenn and Palmer 1987a; Doyle et al. 1992). On the other hand, some large structural 
mutationss originated more than once. For example, both the loss of the IR and the loss of the 
rpllrpll  intron occurred independently in several lineages (Downie et al. 1991; Palmer 1991), and 
aa parallel inversion was detected in Anemone and some related genera (Ranunculaceae; Hoot 
andd Palmer 1994). However, in a well-established phylogenetic framework, large structural 
mutationss can be regarded as highly informative markers (Donoghue and Sanderson 1992). 

Inn contrast to the large structural mutations, the assignment of homology can be 
difficultt for length polymorphisms <1000 bp (Downie and Palmer 1992). As a result, smaller 
indelss are often excluded from phylogenetic analyses (e.g., Wallace and Jansen 1990). 
Nevertheless,, small indels have proven to be useful in some studies of closely related taxa 
(Soltiss et al. 1989; Soltis et al. 1990; Mes et al. 1997a; Sang et al. 1997a; Vijverberg et al. 
1999).. To attain more clarity about the homology of length polymorphisms, nucleotide 
sequencess have become the most important source of data (reviewed in Olmstead and Palmer 
1994;; Soltis and Soltis 1998), although Jansen et al. (1998) recommended the use of cpDNA 
restrictionn site analyses at the lower (interspecific and below) taxonomie levels. In case of 
uncertainty,, homoplasy of indels can best be determined by including them in parsimony 
analysess (Doyle and Davis 1998). 

Inn a previous study (Vijverberg et al. 1999), chloroplast DNA of different Microseris 
(Asteraceae,, Lactuceae) accessions showed homoplasious length variation in the trnL(\J AA)-
trnF(GtrnF(GAA)AA)  region. On Southern blots (Fig. la), various combinations of the presence and 
absencee of a ~80-bp insertion, a 162-bp deletion, and one or two adjacent Trull sites were 
detected.. Lengths and sequences of trnL-trnF amplification products confirmed the 162-bp 
deletion,, and 7V«1I site(s), but included the ~80-bp insertion only for chloroplast type M. 
lanceolata-2b.lanceolata-2b. In that type, the insertion was found to be a tandemly repeated trnF gene 
(Vijverbergg et al. 1999). The taxa that showed the structural mutations were in well-separated 
chloroplastt clades (Fig. lb) in a tree that was calculated with the unknown -80 bp insertions 
scoredd as missing data. The topology of this tree was supported by a restriction fragment 
lengthh polymorphism (RFLP)-based chloroplast phylogeny of Wallace and Jansen (1990) that 
alsoo strongly defined the sister relationship of Uropappus lindleyi to Microseris. The 
primarilyy North American genus Microseris comprises 14 species of annual and perennial 
herbss (Chambers 1955), including two disjunct species in Australia/New Zealand (Sneddon 
1977)) and one in Chile. The taxa that showed the homoplasious length variation were from 
differentt continents (Fig. lb). The results indicated parallel events, possibly involving 
independentt duplications of the trnF gene. The North American perennials Microseris nutans 
andd Microseris sylvatica were added to the study because they were reported to show an 
insertionn of-200 bp in the chloroplast region that contains trnL-trnF (7.7-kb region; Jansen 
andd Palmer 1987b; Wallace and Jansen 1990; Fig. lb). Three trnF genes could be present in 
thesee Microseris species. 

Heree we investigate the homoplasious length variation in the trnL-trnF region by 
sequencingg trnL(\JAA)-trnV(UAC)/ndhJ amplification products of Microseris involved, along 
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Fig.. 1. (a.) Southern blots showing the homoplasious trnL(UAA)-trnF(GAA) length variation in 
Hinfl-Hinfl-  or Trail-digested Uropappus and Microseris cpDNAs, hybridized with trnL-tmF 
amplificationn products as probes. Lane 1 and 2: Uropappus lindleyi (Table 1); lanes 3-5: North 
Americann perennial Microseris (per-1); lanes 6-9 North American and Chilean annual Microseris; 
laness 10-16: New Zealand and Australian Microseris scapigera; lanes 17-33 Australian Microseris 
lanceolata.lanceolata. Arrows indicate the ~80-bp insertions. ///nfl-blot: the 162-bp deletion resulted in a site 
loss,, and U. lindleyi shows a unique site gain. 7>wlI-blot: the 5'- and 2'-trnL-tmF parts are 
indicated,, the two adjacent sites are seen as double bands of almost similar lengths due to partial 
digestion,, the 162-bp deletion reduced the 5' fragments to a length identical to that of the 3' 
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Fig.. 1. Continued. 
fragments,, and the fragments that included either the duplicated trnF gene or a ~80-bp insertion 
havee similar lengths, (b.) Phylogenetic tree based on 77 Hinü, Trull and Rsal restriction site 
mutations,, redrawn from Vijverberg et al. (1999), with structural mutations plotted. Length = 84, 
consistencyy index (CI) = 0.92 (autapomorphies excluded), and numbers above branches correspond 
too restriction site changes supporting those branches in a chloroplast phylogeny by Wallace and 
Jansenn (1990; CI = 1.0). The tree is simplified for mutations within Microseris lanceolata and 
MicroserisMicroseris scapigera subgroups. Microseris nutans and Microseris sylvatica (per-2) are added to the 
treee on the basis of Wallace and Jansen's (1990) results. 
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withh those of their outgroup, Uropappus. The aim of the study were to resolve the nature of 
thee length variation, to gain additional insight into the mechanisms of cpDNA rearrangements, 
andd to consider the usefulness of structural mutations in phylogenetic analyses. 

Material ss and Methods 

Methodss for collection of plant material, isolation of total DNA, amplification and sequencing 
off  trnL(VAA)-/raF(GAA) regions, and a survey for cpDNA restriction site variation via 
Southernn blotting were previously described (Vijverberg et al. 1999). TrnL(\JAA)-trnV(UAC)/ 
ndhJndhJ regions of a range of Microseris plants (Table 1) were screened for length variation, and 
thosee of 1 Uropappus and 10 Microseris plants that cover the different trnL-trnF variants 
(indicatedd with one asterisk) were sequenced. Amplification products of trnL-trnV (Fig. 2), 
trnF-trnV,trnF-trnV, trnL-ndhJ, or trnF-ndhJwere obtained from 2-3 ng total DNA following the 
protocoll  of Taberlet et al. (1991) with a modified polymerase chain reaction (PCR). A 
touchdownn profile was used involving 3 min at 94°C; two rounds each of 45 s at 94°C, 45 s at 
eitherr 60, 58, 56 or 54°C, and 2.5 min at 72°C; 32 cycles of 45 s at 94°C, 45 s at 52°C, and 2.5 
minn at 72°C; and 5 min at 72°C. For sequencing, the Taq DNA polymerase (HT Bio-
technology,, Cambridge, England) was replaced by 2.5 U Expand™ high-fidelity thermostable 
DNAA polymerase (Boehringer Mannheim, Almere, The Netherlands) with accompanying 
MgChh buffer. Forward primers were the fr??£(UAA)-specific "e" (Taberlet et al. 1991; Fig. 2) 
primerr and the trnFf(GAA; Dumolin-Lapegue et al. 1997) primer, which is the reverse 
complementt of the "f' primer of Taberlet et al. (1991). The reverse primer was either the 
trnVr(UAC;trnVr(UAC; Dumolin-Lapegue et al. 1997) or "ndkT (5'-ATGCCTGAAAGTTGGATAGG-3') 
primer,, designed on the basis of the alignment of liverwort, tobacco, rice, and maize cpDNA 
sequencess (Ohyama et al. 1986; Shinozaki et al. 1986; Hiratsuka et al. 1989; Maier et al. 
1995).. The latter primer was necessary for the amplification of the cpDNA regions of North 
Americann perennial Microseris and of Uropappus, because the amplification with the trnVx 
primerr yielded no products. For the analyses of length variation, undigested as well as EcoKI-
digestedd amplification products were resolved on 0.8% agarose gels. Sequencing was 
performedd by BaseClear (Leiden, The Netherlands) in one direction starting from the trnL 
exon.. For this, an infrared-labeled "e" primer (5'-IRD800), the Thermo Sequenase™ cycle 
sequencingg kit (Amersham), and a LiCor 4000L automated sequencer were used. Following 
thiss procedure, long sequences (800-900 bp) were obtained well across the ^«Fgene(s) and 
thee 3'-flanking region. Sequences were visually aligned to the tobacco trnL-trn Vregion 
(positionss 49854-53782; Shinozaki etal. 1986), using the EditSeq and MegAlign software of 
DNAstarr (3.01; Lasergene, London, U. K.). A search for direct and indirect repeats within the 
sequencess was performed with Align of the same package, using the DotPlot option, a 90% 
matchingg criterion, and sequence lengths of either 12, 8, or 6 nucleotides. 

Thee fit for the origins of trnF repeats by interchromosomal recombination was 
determinedd with SplitsTree, version 1.0.3 (Bandelt and Dress 1992). For this, the two repeats 
thatt recombined, the repeat that resulted, and a hypothetical precursor sequence were 
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Tablee 1. Uropappus and Microseris populations investigated for trnL(\JAA)-trnF(GAA) variation. 

Species**  Place of origin: Population codes'* 

Northh American and Chilean species, 2n= 18: 

Annuall  outgroup: Uropappus lindleyi 
Uli-\Uli-\  Arizona, Pima: F05*c 

Uli-2Uli-2  Arizona, Pima: E75 

Perenniall  Microseris: 
per-1:: M. boreal'is and M. laciniata; per-2: M. nutans and M. syhatica 

MboMbo Oregon, Clackamas, Mount Hood: C91* 
Mia-\Mia-\ Oregon, Linn Country, Philomath: A82 
Mla-2Mla-2 California, Mendocino, Eel River Canyon: L01 
MnuMnu Oregon, Camp Sherman: C06* 
MsyMsy California: 'Perry'* 

Annuall  Microseris 

ann:: M. douglasti, M. elegans, and M. pygmaea 
Mdo-\Mdo-\ California, Humboldt, Garberville: A26 
Mdo-2Mdo-2 California, Riverside, Alberhill Mountain.: E73c 
Mel-\Mel-\ California, Solano, Rio Vista: E61.5* 
Mel-2Mel-2 California, Santa Barbara, Dead Man Canyon.: E38.7 
Mpy-lMpy-l Chile, Province de Choapa, El Teniente: C96* 
Mpy-2Mpy-2 Chile, Santiago Province: A92 

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

MicroserisMicroseris scapigera and M. lanceolata 
Msc-\Msc-\ Victoria, centre: F1-F5*; Tasmania, centre, mountain.: Font, F7nt 
Msc-2aMsc-2a New Zealand, northern isle: CI, C2, F9nt; New Zealand, southern isle: C3, C4 
Msc-2bb New Zealand, southern isle: F8nt 
Mln-\Mln-\ New South Wales, north, mountain.: Alnt-A4nt** c; Victoria, centre: M20nt 
M*-2 aa New South Wales, alps: Ml , M2** , M4, M5, M6, M8, Ml 1, M12, M13 

Victoria,, east: M15; Victoria centre: M23; Victoria, northwest: M27, M28* 
Southh Australia, south east: M29-M31 

Mn-2a/2bb New South Wales, alps: M3* , M7** , M9, M10 
Mln-3aMln-3a New South Wales, ACT, mountain.: A5; 

Victoria,, east, mountain: A7, A8nt; Victoria, centre: Ml8, Ml9, M21, M22, M24; 
Victoria,, west: M25, M26 
Westt Australia, south, coast: M32 

A//n-3a/2aa Victoria, centre: Ml6, M17 
Mln-3b/2aMln-3b/2a Victoria, northeast, mountain.: A6* 
A//«-3c/2aa Victoria, northeast: Ml4* 

""  Classification in subgroups is based on cpDNA restriction site variation (Fig. lb), double numbered M. 
lanceolatalanceolata subgroups indicate mixed population structure for the two chloroplast types involved. 

bb Population codes of North American and Chilean accessions follow those used in the collection kept by Konrad 
Bachmann;; exact localities and population codes of Australian and New Zealand Microseris are as earlier 
describedd (Vijverberg, Mes and Bachmann 1999). 

cc One and two asterisks indicate populations from which one plant is sequenced for the irnL-trnVlndhJ and trnL-
trnFtrnF region respectively. 
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Fig.. 2. Primer positions at the trnL(\iAA), tmF(GAA), ndhJ and <rwF(UAC) exons, mapped on 
NicothianaNicothiana tabacum (Shinozaki et al. 1986) chloroplast DNA. 

included.. To obtain an equal number of copies in all four sequences, the two repeats that 
recombinedd were modified by adding a 5'-trnF copy to the 5' side and a 3' copy to the 3' side, 
respectively.. The hypothetical sequence was composed of 5'-rraF copies at the 5' half and 3'-
trnFtrnF copies at the 3' half. 

Secondaryy structures of corresponding tRNA-Phe(GAA) molecules were checked 
manuallyy (Sprinzl et al. 1998), and with the tRNAscan-SE package (Eddy and Durbin 1994) 
whichh combines the Cove probabilistic RNA prediction software with tRNAscan 1.3 (Fichant 
andd Burks 1991) and EufmdtRNA (Pavesi et al. 1994). 

Results s 

Lengthss and sequences of trnL(U A A)-trnV(U AC)/ndhJ regions showed a minimum of two 
trnF(GtrnF(G AA) genes in tandem in the chloroplast genomes of Uropappus lindleyi and all 
MicroserisMicroseris species investigated (Table 1; EMBL/GenBank accession numbers AF061948-
AF0619566 and AF079801-AF079802; for trnL(\JAA)-trnF{GAA) regions, see also accession 
numberss AF049662-AF049670, and AF058685). Moreover, the Australian M. lanceolata-2b, 
whichh was presumed to have a duplicated trnF gene (Vijverberg et al. 1999; Fig. 1), actually 
containedd three copies of the gene. Three trnF genes were also found in the Microseris taxa 
thatt showed a ~80-bp insertion on Southern blots (Fig. la), i.e., the Australian M. lanceolata-
3bb and M«-3c, and the North American perennials M. borealis and M. laciniata. A repeat of 
fourr trnF genes was present in the North American perennials M. nutans and M. sylvatica, 
whichh were reported to contain a ~200-bp insertion in the region concerned (Wallace and 
Jansenn 1990). Different trnF genes showed slightly different sequences (see below), and 
nucleotidee substitutions at the "f'-primer sites explained the inclusion of only one or two trnF 
geness in trnL-trnF amplification products of taxa that contained two, three, or four copies of 
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thee gene. Apart from the 162-bp deletion and change between one and two adjacent Trull 
sitess (Fig. 1), minor sequence variation was detected in the trnL-trnV/ndhJintergenic spacer 
regionss of different Uropappus and Microseris accessions (EMBL/GenBank). 

AA total of 10 different nucleotide sequences was found for the trnF copies (Table 2). 
Thee variation concerned the acceptor stem (a, c) and anticodon domain (b) regions only. The 
variablee regions were designated a different number when they differed by at least one 
nucleotidee substitution or length mutation (Table 2). A prime was added to a number when an 
additionall  nucleotide substitution was present in that particular region. Two of the trnF 
sequencess were specific for Uropappus lindleyi, and two occurred in all Microseris species 
investigated.. These two sequences corresponded to the 5' and 3' copies of the repeats of all 
differentt sequence arrangements, irrespective of the copy number. One or two of the six 
remainingg sequences concerned the middle copies of the repeats with three or four trnF genes. 
Thee 5' copy of U. lindleyi showed the highest percentage of sequence identity to the reference 
sequencee in Nicotiana tabacum (98%; Table 2), and the 5' copy of Microseris showed one 
additionall  nucleotide substitution (underlined). The remaining copies showed between 88% 
andd 96% sequence identity to the 5' and 3' copies of U. lindleyi. The conserved sequences of 
thee 5' copies of Uropappus and Microseris suggested that these copies are likely to be 
functionall  genes. The increased mutation rate detected in the sequences of the 3' and middle 
copiess indicated a lack of functional constraints, suggesting that these copies might represent 
pseudogenes. . 

Interestingly,, the middle copies of the repeats with three or four trnF genes seemed to 
bee composed of various combinations of acceptor stem and anticodon domain regions present 
inn the 5' and 3' copies, rather than showing new sequence variation (Table 2). This is 
particularlyy valid for the Australian Microseris lanceolata-lh and M«-3b/3c. An alignment of 
thee trnF repeats, based on the order of these different regions, is shown in Table 3. Within this 
alignment,, the insertion points of added trnF sequences were defined by the parts of the 
repeatss that were present in duplicate (see also next paragraph and Table 4). According to the 
alignment,, the insertion of trnF sequences occurred irrespective of the boundaries of the trnF 
genee and at various positions in different taxa. The results suggested independent origins of the 
tri-- and quadruplicated trnF genes in different Microseris taxa. 

Thee insertion of trnF sequences could have occurred via interchromosomal 
recombinationn with unequal crossing over or by intrachromosomal duplication due to slippage 
(Tablee 4). The fit of the origins of the repeats by recombination was at least 99.8% in each 
casee (Table 4). Both mechanisms were supported by the sequences, except for the inserted 
sequencee W, which needed additional nucleotide substitutions to obtain the anticodon and 
acceptorr stem regions a2' and b2' (Tables 2-4). These substitutions could have (partially) 
occurredd either after the insertion of W or before a recombination, assuming a hypothetical 
ancestrall  sequence in a heteroplasmic cell [M(hyp); Table 4]. The prime signs in the inserted 
sequencess W' and X' denote substitutions at the first anticodon positions of the two middle 
trnFtrnF copies of Microseris sylvatica. These substitutions resulted in changes from Phe(GAA)-
too Leu(TAA)-specific anticodons. They could have happened after the origin of the 
quadruplicatedd trnF gene by either parallel substitutions or gene-conversion. Another 

85 5 



ChapterChapter 3 

Tablee 2. Nucleotide sequences and secondary structures of trnF genes and corresponding tRNA-
Phe'ss of (a.) Nicothiana tabacum, and (b.) different copies found in Uropappus and Microseris. 

a. . 
accepto rr  D-domai n anticodo n domai n T-domai n accepto r 

ste mm ste m 

//  a  \  /  b  \  / — c — \  \ a 

55 '  GCC--GGGATA GCTCAGTTGGTAGAGCA GAGGACTGAAAATCCTCGTGtC ACCAGTTCAAATCTGGT TCCTGGCA catg a 3  ' 
»>> » » .  ,  >> » <«< .  »» > <« « >>> » «< « <«««. " 

||  A.  |  |  "f"-prime r  | 

b. . 
Taxaa trnF sequences' % sequence Cove 

// \ identityd score' 

// a \ / b \ / — -c—\ \ 
NtaNta 1 ' GCC--GGGATA 1 GAGGACTGAAAATCCTCGTGTC 1 ' TCCTGGCA c a t ga 98 78.6 

>»» »>> >»» <«« «««<, 

5'' copies 
UHUH 1 GTC--GGGATA 1 GAGGACTCAAAATCCTCGTGTC 1 TCCTGACA c a t ga 1 00 7 7 .1 

>>>> >>>>. . >>>» <<<<< <<<<<<<. 

A/(all )) 1 GTC--GGGATA 1 GAGGACTGAAAATCCTCGTGTC 3 TCCQGACA ^ ^ a 99 7 1 .9 

>»» .»>.. >»» ««< <«.<«. 

3'-copies s 
VUVU 2 GTCACGGGATA 2 GAGGACTCAAAATCCTTATATC 2 CCCTGACA a a t ga 92 1 00 60.4 

>»>.».. . . . »>» ««< « . «« . 

ATT ( a l l ) 2 GTCACGGGATA 3 GAGGACTGAAAATCTTCATATC 4 CCCGGACA c a t ga 91 96 5 0 .7 

.. . . .>>>>. . . >>>» <<<<< < « <. . . . 

middlee copies 
Mbo/Mnu(5' Mbo/Mnu(5' 

Mnu(3') Mnu(3') 

Msy(5') Msy(5') 

Msy(3') Msy(3') 

Mln-2b Mln-2b 

M/n-3b/3c c 

)) 2 

2 2 

2 2 

2 2 

2 2 

2 2 

GTCACGGAATA A 
.. . . .>>>>... 

GTCA£GGGATA A 
>»» . . .»> . . 

GTCACGGAATA A 
..... »». . . 

GTCACGGGATA A 
>»» . . .»>. . 

GTCACGGGATA A 

GTCACGGGATA A 
>»» . . .»> . . 

2 2 

2 2 

2' ' 

2' ' 

1 1 

3 3 

GAGGACTGAAAATCCTTAGATC C 
>>»>> <<<<< 

GAGGACTGAAAATCCTTAGATC C 
>>>>>> <<<<< 

GAGGACTTAAAATCCTTAGATC C 
>>>»» <<<<< 

GAGGACTTAAAATCCTTAGATC C 
»>»» «<« 

GAGGACTGAAAATCCTCGTGTC C 
»>»» ««< 

GAGGACTGAAAATCJTCATATC C 
>>>»» <<<<< 

3 3 

3 3 

3 3 

3 3 

3 3 

3 3 

TCCGGACA A 
««« .... 

TCCGGACA A 

TCCGGACA A 
<<<<.. .. . 

TCCQGACA A 

TCCGGACA A 

TCCGGACA A 

a a 

a a 

a a 

a a 

a a 

a a 

89 9 

91 1 

88 8 

89 9 

96 6 

92 2 

95 5 

96 6 

93 3 

95 5 

93 3 

95 5 

58.5 5 

60.3 3 

58.8 8 

60.6 6 

57.3 3 

53.0 0 

**  Region between copies, secondary structure, anticodon jA|, and "f'-primer site are indicated. 
Taxaa abbreviations are explained in Fig. 1 and Table 1; Nta = N. tabacum, and A/(all) denotes all 
Microseris. Microseris. 

cc Only sequences of variable trnF regions are given, i.e., the acceptor stem (a, c) and anticodon domain (b) 
regions,, with numbers indicating different sequences, and a prime sign denoting an additional nucleotide 
change;; nucleotide substitutions as compared with the 5' copy of Uropappus lindleyi are underlined. 
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Tablee 3. Alignment of acceptor stem (a, c) and anticodon domain (b) regions (Table 2) of 
tandemlyy repeated trnF genes found in Uropappus and Microseris. 

Taxa**  / t r nF -gene\ 

NtaNta a l ' bl - - - - -- c l ' 

UliUli  al bl — -- -- cl a2 - - - - - - --

W*o(per-l)) al bl c3 a2'b2'c3 a2 - - - - - - --

A/«u(per-2)) al bl c3 a2'b2 'c3 a2 b2'c3 a2 --

Msy(per-2)) al bl c3 a2'b2"c3 a2 b2"c3 a2 --

Mall )) al bl - - - - -- c3 a2 -- - - - - --

b2 2 

b3 3 

b3 3 

b3 3 

b3 3 

b3 3 

---

— — 

— — 

---

— — 

__ _ 

- --  - -  c 2 

- --  - -  c 4 

- --  - -  c 4 

- --  - -  c 4 

- --  - -  c 4 

- --  - -  c 4 Mln-2bMln-2b al bl - - - - -- c3 a2 - - - - - - bl c3 a2 b3 

Mln-3b/3cMln-3b/3c al bl - - - - - - c3 a2 - - - - - - b3 c3 a2 b3 c4 

ii  I  W [ I ! X I Y — I Z M ' 

""  Taxa abbreviations are explained in Fig. 1 and Table 1; M(a\\) denotes all Microseris except those indicated. 
bb Numbers indicate different sequences of trnF regions (see Table 2), i.e., compared to al-bl-cl: a2 = AC 

insertion,, b2 and b3 = two shared substitutions and one unique substitution, c2 and c3 = one substitution, c4 
== the two substitutions of c2 and c3, and a prime denoting an additional nucleotide substitution. 

cc White blocks with letters indicate inserted trnF sequences; grey blocks denote sequences common to all 
Microseris. Microseris. 

possibilityy is that the first anticodon position was substituted in a triplicated gene, and 
nonhomologouss changes from three to four trnF genes occurred in M. nutans and M. sylvatica 
[Af(per-2);; Table 4]. 

AA summary of structural mutations present in the tmL-trnVlndhJ regions of 
UropappusUropappus and Microseris is given in Figure 3a. This scheme resolves the homoplasy of 
mutationss indicated by Southern blots (Fig. la), lengths and sequences of trnL-trnF 
amplificationn products (Vijverberg et al. 1999), and a chloroplast phylogeny based on RFLPs 
(Fig.. lb), as a result of the independent insertions of trnF sequences in the different 
MicroserisMicroseris taxa involved, found in this study (Tables 2-4). 

Figuree 3b shows the cladogram presented in Figure lb, modified by the results 
concerningg the trnF genes. As a result, both the Australian Microseris lanceolata-3b and Mln-
3cc and the North American perennials M. nutans and M. sylvatica have become monophyletic 

Tablee 2. Continued. 

dd Percentage sequence identity as compared to the 5' (left column) and 3' (right column) trnF copies of U. 
lindleyi. lindleyi. 

'' Indicates a measure of fit of the secondary structures of tRNA molecules (Eddy and Durbin 1994). 
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groups.. The topology of the tree is congruent with the independent insertions of trnF 
sequencess (Table 3) and supports the nonhomologous origins of tri- and quadruplicated trnF 
geness in different Microseris lineages. The duplicated trnF genes found in Uropappus and 
MicroserisMicroseris are monophyletic on the basis of the AC insertion and T—>C change in the 
acceptorr stem regions of the 3' and middle copies (Table 2). This monophyly suggests that the 
initiall  duplication occurred in an ancestor of the two genera. Due to the inclusion of only one 
outgroup,, it is unknown whether a duplicated or triplicated trnF gene is the ancestral state for 
MicroserisMicroseris (Fig. 3b). The sequences between the copies show a shared reduction from five 
nucleotidess in U. lindleyi to one in Microseris (Table 2). This indicates that the different 
copiess found in Microseris are derived from a common copy by multiplications. 

Thee secondary structures of tRNA-Phe(GAA)s corresponding to the different trnF 
copiescopies are given in Table 2. Base complementarities suggest that all four stems can be formed 
inn all corresponding tRNA molecules. The number of base pairs in the acceptor stem is, 
however,, reduced from seven in tRNA-Phe of Nicothiana tabacum to six or four in all but the 
5'' copy of Uropappus lindleyi. In addition, the annealing of the anticodon regions of the 3' and 
middlee trnF copies was slightly weakened by a change from G^C to G=U. The Cove scores 
(Eddyy and Durbin 1994) of the secondary structures varied between 50.7 and 77.1 (Table 2), 
showingg the highest value for the tRNA that corresponds to the 5' copy of U. lindleyi. A Cove 
scoree of 78.6 was found for tRNA-Phe in N. tabacum, whereas a score of 15 was used as 
lowerr threshold for true cp-tRNA molecules (Eddy and Durbin 1994). Both base 
complementaritiess and Cove scores indicated that all trnF copies found in Uropappus and 
MicroserisMicroseris may represent true tRNA genes. According to the secondary structures of cp-
tRNA-Phe'ss thus far published (Sprinzl et al. 1998), however, the number of complementary 
basee pairs is conserved in all four stems within the plant kingdom. This indicates that all but 
thee 5' copy of U. lindleyi could be pseudogenes, which raises the question whether there is a 
functionall  trnF gene in Microseris at all. 

Discussion n 

Thee homoplasious length variation at the trnL-trnF regions of different Microseris accessions 
makess this region appears to be prone to repeated independent changes in trnF copy numbers 
startingg from a duplicated sequence. Two to four tandemly repeated trnF(GAA) genes were 
presentt in the chloroplast genomes of all Microseris investigated, and two were present in their 
sisterr genus, Uropappus. Additional length variation reported for the plastids of the North 
Americann perennials Microseris paludosa, M, nutans-2, and Microseris howelii (Wallace and 
Jansenn 1990) suggested that the trnF copy number might even vary between two and five in 
Microseris.Microseris. The independent origins of similar length variants were inferred from the alignment 
(Tablee 3), which indicated various insertion points of added trnF sequences within trnF repeats 
off  different Microseris taxa. Nonhomologous changes in trnF copy numbers in different 
MicroserisMicroseris lineages were also inferred by an RFLP-based cpDNA phylogeny of Microseris 
(Fig.. 3b). The taxa involved occur on distant continents, supporting our conclusion 
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Tablee 4. Proposed mechanisms of origin of trnF repeats found in Microseris: interchromosomal 
recombinationss (X's, and Fit) and intrachromosomal duplications (arrows). 

Insertedd Taxab trnF repeats*  Fitd 

sequences**  (%) 

[ W f f 

99.8 8 

[ X ]]  MjXT-\)  al b l c3 a 2 ' b 2 ' c3 a2 b3 c4 

X X 
Mper-1)) al bl c3 a 2 ' b 2 ' c3 a2 b3 c4 

A^per-2)) al bl c3 a 2 ' b 2 ' c3 a2 b 2 ' c3 a2 b3 c4 99.9 

[ Y ] ] 

Mhyp) ) 

Mall ) ) 

Mjper-\) Mjper-\) 

all  b l  c 3 a2'b2'c 4 

X X 

all  b l  c 3 a 2 b 3 c 4 

all  b l  c 3 a2•b2'c 3 a 2 b 3 c 4 

>> > 

[W ' /X ' ff  Msy al b l c3 a2 ' b2 "c3 a2 b2"c3 a2 b3 c4 99.8 

A/(all ) ) 

Mall ) ) 

Mln-2b: Mln-2b: 

all  b l  c 3 a 2 b 3 c 4 

X X 

all  b l  c 3 a 2 b 3 c 4 

all  b l  c 3 a 2 b l  c 3 a 2 b 3 c 4 
>> > 

99.8 8 

Z ]]  A/(all) al bl c3 a2 b3 c4 

X X 

Ma" )) al b l c3 a2 b3 c4 

M«-3b/3cc al b l c3 a2 b3 c3 a2 b3 c4 (and: al b l c4)f 99.9 

Letterr codes of inserted sequences are given in Table 3. 
bb Taxa abbreviations are explained in Fig. 1 and Table 1; Mall) denotes all Microseris except those indicated, 

andd Mhyp) indicates a hypothesized chloroplast type. 
Sequencess and alignment of acceptor stem (a, c) and anticodon domain (b) regions are shown in Tables 2 and 
3,, respectively. 

dd Indicates the Fit of the origins of repeats via recombination, obtained with SplitsTree. 
'' Possible modes of substitutions to W, W' and X' are explained in the text (Results). 
ff Nonobserved recombinant products. 
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UU UU 

M(per-1) ) 

M(per-2) ) 

M(ann) ) 

Msc Msc 
Mln-V3a Mln-V3a 

Mln-2a Mln-2a 

Mln-2b Mln-2b 

Mln-3b/3c Mln-3b/3c 

III  O 
THH  trnL 

-> -> 

i ii
T HH  trnL 

-> -> 

I II
THH  ""F 

-> -> 

III  P 
THH imr 

-> -> 

III  p 
-> > 

III  p 
THH  trnL 

-> -> 

lll  p 
THH fr«i 

-> > 

447bp p 

446bp p 

446bp p 

45 5 lbpp , 

T T 

289bp p 

II I 
T T 

289bpp &. 

451bp p 

1 1 
H H 

1 1 
H H 

1 1 
H H 

r»i i 

11 , 
trnb trnb 

<--

11 . 
trnl-trnl-

<-<-
(65bp p 

11 1 

1 1 
T T 

1 1 
T T 

1 1 
T T 

II I 
fr r 

trnFÏÏtrnFtrnFÏÏtrnF  HT 
<--

trnttrnt  trnt trnt HT 
<--

11 I W 1 i l x 1 II I 
trnttrnt  trnF trnF trnt HT 

< --

11 1 I I I 
trnFtrnF  trnF  HT 

<--

EL-162bp p 

trnt trnt 

m m 

II I 

FT T 
HT T 

11 J11 
trnFtrnF  HT 

11 1 1 Z 1 1 1 1 
trnttrnt  trnt trnF  HT 

<--

Fig.. 3. (a.) Schematic presentation of structural mutations at the trnL-tmVlndhJ regions of 
UropappusUropappus and Microseris. Taxa abbreviations are explained in Fig. 1 and Table 1; H and T 
denotee Hintl and 7>«1I sites, respectively; small arrows indicate the "e" (left) and intact " f 
(right)) primer sites; lines correspond to amplification products; white blocks with letters refer to 
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II  H v I I 
DEL-162bp p 

11 restiction site 
mutation n 

GAIN-7>«1I I 

Mln-l Mln-l 

24 4 

C=E E 

29 9 

JMln-2a JMln-2a 

Mln-2b Mln-2b 

M/n-3a a 
M//i-3b b 
Mln-3c Mln-3c 

H2ZD D 

Australia a 
& & 

New w 
Zealand d 

Mel-l Mel-l 
Mdo-l Mdo-l 

-- Mel-2 

Mdo-2 Mdo-2 

-- Mpy-l 

Mpy-2 Mpy-2 

19 9 

II IW I I I 

II IW I I IX I I 

per-1 1 

per-2 2 

Uli-l Uli-l 

Uli-2 Uli-2 

western n 
North h 
America a 
(&&  Chile) 

Fig.. 3. Continued. 
insertedd trnF sequences (see Table 3), and grey blocks to sequences present in all Microseris. (b.) 
Phylogeneticc tree redrawn from Fig. lb, with the additional results concerning the trnF mutations 
implemented. . 
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thatt trnF repeats with similar copy numbers originated in parallel. The changes between two, 
three,, and four tandemly repeated trnF genes were best explained by interchromosomal 
recombinationn with unequal crossing over (see below; Table 4). Our results indicate that 
changeschanges in copy number are more likely whenever a repeated sequence that can act as substrate 
forr further rearrangements has become incorporated. The results show why length 
polymorphismss should be excluded from phylogenetic analyses unless they can be analyzed at 
thee sequence level. 

MolecularMolecular evolution of a tandemly repeated trnF (GAA) gene in Microseris 

Exceptt for those included in our earlier report (Vijverberg et al. 1999), no tmF{GAA) 
(pseudo)geness are known in cpDNA of land plants, and no repeated coding sequences are as 
yetyet described for the single-copy regions of the plastids of the Asteraceae. Duplications of 
entiree tRNA genes, and tRNA genes in tandem or triplicate, are rarely reported for the 
chloroplastt genomes. One example is a tandemly duplicated trnT(GGU) gene in rice 
(Hiratsukaa et al. 1989; Shimada and Sugiura 1989); two others are a dispersed triplicated 
regionn of 676 bp that includes trnS(GCU) in conifers (Pseudotsuga; Tsai and Strauss 1989), 
andd a mutation hotspot of hundreds of base pairs of imperfect, tandem, direct repeats derived 
fromm a partially duplicated trnY(G\)A) gene and its flanking region, also in Pseudotsuga 
(Hipkinss et al. 1995). Dispersed and partially duplicated tRNA (pseudo)genes are more often 
reported.. Apart from the conifers and grasses mentioned, they concern mostly cpDNA of 
legumess (Mubumbila et al. 1984; Bonnard et al. 1985). The cpDNAs of these taxa are known 
forr complex rearrangements (see Introduction), and tRNA (pseudo)genes have been associated 
withh several of these rearrangements (e.g., Wolfe 1988; Shimada and Sugiura 1989), 
particularlyy with inversion endpoints (Howe et al. 1988; Tsai and Strauss 1989). In contrast, 
thee cpDNA of the Asteraceae has a conservative mode of evolution (Jansen et al. 1992), 
althoughh the frequency of mutations may vary in different regions of the genome and in 
variouss members of the family. A restriction site analysis of the cpDNA of Microseris 
(Wallacee and Jansen 1990) showed no structural rearrangements besides the length variation in 
thee region here investigated (7.7-kb region; Jansen and Palmer 1987b). The comparison of the 
trnL-trnVlndhJtrnL-trnVlndhJ sequences of Microseris and Uropappus with the one of Nicotiana tabacum 
suggestedd that the tandemly repeated trnF gene was not located at an inversion endpoint. The 
resultss indicate that the trnL-trn VlndhJ region of Microseris is likely to be prone to local 
rearrangementss independent of other rearrangements in thee chloroplast genome. 

Itt is unknown how the duplicated trnF gene initially arose in Microseris and 
Uropappus.Uropappus. The origin of larger length mutations (>10 bp) have been associated with short 
(in)directt repeats (Ogihara et al. 1988; 1992; Palmer 1991). A search for short repeats within 
thee trnL-trnVlndhJ sequences of Microseris, however, showed no clear patterns that could 
explainn the original duplication. Shared mutations indicated that the duplicated trnF gene most 
likelyy originated in an ancestor of the two genera. This would imply that the duplication is 
ratherr ancient and should also be present in the genera Nothocalais and Agoseris (Jansen et al. 
1992).. No evidence was found for a duplicative inversion (see previous paragraph). Another 
possibilityy is that the tRNA gene itself was involved in the initial duplication, for instance by 
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stabilizingg a misalignment via its secondary structure (Glickman and Ripley 1984; Howe et al. 
1988). . 

Thee mechanisms by which the trnF copy number changed starting from a duplicated 
sequencee are more straightforward. Repeated sequences are often associated with length 
mutationss and can act both as substrates for intra- and intermolecular recombination (Bowman 
ett al. 1988; Wolfson et al. 1991; Nimzyk et al. 1993), as well as for slipped-strand mispairing 
duringg DNA replication (Palmer 1991). The trnF repeats of different Microseris taxa were 
composedd of various combinations of acceptor stem (a, c; Table 2) and anticodon domain (b) 
regions,, while the 5' and 3' ends of the repeats were conserved. This pattern strongly 
suggestedd that changes in copy numbers occurred via independent rearrangements (Table 3), 
ratherr than by one event followed by (parallel) nucleotide substitutions. The different trnF 
repeatss found in Microseris could have originated via interchromosomal recombination with 
unequall  crossing over (Table 4) or by intrachromosomal duplication due to slippage. 

Interchromosomall  recombination between two tRNA genes was suggested by 
Hiratsukaa et al. (1989) to account for the 20-kb inversion in rice and the accompanying 
formationn of a trnJMIG pseudogene. In general, however, recombinational processes are 
thoughtt not to play a role in cpDNA evolution (Clegg and Zurawski 1992), because biparental 
transmissionn is rare and intermolecular diversity is low. Even when biparental transmission 
occurs,occurs, organellar genes often fail to recombine (Birky 1995). On the other hand, chloroplast 
genomess are highly polyploid, and part of them exist in multimeric form (Kolodner and Tewari 
1979;; Deng et al. 1989). These multimers were suggested to be formed by recombination 
betweenn the IRs, indicating the recombination potential between repeated sequences of 
differentt plastids. Other evidence for intermolecular recombination between chloroplast 
genomess comes from studies of algae (Chlamydomonas; Birky 1995) and rice (Kawata et al. 
1997).. The latter study suggested that repeats as short as 7-14 bp were involved in 
recombinationall  processes between plastids. Reciprocal recombination should, apart from 
insertions,, also result in deletions of sequences. Reversions to one trnF gene were, however, 
nott found in the cpDNA of Microseris, and no clear evidence for reversions to two or three 
trnFtrnF genes was detected (Table 4). An explanation for the absence of a reversion to one trnF 
genee could be that these genes are selected against due to reduced or absent functionality. The 
hypothesizedd trnF genes that might arise in Microseris after reciprocal recombination (Table 
4)4) showed five instead of seven complementary base pairs in the acceptor stem of the 
correspondingg tRNAs and 25% reduced Cove scores as compared with tRNA-Phe of 
NicothianaNicothiana tabacum. The results indicate that the hypothesized trnF genes are indeed most 
likelyy pseudogenes. In conclusion, interchromosomal recombination with unequal crossing 
overr is a likely mechanism by which the changes in trnF copy number may have occurred in 
thee chloroplast genomes of Microseris. 

Slippagee concerns mostly short sequences (<10 bp; Palmer 1991), whereas only entire 
trnFtrnF sequences of length 73 bp were inserted at once in the cpDNA of Microseris (Table 3). 
Thee misalignment theory (Glickman and Ripley 1984) predicts that the presence of a 
palindromee allows single-stranded DNA to form stems or cruciform structures that stabilize a 
misalignmentt across repeats (Wolfson et al. 1991; Stoike and Sears 1998). Apart from the 
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cloverr leaf structure, the palindromes of an entire tRNA sequence include four single stems. 
Withinn the tandemly repeated trnF genes, added sequences were inserted at various positions 
(Tablee 3), implying that more than one different secondary structures of tRNA sequences 
mustt have stabilized the misalignments. In addition, it is striking that only entire trnF 
sequencess were inserted and no repeated single stems were found. These facts suggest that 
intramolecularr duplication due to slippage was possibly not the mechanism by which the trnF 
copyy number changed in Microseris. 

TheThe use of structural mutations in phylogeny 

Structurall  mutations can be reliable markers for phylogenetic reconstruction in some plant 
groupss (reviewed in Soltis et al. 1992b), but the assignment of homology of mutations <1000 
bpp can be difficult due to their tendency to cluster in hotspots (Downie and Palmer 1992; 
Hipkinss et al. 1995). Our data show such a region to be prone to repeated independent origins 
off  similar length variants. Some authors suggest that when structural mutations are 
homoplasiouss in diverged taxa, they may still be useful in closely related taxa (Donoghue and 
Sandersonn 1992; Soltis and Soltis 1998). The trnF repeats found in Microseris demonstrate 
thatt even in closely related taxa, homoplasious length variation can originate relatively easily 
oncee a repeated sequence has become incorporated. This is best illustrated in M. lanceolata, in 
whichh independent changes from two to three trnF genes occurred in two different clades (Fig. 
3b).. M lanceolata is located in a well-sampled part of the cladogram and has an obvious 
outgroupp relationship that shows the duplicated trnF gene to be ancestral to it. The similar 
lengthh variants detected in M. lanceolata-lb and Mln-3b/3c appeared to be nonhomologous 
insertionss of trnF sequences on the basis of the sequence results (Tables 2, 3). These 
independentt origins of similar length variants were congruent with a 162-bp deletion present in 
M.M. lanceolata-2 that otherwise should have arisen in parallel (Fig. 1). In addition, the 
sequences,, as well as the cpDNA phylogeny, showed that the triplicated trnF genes found in 
thee Australian M. lanceolata originated independently form those present in the North 
Americann perennial Microseris. The close relationship of M. lanceolata-2b and M«-3b/3c 
suggestss that the independent changes in trnF copy numbers may have occurred within a 
relativelyy short period. Our results demonstrate that the homology of length variation is 
uncertainn also in closely related taxa. 

Apartt from the homoplasious length variation, the assignment of homology of 
structurall  mutations can be difficult even when sequences are known (reviewed by Doyle and 
Daviss 1998). This is illustrated in the North American perennial Microseris. These species are 
locatedd in a less well sampled part of the tree (Fig. 3b) in which the evolution of the trnF 
repeatss is not entirely clear due to the inclusion of only one outgroup and an unresolved clade 
off  species. In addition, the trnL-trnVlndhJ sequences did not resolve whether M. nutans and 
M.M. sylvatica were monophyletic on the basis of a change from three to four trnF genes. 
Contradictoryy evidence in the a and b regions of the trnF repeats of these two species (Tables 
2-4)) shows that gene conversion, parallel mutations, and other rearrangements permit more 
thann one equally parsimonious way in which the observed repeat units could have been 
generated.. Reversions to two copies and renewed insertions of trnF sequences might even have 
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furtherr obscured the history of the North American perennials. Retardation of sequence 
evolutionn as a result of recombination with the functional gene was also observed in the rpl23 
pseudogenee found in wheat cpDNA (Bowman et al. 1988). In addition, reticulate rather than a 
cladisticc mode of evolution was, for instance, illustrated by the mutation hot spot involving 
thee partially duplicated /rwFgene found in some conifers (Pseudotsuga; Hipkins et al. 1995). 
Thee results illustrate that even when sequences are known, the assignment of homology of 
structurall  mutations is not always clear. The assignment of homology becomes more reliable 
whenn the study group is better sampled. 

Inn conclusion, the tandemly repeated trnF genes in Microseris illustrate several pitfalls 
andd drawbacks of phylogenetic reconstruction on the basis of structural mutations. They 
supportt the view that changes in copy numbers are more likely to occur once a tandem 
duplicationn has become incorporated. As a result, structural mutations cannot be used as 
reliablee indicators of phylogenetic distance or evolutionary time. Our results also demonstrate 
thatt the homology of length polymorphisms can only be delimited after their sequences are 
known.. Even when sequences are known, the assignment of homology requires intensive 
samplingg of the study group. Our results argue against the use of length polymorphisms in 
restrictionn site analysis for phylogenetic inferences when they appear to introduce 
homoplasy.. However, a detailed comparison at the sequence level may add significant 
phylogeneticc resolution to resolve apparent homoplasy for some of these polymorphisms. 
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Appendixx 1. (not in publication). 
Alignmentt of nucleotide sequences of tandemly repeated trnF(GAA) genes of reference species 
NicotianaNicotiana tabacum (Nta), North American outgroup species Uropappus lindleyi (Uli), North 
Americann perennials Microseris borealis and M. laciniata [A/(per-l)] and M. nutans and M. 
sylvaticasylvatica [A/(per-2>], annual species Microseris douglasii, M. elegans, and M. pygmaea [M(ann); 
andd Australian and New Zealand Microseris scapigera (Msc), M. lanceolata-2, and Mln-3, see also 
Figss 1, 3, Table 1, and next page. 

200 4 0 6 0 
NtaNta ATCCGACCCCCTTTCCTTAG CGGTTCCAAATTCCTTATCT TTCTCATTCACTCTATTCTT 
UliUli  ATTTATCCTTTTTTCGTTAG CGGTTCAAAACTCCTTATCT TTCTCATTCACT--ACTCTT 
M(per-l ))  ATTTATCCTTTTTTCGTTAG CGGTTCAAAACTCCTTATCT TTCTCATTCACT--ACTCTT 
M(per-2 ))  ATTTATCCTTTTTTCGTTAG CGGTTCAAAACTCCTTATCT TTCTCATTCACT--ACTCTT 
M(ann)/Ms cc  ATTTATCCTTTTTTCGTTAG CGGTTCAAAACTCCTTATCT TTCTCATTCACT--ACTCTT 
Mln-2&Mln-2&  ATTTATCCTTTTTTCG 
Mln-2hMln-2h ATTTATCCTTTTTTCG 
Mln-3h/3cMln-3h/3c ATTTATCCTTTTTTCGTTAG CGGTTCAAAACTCCTTATCT TTCTCATTCACT--ACTCTT 

800 10 0 12 0 
NtaNta T-TAG. A AATGGAT TTGAGCGTAAATGQCTTTCT CTTATCACAAGTCTTGTGAT 
UliUli  TATACATTATACAAATGGAT CTGAGCGGAAATGCTGTTCT CTTATTACA TGTGAT 
M(per-l)M(per-l) TG.TAC A AATGGAT CTGAGCGGAAATGCTGTTCT CTTATCACA TGTGAT 
M(per-2)M(per-2) TG.TAC A AATGGAT CTGAGCGGAAATGCTGTTCT CTTATCACA TGTGAT 
M(ann)M(ann) /Ms c TATACA AATGGAT CTGAGCGGAAATGCTGTTCT CTTATCACA TGTGAT 
Mln-2a. Mln-2a. 
Mln-2b Mln-2b 
Mln-3h/3cMln-3h/3c TATACA AATGGAT CTGAGCGGAAATGCTGTTCT CTTATCACA TGTGAT 

1400 16 0 18 0 
Nta.Nta. ATATATGATACAC^ATAQAAA TGAACG.TCTTTGAG CAAGG.AATCCCTA G.T T 
UliUli  ATATATGATACATGTATAAA TGAACATCTTTGAG CAAGAAAACCCCATTTGTTT 
M(per-l)M(per-l) ATATATGATACATGTATAAA TGAACATCTTTGAGTTTGAG CAAGAAAACCCCATTTATTT 
M{per-2)M{per-2) ATATATGATACATGTATAAA TGAACATCTTTGAGTTTGAG CAAGAAAACCCCATTTATTT 
M(ann)/MSCM(ann)/MSC ATATATGATACATGTATAAA TGAACATCTTTGAGTTTGAG CAAGAAAACCCCATTTGTTT 
Mln-2a Mln-2a 
Mln-2h Mln-2h 
MIn-3b/3 cc  ATATATGATACATGTATAAA TGAACATCTTTGAGTTTGAG CAAGAAAACCCCATTTGTTT 

2000 22 0 24 0 
NtaNta GAATGATTCCCTATCAATAT CATTACTCATACTGAAACTT ACAAAGT-CATCTTTTTGAA 
UliUli  GAATGATTCACGATCGATAT TTTTATTCATACTGAAACTT ACAAAGTTGTTCTTTT 
M(per-l ))  GAATGATTCACGATCGATAT TTTTATTCATACTGAAACTT ACAAAGTTGTTCTTTT 
M{per-2)M{per-2) GAATGATTCACGATCGATAT TTTTATTCATACTGAAACTT ACAAAGTTGTTCTTTT 
M(ann)/MSCM(ann)/MSC GAATGATTCACGATCGATAT TTTTATTCATACTGAAACTT ACAAAGTTGTTCTTTT 
MlnMln -2 a ATCGATAT TTTTATTCATACTGAAACTT ACAAAGTTGTTCTTTT 
MlnMln -2 b ATCGATAT TTTTATTCATACTGAAACTT ACAAAGTTGTTCTTTT 
M2n-3b/3 cc  GAATGATTCACGATCGATAT TTTTATTCATACTGAAACTT ACAAAGTTGTTCTTTT 

>> iHnl l 
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Appendixx 1. Continued 
Sequencess start at position 43 of the trnL(UAA)-trnF intergenic spacer (see Fig. 5 of Chapter 2) 
andd run over the trnF repeats into the trnF-trn V(UAC)lndhJ intergenic spacer (see Fig. 2). TrnF 
copies,, variable trnF regions, i.e., the acceptor stem (a, c) and anticodon domain (b) regions (see 
Tabless 2, 3), " f primer sequences, and Hinfi (Hnl) and TruU (Tl) restriction sites are indicated. 
Substitutionss as compared to Uli  are underlined, and short direct and inverted repeats are denoted 
withh arrows under the alignment. 

2600 28 0 30 0 

NtaNta GATCGAAGAAATT CCC CGGCTTTGAGAAAATTTTTA ATCTACTTTTGTCCTTGTAA 
UHUH GA-CAAATTATAGGCC CGG GATGAGGCTT --TTTAATAC£-CGTTCTA -
M(per-l ))  GA-CAAATTATAGGCC CGG GATGAGGCTT --TTTAATACG-CGTTCTA-
M(per-2)M(per-2) GA-CAAATTATAGGCC CGG GATGAGGCTT TTTAATACG-CGTTCTA-
M(ann)/MscM(ann)/Msc GA-CAAATTATAGGCC CGG GATGAGGCTATTA AATTTAATACG-CGTTCTA-
Mln-2aMln-2a GA-CAAATTATAGGCC CGG GATGAGGCTATTA AATTTAATACG-CGTTCTA-
Mln-2hMln-2h GA-CAAATTATAGGCC CGG GATGAGGCTATTA AATTTAATACG-CGTTCTA-
Mln-3b/3cMln-3b/3c GA-CAAATTATAGGCC CGG GATGAGGCTATTA AATTTAATACG-CGTTCTA-

|T 11 |  |Tl | 
360 0 

I--
3200 34 0 | -

NtaNta TTGAC-ATAGACCCC.AGTTC T£TAA T AAAATGAG GATAQTACATTQGGAATAGC 
UliUli  TTGAC-ATAGACCCAAGT-C TCTCATAAAATGAAAATGAG GATGAGACATGAGGAATAGT 
M(per-l ))  TTGAC-ATAGACCCAAGT-C TTTGATAAAATGAAAATGAG GATGAGACATGAGGACTAGT 
M(per-2 ))  TTGACGATAGACCCAAGT-C TTTGATAAAATGAAAATGAG GATGAGACATGAGGACTAGT 
M(ann)/MscM(ann)/Msc TTGAC-ATAGACCCAAGT-C TTTGATAAAATGAAAATGAG GATGAGACATGAGGACTAGT 
Mln-2aMln-2a TTGAC-ATAGACCCAAGT-C TTTGATAAAATGAAAATGAG GATGAGACATGAGGACTAGT 
Mln-2bMln-2b TTGAC-ATAGACCCAAGT-C TTTGATAAAATGAAAATGAG GATGAGACATGAGGACTAGT 
Mln-3h/cMln-3h/c TTGAC-ATAGACCCAAGT-C TTTGATAAAATGAAAATGAG GATGAGACATGAGGACTAGT 

3800 40 0 42 0 
tnrF-tnrF-gene gene 

jVt aa CGGGATAGCTCAGTTGGTAG AGCAGAGGACTGAAAATCCT CGTGTCACCAGTTCAAATCT 
UliUli  CGGGATAGCTCAGTTGGTAG AGCAGAGGACTGAAAATCCT CGTGTCACCAGTTCAAATCT 
M(per-l ))  CGGGATAGCTCAGTTGGTAG AGCAGAGGACTGAAAATCCT CGTGTCACCAGTTCAAATCT 
M(per-2 ))  CGGGATAGCTCAGTTGGTAG AGCAGAGGACTGAAAATCCT CGTGTCACCAGTTCAAATCT 
M(ann)/MscM(ann)/Msc CGGGATAGCTCAGTTGGTAG AGCAGAGGACTGAAAATCCT CGTGTCACCAGTTCAAATCT 
Mln-2aMln-2a CGGGATAGCTCAGTTGGTAG AGCAGAGGACTGAAAATCCT CGTGTCACCAGTTCAAATCT 
MlnMln-2b-2b  CGGGATAGCTCAGTTGGTAG AGCAGAGGACTGAAAATCCT CGTGTCACCAGTTCAAATCT 
Mln-3b/cMln-3b/c CGGGATAGCTCAGTTGGTAG AGCAGAGGACTGAAAATCCT CGTGTCACCAGTTCAAATCT 

qq >  |  "f "  -prime r  | 

4400 46 0 48 0 
jj  |  tnrF-gen e 

I — c 3 —II  I — a 2 '  |  I  b 2 ' / b 2 " 
NtaNta GGT 
UliUli  GGT 
M(per-l)M(per-l) GGTTCCGGACAAGTCACGGA ATAGCTCAGTTGGTAGAGCA GAGGACTGAAAATCCTIAGA 
M(per-2 ))  GGTTCC£GACAAGTCACGGA ATAGCTCAGTTGGTAGAGCA GAGGACTQAAAATCCTTAGA 
M(ann)M(ann) /Msc GGT 
Mln-2aMln-2a GGT 
Mln-2bMln-2b GGT 
MIn-3b/3 cc  GGT 

— q —>> | 

97 7 



ChapterChapter 3 

Appendixx 1. Continued. Alignment of tandem]y repeated /raF(GAA) genes. 

50 00 52 0 54 0 

- ||  |-cl/c3- |  | — a 2 | 
Nt aa T  CCTGG.CAQATGA 
UliUli  T  CCTGACAC.ATGAGTCAC.GGG ATAGCTCAGTTGGTAGAGCA 
M(per- l ))  TCACCAGTTCAAATCTGGTT CCfiGAC A AGTCACGGG ATAGCTCAGTTGGTAGAGCA 
Af((  per-2 )  TCACCAGTTCAAATCTGGTT CCG.GACA AGTCAC.GGG ATAGCTCAGTTGGTAGAGCA 
M(ann)/MscM(ann)/Msc T  CCQGACA AGTCACGGG ATAGCTCAGTTGGTAGAGCA 
Mln-2aMln-2a T  CCG.GACA AGTCAQGGG ATAGCTCAGTTGGTAGAGCA 
MlnMln - 2 b  T  CCG.GACA AGTCACGGG ATAGCTCAGTTGGTAGAGCA 
Mln-3b/3cMln-3b/3c T  CCG.GACA AGTCACGGG ATAGCTCAGTTGGTAGAGCA 

-"f"-primer-- ||  p-- > q  > 
||  Hn l  | 

56 00 58 0 60 0 
--  tnrF-gene I  j 
||  b2 ' /b2 "  |  |_-_ c3 __|  |  a 2 — | 

Nt a a 
Uli Uli 
M(per-l) M(per-l) 
M(per-2)M(per-2) GAGGACTGAAAATCCTTAGA TCACCAGTTCAAATCTGGTT CCG.GACAAGTCAC.GGGATAG 
M{ann}M{ann} /Msc 
Mln-2a Mln-2a 
M2n-2 b b 
Mln-3h/3c Mln-3h/3c 

•"f"-primer --

62 00 64 0 66 0 
tnrF-gen e e 

N t a a 
Uli Uli 
M(per-l) M(per-l) 
jyf(per-2 ))  CTCAGTTGGTAGAGCA 
M{ann)M{ann) /Msc 
Mln-2a Mln-2a 
Mln-2hMln-2h GAGG ACTGAAAATCCTCGTGTCAC CAGTTCAAATCTGGTTCCQG 
Mln-3b/3c Mln-3b/3c 

qq >  |  " f  "  -prime r  | 

68 00 70 0 72 0 
___ |  |  tnrF-gen e 
-- ||  j  a 2 |  |  b2/b 3 | 

Nta Nta 
UliUli  GAGGACTG AAAATCCTTATATCACCAGT 
AT(per-l ))  GAGGACTG AAAATCTTCATATCACCAGT 
M(per-2)M(per-2) GAGGACTG AAAATCTTCATATCACCAGT 
M{ann)M{ann) /Msc GAGGACTG AAAATCTTCATATCACCAGT 
Mln-2aMln-2a GAGGACTG AAAATCTTCATATCACCAGT 
Mln-2hMln-2h ACAAGTCAC.GGGATAGCTCA GTTGGTAGAGCAGAGGACTG AAAATCTTCATATCACCAGT 
Mln-3h/3cMln-3h/3c GAGGACTG AAAATCTTCATATCACCAGT 

qq >  j  " f  "-primer -
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Appendixx 1. Continued .  Alignmen t  o f  tandeml y repeate d trnF(GAA) genes . 

7400 76 0 78 0 

||  |  tnrF-gene- -
| — c 3 —||  |  a 2 — |  I  b 3 

Nta Nta 
UliUli  TCAAATCTGGT 
M(per-l ))  TCAAATCTGGT 
M(per-2)M(per-2) TCAAATCTGGT 
M(ann)/MscM(ann)/Msc TCAAATCTGGT 
Mln-2aMln-2a TCAAATCTGGT 
Mln-2hMln-2h TCAAATCTGGT 
Mln-3b/3 cc  TCAAATCTGGTTCCG.GACAA GTCAC_GGGATAGCTCAGTTG GTAGAGCAGAGGACTGAAAA 

||  ____ q___ > 

8000 82 0 84 0 

11 |c2/c4- | 

NtaNta TTAATTTGTATGQGTCTCTC. 
UUUU QCCTGACAAATGA GTAATTTGTATGAGTCTCTA 
M(per-l)M(per-l) C.CCQGACAC.ATGA GTAATTTGTATGAGTCTCTA 
M(per-2)M(per-2) C.CCG.GACAC.ATGA GTAATTTGTATGAGTCTCTA 
MM { ann) /Msc CCCGGACAC.ATGA GTAATTTGTATGAGTCTCTA 
Mln-2aMln-2a £CCG_GACACATGA GTAATTTGTATGAGTCTCTA 
Mln-2hMln-2h C.CCGJ3ACAC.ATGA GTAATTTGTATGAGTCTCTA 
Mln-3b/3 cc  TCTTCATATCACCAGTTCAA ATCTGGTC.CCG_GACAC.ATGA GTAATTTGTATGAGTCTCTA 

||  " f  "-prime r  |  P  > 
iHnl l l 

8600 88 0 90 0 

NtaNta TTCCCJTCGAATTAATTTCTA ATTAATTGATATGAATCAAC ATACATATTCTTTTAGAGTC 
UliUli  TTC-TACCAATTAATT GATATGAAT --ACA T GAGTC 
M(per-l ))  TTC-TACCAATTAATT GATATGAAT -ACATATTCATTAAGAGTC 
M(per-2 ))  TTC-TACCAATTAATT GATATGAAT --ACATATTCATTAAGAGTC 
M(M( ann)/Msc TTC-TACCAATTAATT GATATGAAT --ACATATTCATTAAGAGTC 
Mln-2aMln-2a TTC-TACCAATTAATT GATATGAAT --ACATATTCATTAAGAGTC 
Mln-2bMln-2b TTC-TACCAATTAATT GATATGAAT --ACATATTCATTAAGAGTC 
Wln-3b/3 cc  TTC-TACCAATTAATT GATATGAAT --ACATATTCATTAAGAGTC 

<--  - q |T1 |  |T1 |  |T1 [ 

9200 94 0 96 0 
jVt aa TAGATTAGAATA-ATAQ-CT TTATCC^GTTTGQC.-GAGAT ATACCCCATCTA 
UliUli  TAGATAATAGTACATATTCT CCATCTCGTTCTTTAGAGAT ATACCCCATCTATTTGATTT 
Af(per-l ))  TAGATAATAGTACATATTCT CCATCTCGTTCTTTAGAGAT ATACCCCATCTATTTGA 
M(per-2 ))  TAGATAATAGTACATATTCT CCATCTCGTTCTTTAGAGAT ATACCCCATCTATTTGA 
M[ann)/MscM[ann)/Msc TAGATAATAGTACATATTCT CCATCTCGTTCTTTAGAGAT ATACCCCATCTATTTGA 
MlnMln-2a-2a  TAGATAATAGTACATATTCT CCATCTCGTTCTTTAGAGAT ATACCCCATCTATTTGA 
Mln-2bMln-2b TAGATAATAGTACATATTCT CCATCTCGTTCTTTAGAGAT ATACCCCATCTATTTGA 
MJn-3b/3 cc  TAGATAATAGTACATATTCT CCATCTCGTTCTTTAGAGAT ATACCCCATCTATTTGA 

99 9 
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Incipientt  adaptive radiation of New Zealand and Australian 
MicroserisMicroseris (Asteraceae): an amplified fragment length 
polymorphismm (AFLP) study 

Kittyy Vijverberg, Peter Kuperus, Johannes A. J. Breeuwer, and Konrad Bachmann 
JournalJournal of Evolutionary Biology 13: 997-1008. 2000 

Abstract Abstract 
Thee disjunct allotetraploid lineage of the North American genus Microseris in New Zealand and 
Australiaa originated from one or a few diaspores after a single introduction via long-distance 
dispersal.. The plants have evolved into four morphologically distinct ecotypes: "fine-pappus", 
"coastal",, "murnong", and "alpine", from which the first two are grouped as Microseris scapigera, 
mainlyy from New Zealand and Tasmania, and the latter two as M. lanceolata, endemic to the 
Australiann mainland. Three chloroplast (cp)DNA types were distinguished in each of the species, 
butt their distribution, especially in M. lanceolata, showed discrepancies with ecotype 
differentiation.. Here, we analyse the genetic structure of the nuclear (n)DNA among two plants of 
eachh of 55 New Zealand, Tasmanian, and Australian Microseris populations for amplified 
fragmentt length polymorphisms (AFLPs). The nuclear genetic structure is compared to 
geographical,, ecotype, and cpDNA distribution, in order to resolve and illustrate the early process 
off  adaptive radiation. The strongest signal in the AFLP pattern was related to geographical 
separation,, especially between New Zealand versus Australian accessions, and suggested an initial 
rangee expansion after establishment. The ecotypic differentiation was less-well reflected in the 
AFLPP pattern, and evidence was found for the occurrence of hybridization among plants at the 
samee geographical region, or after dispersal, irrespective of the cpDNA- and ecotypes. This 
indicatedd that the ecotype characteristics were maintained or re-established by an efficient 
selection.. It also showed that genetic differentiation is not an irreversible and progressive process 
inn the early stage of adaptive radiation. Our results illustrate the precarious balance between 
geographicall  isolation and selection as factors that favour differentiation, and hybridization as 
factorr that reduces differentiation. 

KeyKey words— adaptive radiation; AFLPs; Asteraceae; geographical isolation; hybridization; 

Microseris;Microseris; selection 
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Introductio n n 

Speciationn of plant groups after long-distance dispersal of one or a few diaspores to isolated 
areass provide some of the most informative "natural experiments" in evolutionary biology 
(Baldwinn et al. 1998). Classic examples are found in the oceanic island flora, including the 
Hawaiiann silversword alliance (Baldwin et al. 1990; Baldwin 1997), the genus Dendroseris on 
thee Juan Fernandez Islands (Crawford et al. 1992; Sang et al. 1994), and various Macaronesian 
plantt groups (Böhle et al. 1996; Francisco-Ortega et al. 1996; Kim et al. 1996; Mes et al. 1996; 
Francisco-Ortegaa et al. 1997; Vargas et al. 1999). A few examples are also known from flora of 
island-likee habitats on the continent, e.g., the Dendrosenecio of the tall mountains of eastern 
Africaa (Knox and Palmer 1995). In these cases, rapid speciation under directional selection 
throughh adaptive radiation is observed (Stuessy and Ono 1998). This can be interpreted as the 
resultt of the elimination of competition from lineages specialized on particular resources, the 
increasedd competition with close relatives, and selection in response to alternative adaptive 
opportunitiess (Givnish 1997). Molecular phylogenetic analyses have shown that the 
conspicuouss morphological variation in these plant groups is not necessarily paralleled by 
differencess in overall genetic distances (e.g., Baldwin et al. 1998). This presumably reflects a 
relativelyy recent origin of the radiations, and a possible large effect of only a few genes 
affectingg ecologically significant traits and reproductive isolation (Givnish 1997). 

Itt is most likely that cases of long-distance dispersal, if they manage to get established 
att all, will pass through a phase in which there is very littl e genetic variation. The initial small 
andd probable nonrepresentative samples of ancestral population genes present in the founder 
population,, might further be decreased and sampled by random genetic drift, before 
differentiationn through dispersal and disruptive selection takes hold (e.g., Ridley 1993). The 
well-knownn examples cited above probably concern relatively late stages in this process, with 
multiplee and strikingly different species occupying diverse niches. Two independent events of 
long-distancee dispersal from the North American genus Microseris (Asteraceae, Lactuceae) 
illustratee earlier stages in the process. Microseris pygmaea D. Don. in Chile is a species in the 
veryy earliest stages of intraspecific differentiation (Chambers 1963; Bachmann et al. 1985; Van 
Heusdenn and Bachmann 1992b). Populations of M. scapigera (Forst.) Sch.-Bip. and M. 
lanceolatalanceolata (Walp.) Sch.-Bip. in New Zealand and Australia are just at the crucial stage in 
whichh geographical and ecological differentiation are becoming sufficiently pronounced to 
overcomee gene flow (Sneddon 1977). Here, we analyse the genetic structure among the 
populationss of the Australasian Microseris that can be classified into a number of geographical 
groupss and ecotypes, in order to get more insight into this early stage of the process of 
adaptivee radiation. 

Thee origin of the New Zealand and Australian Microseris involved a number of 
improbablee events. The karyotype of the plants indicates that they are allotetraploid 
derivativess of a hybrid between an annual and a perennial species of the genus (Chambers 
1955).. A phylogenetic tree based on chloroplast (cp)DNA mutations suggests that the 
maternall  parent belonged to a now extinct, early offshoot of the well-supported clade of 
annual,, self-fertile Microseris (Wallace and Jansen 1990). The pollen parent was most likely a 
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perennial,, probably outcrossing, species, morphologically related to the present M. borealis 
(Bong.)) Sch.-Bip. Judging from the present distribution of North American Microseris 
(Chamberss 1955), the parents were ecologically distinct from each other. The allopolyploid 
hybridd has left no trace in North America. Its long-distance dispersal to the Southern 
hemispheree is best explained by a unique event involving one or a few achene(s). The age of 
thee taxon is unknown, but reports from Captains Cook's first voyage (1769; Ebes 1988) and 
earlyy European settlers (c. 1835; Gott 1983) mention that Microseris was collected in New 
Zealandd and was abundant in Australia at that time. According to the cpDNA tree (Wallace 
andd Jansen 1990), the taxon originated before the onset of speciation of the present North 
Americann annual Microseris. 

Att present, Microseris occurs on both islands of New Zealand, in Tasmania, and in 
south(east)) Australia (Sneddon 1977; Vijverberg et al. 1999). Several ecotypes are recognized 
(Fig.. 1; Table 1; Sneddon 1977; Gott 1983; Vijverberg et al. 1999). A "coastal" (C) ecotype 
characterizedd by waxy leaves grows in a number of isolated populations along the sea shores 
off  New Zealand. A self-fertile "fine-pappus" (F) type contains many hairy pappus parts 
(-60)) and is found in five small populations in Victoria (<200 individuals except for one) and a 
feww larger ones in Tasmania. An "alpine" (A) ecotype reproduces vegetatively by forming 
shootss from its roots and occurs in the mountains of southeast Australia at altitudes >1000 m 
abovee sea level. A "murnong" (M) ecotype has tuberous roots and occurs in a relatively large 
numberr of populations in the lowlands of south(east) Australia. The latter type was 
widespreadd at the time of European settlement and used as a staple food of aborigines (Gott 
1983).. It now occurs as remnant populations in small fragmented areas only (Prober et al. 
1998).. Plants of a few populations differ in the diagnostic character(s) from their most similar 
ecotypee and are further indicated as "nontypical" (nt). The ecotype characteristics are 
maintainedd in a common greenhouse environment (Sneddon 1977; own observations). On the 
basiss of morphology, biogeography, and crossability data, two species are recognized (B. V. 
Sneddon,, personal communication, Victoria University of Wellington, New Zealand: a revision 
off  Australian 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): 
M.M. scapigera, that includes the "C" and "F" populations, and M. lanceolata, including the "A" 
andd "M" ecotypes. 

AA comparative analysis of the cpDNA of New Zealand and Australian Microseris, 
basedd on restriction site mutations in thee variable regions of the genome, confirmed the 
monophylyy of the taxon as well as its close relationship to the North American annual 
MicroserisMicroseris (Vijverberg and Bachmann 1999; Vijverberg et al. 1999). The tree indicated rapid 
radiationss in the history of the plant group, and confirmed the monophyly of M. lanceolata. 
Especiallyy in M. lanceolata, the cpDNA types corresponded more with geographical 
distributionn than ecotypic differentiation. This result raised the question whether processes 
suchh as introgression between ecotypes or parallel evolution of similar adaptations played a 
rolee in the evolution of Australian (and New Zealand) Microseris. Expanded nuclear (n)DNA 
investigationss were needed to discriminate among these possible explanations. 
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Tablee 1. Microseris 

Population n 
numbers' ' 

MicroserisMicroseris scapigera 
"Coastal""  (C) 

Cl,, C2 
C3,, C4 

"Fine-pappus""  (F) 
Fll  to F5 
F6nt,, FlOnt 
F7nt t 
F8nt t 
F9nt t 

MicroserisMicroseris lanceolaia 
"Alpine""  (A) 

Aln tt to A4nt 
A5,, 6,7, 9, and 10 
A8nt t 

"Murnong""  (M) 
Mll  to M12 
Ml 33 toM18 
M19,, 21, 22,24,25. 
M20nt t 
M23,, M27 to M31 

scapigerascapigera and M. lanceolata populations invest: 

Morphological l 
characteristic* * 

Waxyy leaves 
Waxyy leaves 

Scale-lesss pappus 
Likee F but smaller 
Intermediatee to C and F 
Likee Font but smaller 
Intermediatee to C and F 

Noo shoots on roots 
Shootss on roots 
Tuberous s 

Tuberous s 
Tuberous s 

,, and 26 Tuberous 
Nott tuberous 
Tuberous s 

Placee of 
origin' ' 

NZnn coast 
NZss coast 

VIC C 
TAS S 
TAS S 
NZss centre 
NZnn centre 

NSWne e 
NSW/VIC C 
NSW/VIC C 

NSW W 
NSW/VIC C 
VIC C 
VIC C 
VICnw/SA A 

igated. . 

Altitude e 
(m)' ' 

<200 0 
<200 0 

<200 0 
800-1000 0 

1200 0 
750 0 

1340 0 

-1000 0 
1200-1600 0 

1570 0 

200-750 0 
<200-750 0 
<200-400 0 

<200 0 
<200-400 0 

Breeding g 
system* * 

SC C 
SI I 

SC C 
SC C 
SC C 
SC C 
SI I 

SI I 
SI I 
SI I 

SI I 
SI I 
SI I 
SI I 
SI I 

""  Details of the collection, collectors, places of origin, altitudes, and population sizes are described by Vijverberg 
ett al. (1999). Populations A9 (K84) and AIO (K85) were collected at Mount Kosciusko, New South Wales, at 
12000 m above sea level, by Max Gray in May 1996, and population FlOnt (Y51) was collected at Middlesex 
Plains,, Tasmania, at 820 m, by Louise Gilfedder in February 1996. Population numbers follow ecotypes in 
geographicall  order: 1 = most northern population, and nt = a nontypical form of an ecotype. Places of origin 
are:: NZ(n)(s) = New Zealand (northern)(southem) island, TAS = Tasmania, NSW(ne) = (northeast) New 
Southh Wales, VlC(nw) = (northwest) Victoria, and SA = South Australia (see also Fig. 1). Breeding systems 
are:: SC = self-compatible and SI = self-incompatible 

Preliminaryy investigations of the nDNA indicated a very low level of genetic variation 
too be present in the New Zealand and Australian Microseris. A fine-scale restriction site 
analysis,, using four-base recognizing enzymes, resolved eight mutations among six 
populationss of the Australian mainland (Van Houten et al. 1993). A cladistic treatment of 
thesee mutations showed similar results as found for the cpDNA, namely, a basal polytomy, 
withh the "F" populations least differentiated from the outgroup species, and the "A" and "M" 
populationss as a more diverged clade. The restriction site analyses did not resolve enough 
mutationss to determine the relationships among the sample of populations investigated here. 
Thee internal transcribed sequences (ITS) of the nuclear cistrons for ribosomal RNA lacked 
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Southeastt  Australi a 

South h 
Australi a a 

Sydney y 

Fig.. 1. Distribution of Microseris lanceolata populations examined. Population numbers follow 
ecotypess in geographical order: A = "alpine" (Table 1), M = "murnong", 1 = most northern 
population,, and nt = a nontypical form of an ecotype. Symbols correspond to chloroplast types 
(Vijverbergg et al. 1999; Fig. 2): A = Mln-l, D = Mln-2, O = Mn -3, and DO = polymorphic for 
Mln-2Mln-2 and Mln-3. Circles include geographical groups of particular cpDNA types: NSWne = 
northeastt New South Wales, VIC = Victoria, and NSW/VIC = contact region between populations 
off  cpDNA types Mln-2 and Mln-3. 

variationn within the Australasian Microseris (unpublished results). Here, we use amplified 

fragmentt length polymorphisms (AFLPs) to analyse the genetic structure of the nDNA among 

plantss of 55 New Zealand and Australian Microseris populations and a few North American 

andd Chilean comparison species of Microseris. The genetic differentiation of the nDNA of the 

plantss was compared to geographical, ecotype, and cpDNA distribution, in order to obtain 

furtherr insights into the ongoing evolution and speciation of this plant group. 

Material ss and Methods 

PlantPlant material 

Acheness were collected from 55 natural populations of Microseris in New Zealand and 

Australia,, covering the morphological variation and geographical distribution range of the two 
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species,, except for West Australia (Table 1). Populations were classified on the basis of a few 
morphologicall  characteristics (Introduction; Vijverberg et al. 1999) into "C", "F", "A" , and 
"M""  ecotypes, or as nontypical forms of one of these ecotypes. Population abbreviations in 
thee text, Figures, and Tables, refer to their ecotypes in geographical order. A total of four "C", 
fivefive "F", five "Fnt", five "A" , five "Ant", 30 "M" , and one "Mnt" populations were included 
inn this study (Table 1). Except for populations Alnt, A2nt and A3nt, A9 and A10, and Font 
andd FlOnt, populations were isolated from other known populations by at least a few 
kilometers.. Achenes were germinated and seedlings planted and raised in a cool greenhouse in 
Amsterdamm between 1992 and 1996. One to five plants per population were analysed, most 
off  them derived from separate plants in the field. The North American annual species 
MicroserisMicroseris douglasii (DC.) Sch.-Bip., and M elegans Green ex Gray, the perennials M. 
borealisborealis and M. laciniata (Hook.) Sch.-Bip., and the Chilean annual M. pygmaea, each 
representedd by two plants, were included for comparison (Vijverberg et al. 1999). 

AFLPAFLP analysis 

Totall  DNA was isolated from fresh or frozen dried leaves using the cetyl-trimethyl-
ammoniurn-bromidee (CTAB) procedure described by Saghai-Maroof et al. (1984) and the extra 
purificationn steps by Vijverberg et al. (1999). DNA content and purity were determined by 
measuringg the optical densities at 260/280 nm, and DNAs were diluted to a final concentration 
off  12.5 ng/ul H20. AFLPs were generated according to the protocol of KeyGene (Wageningen, 
Thee Netherlands) version 2.2, described by Vos et al. (1995), with a few modifications. We 
digestedd half of the amount of DNAs (250 ng) used by Vos et al. (1995) with 5 U EcoRl and 3 
UU Msel. Ligation with 1.2 U T4 DNA ligase occurred overnight in a water bath that slowly 
cooledd down from about 20-14°C. Primer tests were performed with the primers supplied by 
thee AFLP starter kit (GibcoBRL/ Life Technologies, The Netherlands) and, due to densely 
distributedd AFLP patterns obtained with the £coRI+ACA and +AGC primers tested, with 
newlyy designed (pre)selective EcoKl primers containing one extra nucleotide. Preselective 
amplificationss were performed with 5 ul 20x diluted ligation mixtures and the EcoRl (5'-
GACTGCGTACCAATTC-3')) +AC or +AG primer in combination with the Msel (5'-
GATGAGTCCTGAGTAA-3')) +C primer. Selective amplifications were performed with 5 JLLI IOX 

dilutedd pre-amplified DNAs, the £coRI+ACAA or +AGCA primers, one of each of the 
M*?I+CAA,, +CAC, +CAG, +CAT, +CTA, +CTC, +CTG, or +CTT primers, and 0.15 U of 
Superr Tag DNA polymerase (HT Biotechnology, UK). From these tests, the £coRI+ACAA 
primerr was chosen in combination with the Msel+CAG or +CTG primers to analyse all 
individuals.individuals. For the selective amplifications, EcoRl primers were y^P-ATP labeled, using half 
off  the activity (50 uCi) mentioned in the protocol of Vos et al. (1995), and 25 U T4 
polynucleotidee kinase (GibcoBRL/Life Technologies, The Netherlands). Electrophoresis was 
performedd with 4 ul AFLP/loading dye mixtures loaded onto 6% polyacrylamide gels 
(Sequagel-6,, Biozyme, The Netherlands) for 2.5 h at 55 W. After electrophoresis, gels were 
transferredd to Whatman 3 mm filters and dried for 45 min at 80°C and 15 min at 25°C on a 
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vacuumm dryer. X-0MAT-AR5 films (Kodak, The Netherlands) were exposed to the dried gels 
forr 4-48 h at room temperature. 

ScoringScoring and homology of AFLPs 

Thee presence (1) or absence (0) of fragments was manually scored from the films and entered 
intoo a binary data matrix. The alignment between films was facilitated by the inclusion of two 
repeatss of two reference plants on each gel, and by (largely) monomorphic fragments. Still, the 
alignmentt of fragments that were rarely present was difficult, and uncertain fragments were 
excluded. . 

Homologyy of a large part of the fragments of New Zealand and Australian Microseris 
wass assumed on the basis of the close relationships of the plants, and the overall similarity of 
bandd patterns and intensities. Homology of the fragments of Australasian Microseris and 
Northh American and Chilean diploid species of the genus was more ambiguous, and band 
patternss and intensities differed, in part certainly due to the ploidy difference. Only 12 
fragmentss (3%) were shared between the Australasian Microseris and annual comparison 
species,, and only two were monomorphic within the annuals. The AFLP patterns of the 
Northh American perennial Microseris were more similar to those of the Australasian ones, but 
alsoo the number of shared fragments was low (16; 4%). Due to the low number of shared 
fragmentss and uncertainty about their homology, the North American and Chilean Microseris 
weree excluded from the data analyses. The data set and a visualization of gels are available on 
requestt from the first author. 

DataData analyses 

Thee AFLP data were analysed for similarities among individual plants, using NTSYS-PC 1.80 
(Rohlff  1993), PAUP 4.0b2a (Swofford 1999), and SPSS 8.0 for Windows. The analyses were 
performedd on a data set with usually two plants per population (113 individuals, 55 
populations,, 407 fragments). For populations A3nt, M2, and M30 only one plant was 
analysed,, and for populations A6, Ml4, Ml6, and Ml7, that are polymorphic for cpDNA 
typess (Figs 1, 2), two plants of each cpDNA type were included when available. For about 
halff  of the populations, AFLP patterns of more than two (three to five) plants per population 
weree available, and the data analyses were repeated with other subsets of two plants for these 
populations.. Analyses were also performed on a data set, including only the individuals of 
populationss of cpDNA types Mln-2 and Mln-3 (Fig. 2; 76 individuals, 36 populations, 383 
fragments).. Finally, analyses were repeated with the fragments originating from the Msel+CAG 
orr +CTG primers. 

Fromm the binary data matrices, pairwise genetic similarities among plants were 
calculated,, using Jaccard (1908) coefficients in NTSYS-PC or Nei and Li (1979) coefficients in 
PAUP.. These coefficients were chosen because they avoid clustering on the basis of shared 
absencess which were over-represented in the AFLP data, and are more likely to be 
nonhomologouss than shared presences (Wolfe and Liston 1998). Clusters were formed via the 
unweightedd pair-group method (UPGMA; Sneath and Sokal 1973), and visualized as a 
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phenogram.. Branch support was assessed by a bootstrap analysis with 1000 replicates in 
PAUP. . 

Similaritiess among plants were also investigated via Principal Coordinate Analyses 
(PCoA;; Gower 1966), using NTSYS-PC. For this, the eigenvectors with an eigenvalue >1 were 
extractedd from the Jaccard similarity matrix, and the variation represented by the First four 
vectorss was calculated. Results were depicted as scatter plots, with the individuals plotted on 
thee first and second and third and forth vectors, respectively. A minimum-length spanning tree 
wass calculated from the same Jaccard similarity matrix, and superimposed over the individuals 
inn the scatter plots to help detect local distortions (not shown). 

Nuclearr DNA types were defined on the basis of the results of the cluster analysis and 
PCoA,, and searched for type-specific AFLP fragments, using the FREQUENCIES option in 
SPSS.. Similarly, groupings based on the nDNA types, combined with information about 
cpDNAA types (Fig. 2), geography (Table 1), and ecotypes, were searched for specific AFLP 
fragments. . 

Forr some clusters, populations, or individuals of interest, their most similar individuals 
weree resolved by sorting the part of the Jaccard similarity matrix in which these plants were 
involved.. These sortings were performed to directly detect the most similar individuals, 
withoutt effect of the choice, number and (inter)relationships, of the individuals included, that 
mightt be of influence in the cluster and PCo analyses. 

Thee effect of geographical distances on the genetic similarities among plants of cpDNA 
typee Mln-2 and Mw-3 was tested with a Mantel (1967) test, using Le Progiciel R v4.0d0 
(Casgrainn and Legendre 1998). These plants grow in a transect in southeast Australia (Fig. 1), 
andd their geographical distance matrix was calculated from the latitudes and longitudes of their 
origins.. The matrix was compared to the Jaccard similarity matrix of the AFLP data of these 
plants,, by calculating Spearman's rank-correlation coefficient between the two matrices. The 
testt was repeated, including the "M" and "A" populations separately, and evaluated for 
significancee by 999 permutations. 

Resul ts s 

NewNew Zealand and Australian Microseris 

Forr comparison, a summary of our phylogenetic tree based on cpDNA is given in Figure 2. 
Thee tree shows all accessions of Microseris scapigera separated from those of M. lanceolata, 
andd revealed three cpDNA types in each of the two species. The polytomy at the base of the 
tree,, as well as the trichotomy in M. lanceolata, were interpreted as indicative for rapid 
radiationss in the history of the taxon (Vijverberg et al 1999). While the same cpDNA type was 
presentt in all "C" populations of M scapigera, all three cpDNA types were found in the 
"F(nt)""  populations of that species and corresponded to geographical groupings (Msc-\ to 
Msc-3).Msc-3). In M lanceolata, the three cpDNA types reflected more geographical distribution 
thann morphological entities (Mln-\ to Mln-3; see also Fig. 1), and four populations from 
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cpDNA A cpDNAA type place of origin 

AlnttoA4nt ,, M20nt 

A6, , 
M ll  to M17, M23, M27 to M31 

A5,, A6, A7, A8nt, A9, A10, 
M14,, M16 to M19, M21, M22, M24 to M26 

Fll  to F5, F6nt, F7nt, FlOnt 

CII  to C4, F9nt 

F8nt t 

^]]  Mln-l 

Mln-2 Mln-2 

MIn-3 MIn-3 

^]]  Msc-\ 

~^\~^\ Msc-2 

ZiZi Msc-3 

SEA A 
(Fig-- 1) 

^\^\ VIC, TAS 

NZ Z 
(Tablee 1) 

Fig.. 2. Phylogenetic tree based on cpDNA variation of the New Zealand and Australian 
MicrosehsMicrosehs populations examined, summarized from Vijverberg et al. (1999). Original tree is based 
onn 55 restriction site mutations, most of them small indels located in the variable regions of the 
genome,, tree length = 60, and consistency index = 0.86 (autapomorphies excluded). Tree shown 
heree is simplified for structure within the outgroups (annual Microseris, not shown; 15 mutations), 
uniquee mutations for plants or populations (20 mutations), and some additional groupings within 
thee Mln-2 and Mln-3 clades. The different cpDNA types as well as Microseris lanceolata are well-
supportedd by the mutations indicated (see also Vijverberg and Bachmann, 1999). Population 
numberss follow ecotypes in geographical order: A = "alpine" (Table 1), M = "murnong", F = "fine-
pappus",, C = "coastal", 1 = most northern population, and nt = a nontypical form of an ecotype. 
CpDNAA types follow species names: Msc = M. scapigera and Mln = M. lanceolata. Places of 
originn are: SEA = southeast Australia (Fig. 1), VIC = Victoria, TAS = Tasmania, and NZ = New 
Zealand. . 

northeastt Victoria (A6, Ml4, Ml6, Ml7) were polymorphic for cpDNA types Mln-2 and 
Mln-3. Mln-3. 

Thee results of the AFLP data analyses, including 113 plants from 55 New Zealand and 
Australiann Microseris populations and 407 fragments, are shown in Figure 3. The Msel+CAG 
andd +CTG primers resolved 178 and 229 of these fragments, respectively. Three quarters of 
thee fragments were scored as present in only a minority of plants (<10%), whereas 7% were 
presentt in most of the individuals (>90%) and five were monomorphic for all plants included. 
Thee Jaccard similarities among the AFLPs of individual plants ranged between 0.26 and 0.98. 
Thee lowest value was found between New Zealand "F" and northwest Victorian "M" plants, 
thee highest one between the two plants of "selfing" populations. Plants of the "A" , "C", "F", 
andd one third of the "M" populations clustered per population. This includes three of the four 
populationss that are polymorphic for cpDNA types Mln-2 and Mln-3 (A6, Ml4, and Ml6). 

Thee phenogram of the bootstrapped cluster analysis (Fig. 3a) showed three groups that 
weree clearly separated from the remaining individuals. These included: (1) "Ant" and 
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nDNA A cpDNAA type placee of origin 

A7,, A8nt, A9, A10, 
M22 to M4, M7, M9, M13, Ml6 , 
M25,, M26, M28 to M30 

Ml ,, M5, M6, M8, M10, M14, M15, 
M177 to M19, M21 to M24, M27 

A5toA7,, M11,M12,M31 

92% % 

F7nt t 

30% % 

100% % 

AlnttoA4nt ,, M20nt 

Font,, FlOnt 

60% % 
Fll  to F5 

CII  to C4; F9nt, 
F8nt t 

Mln-2,-3Mln-2,-3 (D ,O) 

Mln-lMln-l  (A ) 

(* ) ) 

Msc-lMsc-l (?) 

(*) ) 

Msc-2Msc-2
Msc-3Msc-3 (a) 

SEA A 
(Fig.. i ; 

TAS S 

VIC C 

NZ Z 

Fig.. 3. Results of the AFLP data analyses, including 113 plants from 55 New Zealand and 
Australiann Microseris populations and 407 fragments. Population numbers, cpDNA types, 
ecotypes,, and places of origin, are explained in Figs 1, 2, and Table 1. (a.) UPGMA phenogram 
basedd on Nei and Li similarity coefficients among individuals, with percentages bootstrap support 
indicatedd along branches, (b.) see next page. 

"Mnt""  populations of cpDNA type Mln-1, (2) the Victorian plus, less clearly grouped, two of 

thee three Tasmanian "F(nt)" populations, and (3) all New Zealand accessions. The results 

generallyy corresponded to cpDNA types (see also Fig. 2), although they showed not such a 

clearr separation of M. lanceolata and of accessions of cpDNA type Mln-2 versus MIn-3. The 

nDNAA showed additional pattern within cpDNA type Msc-1, separating population F7nt 

fromm Tasmania from the other members of this cpDNA type. The correspondence of the 

nDNAA groups to ecotypes was less clear, showing three of the four types to be present in 

moree than one group. 

Inn the PCoA, 10 vectors were extracted with an eigenvalue >1, and the first four 

vectorss represented a total of 20.5% of the variation. Scatter plots (Fig. 3b) indicated the same 

groupss as found in the cluster analyses (Fig. 3a). The results confirmed a general congruency 

too the cpDNA pattern as well as a weaker correspondence to ecotype (not indicated). The 

firstfirst vector separation showed that the clearest signal in the AFLP variation corresponded to 

thee New Zealand vs. Australia, including Tasmania, separation. Within the New Zealand 

Microseris,Microseris, no clear resemblance was found in the AFLP pattern to the clustering by cpDNA 
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Fig.. 3b. Continued. 
Scatterr plots of the PCoA based on Jaccard similarity coefficients, with the individuals plotted on 
thee first four vectors, indicated by their cpDNA types (see Figs 1, 3a); NZ = all New Zealand 
populations,, AUS = all Australian, including SEA, TAS, and VIC, populations, F7nt = deviating 
Tasmaniann population, and "A" = cluster of the "alpine" populations A5, A7, A9, and A10 

111 1 



ChapterChapter 4 

type,, ecotype, breeding system (Table 1), or island. Within the Australian Microseris, some 
moree correspondence to cpDNA type, ecotype (see also Figs 3a, 4), breeding system or 
geographicall  area was indicated. The third (and first) vector clearly separated the populations 
off  cpDNA type Mln-l, confirming their molecular similarities, despite the wide geographical 
andd visible morphological separation of these "Ant" populations from northeast New South 
Waless (Alnt to A4nt; Fig. 1) and "Mnt" population from Victoria (M20nt). Populations 
M20nt,, and F7nt from Tasmania, were exceptions to the general congruence of nuclear genetic 
similaritiess and other groupings. The fourth vector separated a cluster of four of the six "A" 
populationss ("A" ; see also Fig. 4). Additional structure among the populations of cpDNA 
typess MIn-2 and MIn-3 was resolved in a separate analysis, and is described below. Against 
thee geographical separation between New Zealand and Australia, the distinction between the 
twoo species M. scapigera and M. lanceolata (sensu Sneddon), mainly on the second vector, 
wass weaker, while the geographical factor divided M. scapigera into two clearly separated 
groups.. One of these groups included the Victorian and Tasmanian "F(nt)" populations and 
thee other one comprised all New Zealand accessions. The minimum-spanning tree (not shown) 
indicatedd distortion with respect to the twoo individuals of cpDNA type Mln-2 that were 
locatedd near the Mln-\ group (Fig. 3b, upper plot), the isolated Victorian plant of cpDNA 
typee Msc~\, and the deviating Tasmanian population F7nt. These individuals also showed 
similaritiess to their geographical relatives of the same cpDNA type. 

Accordingg to the Jaccard similarities, the AFLP patterns of populations of cpDNA 
typee Mln-\ were most similar to those of population F7nt from Tasmania and a few "A" 
populationss from northeast Victoria. These Mln-\ populations showed not such a good 
similarityy to their geographical nearest neighbours, i.e., to "M" populations of cpDNA type 
Mln-2Mln-2 from northeast New South Wales. The group of Victorian and Tasmanian "Fnt" 
populations,, Fl to F5, F6nt, and FlOnt, corresponded best to Victorian "M" populations of 
cpDNAA type Mln-3. The deviating Tasmanian population F7nt was, apart from population 
Font,, most similar to northeast Victorian "A" and "M" populations of cpDNA type Mln-3. 
Forr the New Zealand populations, the most similar individuals could hardly be resolved, 
although,, a slightly better correspondence to populations of cpDNA type Mln-\ and of 
Tasmaniaa was found. In summary, the genetically and geographically distinct groups showed 
relativelyy high similarities to plants from northeast Victoria of cpDNA type Mln-3. 

Apartt from two bands that were uniquely present in all New Zealand accessions, the 
fourr nDNA clusters (Fig. 3), excluding population F7nt, showed no diagnostic AFLPs. The 
groupss based on nDNA results combined with other groupings also lacked type-specific 
AFLPP fragments. 

Thee results of the AFLP data analyses, including other subsets of two plants per 
population,, when available, were most similar to the ones shown in Figures 3 and 4, 
confirmingg the results presented here. The results of the analyses that included the fragments 
off  the Msel+CAG or +CTG primers separately were also similar to the ones described, 
however,, bootstrap supports were reduced in some cases. This suggested that a better 
resolutionn among individuals can be obtained by using more than one primer combination and 
addingg AFLP data. 
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Fig.. 4 Results of the AFLP data analyses, including 76 plants from 36 southeast Australian 
MicroserisMicroseris populations of cpDNA types Mln-2 and Mln-3 and 383 fragments. Scatter plots of the 
PCoAA based on Jaccard similarity coefficients are shown, with the individuals plotted on the first 
andd second vectors, indicated by their cpDNA types: D = Mln-2 and O = Min -3, and ecotypes 
(upperr plot): open = "murnong" and grey = "alpine", or places of origin (lower plot): open = 
NSW,, light grey = NSW/VIC, dark grey = VIC, and black = VICnw/SA. Population numbers, 
cpDNAA types, ecotypes, and places of origin, are explained in Figs 1-3 and Table 1. "A" denotes 
thee cluster of populations A5, A7, A9, and A10, and A6 and A8nt indicate the remaining "alpine" 
individuals. . 
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AustralianAustralian Microseris ofcpDNA type Mln-2 andMln-3 

Thee results of the AFLP data analyses, including 76 plants from 36 southeast Australian 
MicroserisMicroseris populations of cpDNA types Mln-2 and Mln-3 (Figs 1, 2) and 383 AFLP 
fragments,, are shown in Figure 4. The Jaccard similarities ranged between 0.32 and 0.76, the 
formerr concerning the geographically most widely separated "M" plants and the latter the two 
plantss of some "A" populations. The PCoA resolved six vectors with an eigenvalue >1, from 
whichh the first four represented a total of 13.9% of the variation. The scatter plots lacked a 
goodd divergence among individuals, but are especially considered here with respect to their 
congruencyy to other groupings. The clearest signal in the AFLP pattern corresponded to the 
separationn of "M" and "A" ("A" ; upper plot) ecotypes, except for populations A6 and A8nt. 
Populationn A6 is polymorphic for cpDNA types Mln-2 and Mln-3, and its nuclear genetic 
similarityy to the "M" populations supported the suggestion that hybridization has occurred 
betweenn this "A" and some "M" populations. The "Ant" population A8nt bears tubers at high 
altitudes,, and this morphological similarity to the "M" ecotype is supported by the AFLP 
pattern.. The AFLP pattern also corresponded slightly to the cpDNA types along the first 
vector.. As compared to the geography (Fig. 1; Fig. 4, lower plot), a weak similarity to the 
AFLPP pattern was found. This is best illustrated by the lack of overlap between the two 
extremes,, i.e., the populations from New South Wales (open squares) vs. those from 
northwestt Victoria/South Australia (black squares). The correspondence between the 
geographicall  distances and genetic similarities of the plants was also supported by significant 
(pp O.001) correlations between the corresponding matrices, including all (r = -0.32) or only 
thee "A" (r = -0.83) or "M" (r = -0.32) populations, respectively. 

Basedd on the Jaccard similarities of AFLP data, the populations that are polymorphic 
forr cpDNA types Mln-2 and Mln-3, i.e., A6, Ml4, Ml6, and Ml7, were most similar to 
geographicallyy nearby located individuals, irrespective of their cpDNA- and ecotypes. This 
againn indicated that hybridizations among populations of these two cpDNA types, including 
bothh the "A" and "M" ecotypes, occurred within the contact region between these 
populationss in northeast Victoria. The hybrid nature of these plants was not visible in their 
morphology,, which was that of the "A" or "M" ecotypes of the populations in which they 
occurred. . 

Discussion n 

DetectingDetecting the early stage of adaptive radiation 

Thee disjunct allotetraploid lineage of the North American genus Microseris in New Zealand 
andd Australia is a good example of a taxon in an early stage of adaptive radiation (see 
Introduction).. We have tried to resolve and illustrate this early process of speciation by 
studyingg the cp- (Vijverberg and Bachmann 1999; Vijverberg et al. 1999; Fig. 2) and nuclear 
DNAA (Van Houten et al. 1993; this study) variation. The nuclear RFLPs and ITS-sequences 
resolvedd insufficient variation to reconstruct a nuclear DNA phylogeny (unpublished results). 
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Thee AFLP method used here, detected enough variation to estimate the nuclear genetic 
structuree within the Australian and New Zealand Microseris (see Results, Figs 3, 4). It was, 
however,, too sensitive to allow for comparison with the North American relatives. Apart from 
this,, the AFLP data indicated reticulate lineage relationships within the ingroup, which cannot 
accuratelyy be depicted by a strictly bifurcating tree (Wendel and Doyle 1998). We analysed 
thee AFLP data with descriptive methods and phenetic interpretations. The analyses include a 
distance-basedd clustering method, which allows to determine the bootstrap support for the 
differentt groups (Fig. 3a), and multivariate analyses, that show additional resolution within 
andd among clusters (Figs 3b, 4). The results gave valuable information on the importance of 
geographicall  isolation, the measure of agreement with ecotype differentiation and cpDNA 
distribution,, and the occurrence of dispersal within the range of the species. 

Thee results of the AFLP data analyses show, apart from a few separated groups, littl e 
resolutionn among individuals and low vector percentages in the PCoAs (Figs 3, 4). This can be 
interpretedd as the occurrence of relatively recent or still ongoing genetic exchange among most 
orr all of the individuals included. Together with the sensitive method needed to detect cp-
(Vijverbergg et al. 1999) and nDNA RFLPs (Van Houten et al. 1993), and the lack of ITS-
sequencee variation (unpublished results), a low level of overall genetic distances within the 
Neww Zealand and Australian Microseris is indicated. This, combined with the "hard" 
polytomiess found at the base of the phylogeny reconstructions from the DNA variation (Van 
Houtenn et al. 1993; Vijverberg et al. 1999), and visible ecotype differentiation (Table 1), 
suggestss a relatively recent divergence and rapidd radiation of the taxon. Similar conclusions 
havee frequently been encountered in studies of adaptive radiation in plant taxa after long-
distancee dispersal to oceanic islands (e.g., Baldwin et al. 1990; Crawford et al. 1992; Sang et al. 
1994;; Kim et al. 1996; Baldwin 1997). The low amount of overall genetic distances might 
reflectt a relatively recent origin of the radiation (Givnish 1997), while the "hard" polytomy, 
i.e.,, the fixed attachment of the polytomous node to its descendant node (Maddison 1989), is 
indicativee for the process of rapid, multiple-speciation (e.g., Baldwin et al. 1990). 

TheThe importance of geographical isolation 

Thee "hardest" signal in the AFLP data is correlated with geographical distance (Fig. 3). The 
cpDNAA variation also corresponds most with geographical distribution (Vijverberg et al. 1999; 
Figss 1, 2). This result is likely to reflect dispersals that involve reduction or interruption of 
genee flow among populations. Dispersals, together with genetic drift in the early stages of 
locall  establishment, can sample the initial variation and result in a decrease of genetic variation 
withinn populations and an increase among populations (e.g., Ridley 1993; Okada et al. 1997). 
Ourr molecular data illustrate this process by showing genetically relatively homogeneous 
groupss at the different locations, and indicating dispersals between southeast Australia, 
Tasmania,, and New Zealand, as well as on the Australian mainland. Geographical isolation, 
especiallyy among islands, is found to be a fundamental stimulus in the speciation of oceanic 
islandd floras (Stuessy and Ono 1998), and seems to be the primary factor in the diversification 
off  Macaronesian flora (Baldwin et al. 1998). It is interesting to see the clear impact of 
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geographicall  isolation on the genetic diversification also in the early stage of adaptive radiation 
studiedd here. 

SelectionSelection for ecotype differentiation 

Thee AFLP data show no significant separation of plants per ecotype (Figs 3, 4), and only 
weakk support for the clustering per species (sensu Sneddon). This result is striking, given the 
morphologicall  differentiation within the New Zealand and Australian Microseris (Table 1). 
Thee incongruences concern particularly the "F(nt)M populations, from which some are more 
similarr to populations of another ecotype (Fig. 3), and the "A(nt)" and "M(nt)" populations 
thatt largely overlap (Figs 3, 4). The lack of a good reflection of the morphological differen-
tiationn in the nuclear genetic structure suggests, that the ecotype characteristics are maintained 
orr re-established by selection without visible effect on the nDNA. This can possibly be 
explainedd by the involvement of only a few genes in the ecotype characteristics and/or an 
inefficientt detection of these genes by the method used, i.e., the AFLP method approaches a 
randomm sampling of mostly neutral nuclear DNA markers (Van Eek et al. 1995; Vos et al. 
1995).. Morphological differentiation as a result of evolutionary changes at only a few genes is 
alsoo reported for other plant taxa (e.g., Gottlieb 1984; Baldwin 1997), and is suggested to be 
onee of the explanations for the low level of overall genetic distances usually found in 
adaptivelyy radiated plant groups (Givnish 1997). A closer examination of the characters 
underlyingg the ecotypes of Australasian Microseris will have to confirm these conclusions, 
andd a more detailed morphological analysis of the plant group is in progress at our lab. 

Thee occurrence of parallel evolution of similar adaptations or hybridization among 
ecotypess was suggested by the incongruencies found between the cpDNA- and ecotype 
distributionn (Vijverberg et al. 1999; Fig. 2) and detection of populations that are polymorphic 
forr cpDNA types Mln-2 and Mln-3 (A6, M14, M16, Ml 7). The results of the present AFLP 
studyy show evidence for the maintenance or re-establishment of ecotype characteristics in the 
presencee of hybridization and/or after dispersal to another ecological region. The different 
processess are illustrated by a number of populations from which the best example is 
populationn A6. This population grows in northeast Victoria, the region in which populations 
off  cpDNA types Mln-2 and Mln-3 as well as the "A" and "M" type occur (Fig. 1), and is 
polymorphicc for the two cpDNA types concerned. According to its AFLP pattern (Fig. 4; 
Jaccardd similarities), A6 is most similar to geographically nearby located "M" individuals, 
indicatingg the influx of DNA from the other ecotype. At the same time, A6 expresses the "A" 
morphology,, suggesting selection for these ecotype characteristics. A similar example, 
possiblyy also involving cytoplasmic introgression, concerns the populations of New Zealand 
(Figss 2, 3). These include cpDNA types Msc-2 and Msc-3 as well as the "F" and "C" 
ecotypes,, while their AFLP pattern is uniform.. A third example is population F7nt from 
Tasmaniaa (Fig. 3), which illustrates hybridization in combination with dispersal. F7nt is, like 
thee other Tasmanian populations Font and FlOnt, of cpDNA type Msc-\ and the "F" 
ecotype.. On the basis of the nDNA, F7nt is similar to its Tasmanian relatives as well as to 
Victoriann "M" and "A" populations of cpDNA type Mln-3 (Fig. 3; Jaccard similarities). This 
resultt can be interpreted as secondary contact of F7nt with plants of different cpDNA- and 
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ecotypes,, involving an independent dispersal to Tasmania, (back)crossing with the local 
populations,, and/or selection for the local ecotype. Hybridization, and cytoplasmic 
introgression,, have been reported for plants at higher taxonomie levels than the one 
investigatedd here (Rieseberg et al. 1996; Wendel and Doyle 1998). It is therefore not 
unexpected,, that genetic exchange among New Zealand or Australian Microseris has been 
detected. . 

Twoo other Australian populations are likely to illustrate local adaptation after 
dispersal,, without indication of hybridization upon arrival. A8nt from Mount Skene (Fig. 1), 
iss on the basis of its nDNA most similar to geographically nearby located "M" populations 
(Fig.. 4; Jaccard similarities), whereas it shows morphological similarities to the "A" and "M" 
ecotypee (Table 1). This could result from a dispersal of a "M" type to a mountain, followed 
byy not yet completed selection for the "A" characteristics. The second example concerns the 
Australiann MIn-l populations (Figs 2, 3), comprising "Ant" from north New South Wales 
(Alntt to A4nt; Fig. 1) and "Mnt" from Victoria (M20nt). Here, long-distance dispersal is 
presumablyy followed by local selection through which ecotype characteristics have begun to 
changee without changing the AFLP pattern. Ecological shifts are, apart from geographical 
isolation,, a second major force in the adaptive radiation of oceanic island plants (Stuessy and 
Onoo 1998), and appear to have been most prevalent in the speciation of the Hawaiian and 
Juann Fernandez Island floras (Baldwin et al. 1998). The observed maintenance or re-
establishmentt of ecotype characteristics within the New Zealand and Australian Microseris 
shows,, that response to different ecological circumstances play also a role in the early stage of 
adaptivee radiation of this plant group. This response is, however, not clearly reflected in the 
AFLPP pattern at this stage, and not much effected by (incidental) influx of DNA of another 
ecotype. . 

Conclusions s 

Thee results of our study show that geographical isolation is the overriding factor that 
determiness overall genetic differentiation in this lineage of Microseris at an early stage of 
adaptivee radiation after long-distance dispersal. This indicates the importance of chance 
events,, as a result of range expansion, in the initial stage of adaptive radiation. The ecotypes 
aree less-well reflected in the AFLP pattern, and a number of cases illustrate the independence 
betweenn morphological and genetic differentiation. The results point towards two aspects that 
seemm to be important in the early stage of adaptive radiation: (1) that ecotype characteristics 
aree maintained or re-established by an efficient selection in the presence of hybridization and 
(2)) that dispersals over rather large distances can play a relatively important role in genetic 
exchangee within the range of a species. The process of ongoing speciation that emerges from 
ourr study clearly illustrates the precarious balance between geographical isolation and 
selectionn as factors that favour differentiation, and at the same time hybridization that reduces 
differentiation. . 
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Appendixx 1. (not in publication). 
Autoradiogramm showing the AFLP patterns of a number of Microseris scapigera and M. lanceolata 
populationss (see Table 1), using the £coRI+ACAA/MseI+CAG primer combination. The photo 
showss the relatively dense AFLP patterns found in the Australian and New Zealand 
Microseris,Microseris, and the similar patterns that support the close relationships within the study group. 
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Morphological,, evolutionary, taxonomie, and conservational aspects 
off  Australian and New Zealand Microseris (Asteraceae) 

Kitt yy Vijverberg, Louis Lie, and Konrad Bachmann 

AustralianAustralian Journal of Botany, submitted 

Abstract Abstract 

Incipientt adaptive radiation is studied in the Australian and New Zealand populations of 
Microseris.Microseris. The plant group has evolved from one or a few diaspores after a unique event of long-
distancee dispersal from western North America. At present they include two species, M. 
lanceolatalanceolata (Walp.) Sch.-Bip. and M. scapigera (Forst.) Sch.-Bip., that each includes two 
morphologicall  and ecological diverged ecotypes. Despite this classification, the morphological 
variationn within and among ecotypes is not uniform, and molecular investigations show evidence 
forr the (recent) occurrence of hybridizations between plants of different ecotypes. The present 
studyy investigates the overall morphological similarities among one to four plants of each of 54 
Australiann and New Zealand Microseris populations, in order to get more insights into the 
delimitationn of species and ecotypes, the placement of populations that were not readily assigned 
too one or another ecotype, and the morphological versus the molecular variation. The results 
confirmm the previously defined ecotypes, and assign all but one of the questionable populations to 
ecotypes.. They show that a complex of characters rather than a few morphological traits are 
involvedd in the adaptive radiation of the taxon. The data confirm our earlier conclusion on the 
basiss of molecular results that ecotype characteristics are maintained or re-established after 
hybridizationn between ecotypes by an efficient selection. Despite (incidental) genetic exchange 
amongg populations of different ecotypes, the process of adaptive radiation is progressing. 

KeyKey words adaptive radiation; Asteraceae; character evolution; conservation; ecotypes; 

Microseris;Microseris; morphology; taxonomy 
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Introductio n n 

Thee comparison of morphological and molecular data sets in plant systematics provides 
interestingg new insights into evolutionary processes and taxonomy (e.g., Sytsma 1990; Jansen 
ett al. 1992; Kadereit 1994; Baldwin et al. 1998). In studies of plant groups that evolved after 
long-distancee dispersal to oceanic islands, such a comparison often showed pronounced 
morphologicall  diversification accompanied by limited molecular variation (Baldwin et al. 
1998).. This pattern is now considered to be characteristic for adaptive radiations, in which in 
spitee of considerable morphological diversification too few molecular mutations have been 
fixedfixed to allow robust phylogenetic reconstruction. The different data sets are useful for 
independentt assessments of patterns of character evolution aimed at detecting homoplasious 
characterss and convergent or parallel evolution (e.g., Jansen et al. 1991a; Wendel and Doyle 
1998).. For instance, the origins of morphological similarities in lineages of the Hawaiian 
silverswordd alliance appeared to be primarily the result of independent intra-island radiations 
markedd by parallel ecological transformations (Baldwin 1997), whereas those in the 
Macaronesiann flora were better explained by the retention of homologous characters and 
dispersall  into similar ecological zones (Francisco-Ortega et al. 1996). The comparison of 
morphologicall  and molecular data sets has also been valuable in the detecting of patterns of 
hybridizationn and introgression, especially via incongruencies between morphological and 
chloroplastt (cp)DNA phylogenetic trees (Rieseberg et al. 1996). Despite these observations, 
stilll  few plant groups exist that are well investigated for both morphological and molecular 
variation,, especially at or below the species level. Additional investigations and comparisons 
off  data sets are necessary to further understand evolutionary processes and the relative value 
off  the different types of data. 

Wee use the Australian and New Zealand Microseris (Asteraceae, Lactuceae), M. 
lanceolatalanceolata (Walp.) Sch.-Bip. and M. scapigera (Forst.) Sch.-Bip., to investigate the process of 
adaptivee radiation. This taxon evolved from one or a few diaspores after a unique event of 
long-distancee dispersal from western North America (Chambers 1955; Vijverberg et al. 1999). 
Thee karyotype and morphology of the plants (Chambers 1955), supported by nuclear 
(n)DNAA data (Van Houten et al. 1993), indicate that they are allotetraploid (2« = Ax = 36) 
perenniall  derivatives of a hybrid between an ancestral annual and a perennial species of the 
genus.. A phylogenetic tree based on cpDNA variation suggests that this hybrid arose before 
orr at the onset of the evolution of the present North American annual Microseris (Wallace and 
Jansenn 1990; Vijverberg et al. 1999). As compared to the well-studied oceanic island flora 
mentionedd above (e.g., Baldwin et al. 1998; Stuessy and Ono 1998), the Australian and New 
Zealandd Microseris represent a continental more than an island radiation, and are in a 
relativelyy early stage of adaptive radiation. The populations of the two species are just at the 
stagee in which geographic and ecological differentiation are becoming sufficiently pronounced 
too overcome gene flow (Sneddon 1977; Vijverberg et al. 2000). This early stage of adaptive 
radiationn has the consequence that the morphological and molecular variation is not yet well-
structuredd and relatively difficult to trace. 
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Afterr their establishment in the Southern hemisphere, the Australian and New Zealand 
MicroserisMicroseris have diverged into four morphologically distinct ecotypes (Sneddon 1977; Gott 
1983;; Vijverberg et al. 1999) and are currently distributed over south(eastern) Australia, 
Tasmania,, and New Zealand. Australia harbors an "alpine" (A; Fig. 1; Tables 1, 2), "murnong" 
(M),, and "fine-pappus" (F) ecotype, and New Zealand a "coastal" (C) ecotype. The "A" and 
"M""  ecotypes are primarily discriminated on the basis of their adventitious roots, that grow 
outt horizontally and can give rise to new shoots in the former and are tuberous in the latter. 
"A""  populations grow in grassy woodlands at altitudes >1000 m, while "M" populations are 
nowadayss found in remnant native grasslands of the lowlands (see also Prober et al. 1998). 
Thee "F" ecotype is characterized by a pappus with >50 hairy instead of 10-20 paleaceous 
parts,, and occurs in only five, mostly small (<200 individuals) populations in boggy lowlands 
off  Victoria. The plants of the "F" ecotype are self-compatible (selfing), while those of the 
otherr two Australian ecotypes are self-incompatible (outcrossing). The "C" ecotype is 
characterizedd by waxy leaves, and grows in a few isolated populations along seashores. This 
ecotypee includes both self-compatible and self-incompatible populations (Table 1). Most 
populationss are relatively easily assigned to one of these four ecotypes, but a number of 
populationss do not fit with all of the diagnostic characters of one of the ecotypes and are here 
referredd to as "nontypical" (nt). These include "nontypical fine-pappus" (Fnt; Table 1) 
populationss from Tasmania and the inland of New Zealand, and "nontypical alpine" (Ant) 
populationss and one "nontypical murnong" (Mnt) from Australia. The morphological 
diversificationn is maintained in a common greenhouse environment, indicating its genetic basis. 
Although,, fertile offspring can be obtained among the individuals of all ecotypes (Sneddon 
1977;; own observation), two species have been recognized (B. V. Sneddon, Victoria 
Universityy of Wellington, New Zealand, unpublished results): M. lanceolata comprising the 
"A""  and "M" ecotypes, and M. scapigera comprising the "F" and "C" ecotypes. 

Thee Australian and New Zealand Microseris are well-investigated for their cp-
(Vijverbergg and Bachmann 1999; Vijverberg et al. 1999) and nDNA variation (Vijverberg et al. 
2000)) using restriction fragment length polymorphisms (RFLPs) and amplified fragment 
lengthh polymorphisms (AFLPs), respectively. Both data sets show littl e overall genetic 
distances,, and a phytogeny reconstruction of the former shows a "hard" basal polytomy, 
representingg the lack of fixation of new mutations (Maddison 1989). The combined results 
indicatee a relatively recent and rapid adaptive radiation of the taxon. The monophyly of the 
Australiann and New Zealand Microseris as well as M. lanceolata is confirmed. The two 
molecularr data sets are generally congruent with each other, and reflect geographical 
distributionn more than morphological entities. They show evidence for the occurrence of 
hybridizationn among plants of different cpDNA- and ecotypes (Vijverberg et al. 2000), 
indicatingg that ecotype characteristics are maintained or re-established by an efficient 
selection.. The results illustrate the precarious balance between geographical isolation and 
selectionn as factors that favor differentiation and hybridization as factor that reduces 
differentiationn at this early stage of adaptive radiation. 

Despitee the classification of Australian and New Zealand Microseris into ecotypes and 
speciess (Tables 1, 2; Sneddon 1977; Gott 1983; Vijverberg et al. 1999; B. V. Sneddon, 
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Tabl ee 1. Diagnostic characters, location and altitude of origins, and DNA types of (a.) ecotypes, 
andd (b.) populations of "nontypical" form of an ecotype, of Microseris scapigera and M 
lanceolatalanceolata investigated. 

Ecotypes" " 

"Coastal" " 
C C 

"Fine-pappus" " 
F F 

"Alpine" " 
A A 

"Murnong" " 
M M 

Waxyy leaves 
Scale-lesss pappusb 

Shootss on roots 
Tuberouss rootsb 

Self-fertility y 
Flowerr head diameter (circa; cm) 
Acheness filled with embryo (%) 
Pappuss part number (circa) 

Location n 
Altitude e 

Chloroplastt DNA typed 

Nuclearr DNA type' 

+/-c c 

3 3 
100 0 
15 5 

NZ Z 
<200 0 

Msc-2 Msc-2 
NZ Z 

+ + 
2 2 
60 0 
60 0 

AUS S 
<200 0 

Msc-l Msc-l 
» » 

--
5 5 

100 0 
18 8 

AUS S 
>1200 0 

Mn-(2)/3 3 
AUS S 

--
4 4 

100 0 
12 2 

AUS S 
<750 0 

Mln-2/3 Mln-2/3 
AUS S 

b. . 

Waxyy leaves 
Scale-lesss pappus" 
Shootss on roots 
Tuberouss roots" 
Self-fertility y 
Flowerr head diameter (circa; cm) ) 
Acheness filled with embryo (%) 
Pappuss part number (circa) 

Location n 
Altitude e 

Chloroplastt DNA type" 
Nuclearr DNA type* 

F6nt, , 
FlOnt t 

_ _ 
+ + 

--
--
+ + 
2 2 
75 5 
60 0 

TAS S 
750 0 

Msc-l l 
"F" " 

Populationss of "nontypical" form of an 

F7nt t 

. . 

--
--
+ + 
2 2 

100 0 
40 0 

TAS S 
1200 0 

Msc-\ Msc-\ 
AUS/("F") ) 

F8nt t 

--
+ + 

--
--
+ + 
2 2 

100 0 
40 0 

NZ NZ 
750 0 

Msc-3 Msc-3 
NZ Z 

F9nt t 

--

--
--
--
3 3 

100 0 
12 2 

NZ NZ 
1500 0 

Msc-2 Msc-2 

NZ Z 

Alntt to 
A4nt t 

--

--

--
--
5 5 

100 0 
18 8 

AUS S 
1000 0 

Mln-l Mln-l 

"Mln-\" "Mln-\" 

ecotype* * 

A8nt t 

--

--
--
+ + 

--
5 5 

100 0 
18 8 

AUS S 
1500 0 

Mn-3 3 

AUS S 

M20nt t 

--

--
--

--
5 5 

100 0 
12 2 

AUS S 
<200 0 

Mn-1 1 
"Mn-1" " 

**  Descriptions follow Sneddon (1977), Gott (1983), and own observations. 
bb Diagnostic characters are implemented in Tables 3-6 and text of this manuscript as follows: waxy leaves is 

splittedd into leaf structure and leaf thickness, scale-less pappus is a score of scale width, and shoots on roots 
andd tuberous roots are two scores of adventitious roots. 

cc Populations C1 and C2 are self-compatible (Table 2), and C3 and C4 are self-incompatible. 
dd Chloroplast DNA types are based on RFLPs in the variable regions of the genome (Vijverberg and Bachmann 

1999;; Vijverberg et al. 1999). 
**  Nuclear DNA types are based on AFLP patterns (Vijverberg et al. 2000): NZ = New Zealand, "F" = "fine-

pappus",, "Mln-\" = cpDNA type Mn-1, and AUS = Australia. 
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Fig.. 1. Diagnostic characters of previously defined ecotypes (see Table 1). a. "coastal": waxy 
leavess and downright leaf rosette habitus; b. "fine-pappus": relatively large number of capillary 
pappuss parts; c. "alpine": shoot-forming adventitious roots; d. "murnong": tuberous roots. 

unpublishedd results), the morphological variation is not uniform. The ecotypes are defined 

mainlyy on the basis of a few diagnostic characters (Fig. 1; Table 1; see above), and a number of 

"nt""  populations lack these characters or show intermediate states of them between ecotypes. 

Apartt from incongruencies in the diagnostic characters, variation within and among ecotypes 

existss for other morphological characters, e.g., general habit, leaf structure, ovary length, floret 

stripee color (own observation). The delimitation of the two species based on morphology has 

alsoo been subject to alterations (Sneddon 1977 versus recent revision). These ambiguities, and 

thee need to investigate obvious discrepancies between morphological vs. molecular 

differentiationn (Vijverberg et al. 2000), suggested a close examination of the morphological 

variationn within the Australian and New Zealand Microseris. Here, we examine this 

morphologicall  variation among one to four plants of each of 54 Microseris populations from 

Australia,, Tasmania, and New Zealand that were also used in our molecular studies. We 

statisticallyy re-define the ecotypes and species on the basis of the overall morphological 

similaritiess and re-consider the characters that are diagnostic for ecotypes. We discuss the 

resultss in the context of the conclusions drawn in our molecular studies, and in the way in 

whichh the diagnostic characters may remain associated in the face of genetic exchange within 

thee taxon. Finally, we make some remarks with respect to the taxonomy of the Australian and 

Neww Zealand Microseris and their need for conservation. 
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Tablee 2. New Zealand and Australian Microseris popuh 

Population n 
number* * 

State" " 

M.M. scapigera (Msc) 

"coastal" " 
CI I 
C2 2 
C3 3 
C4 4 

"fine-papp p 
Fl l 
F2 2 
F3 3 
F4 4 
F5 5 
F6nt t 
F7nt t 
F8nt t 
F9nt t 
FlOnt t 

NZn n 
NZn n 
NZs s 
NZs s 

us" " 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
TAS S 
TAS S 
NZs s 
NZn n 
TAS S 

M.M. lanceolata (M!n) 

"alpine" " 
Ai m m 
A2nt t 
A3nt t 
A4nt t 
A5 5 
A6 6 
A7 7 
A8nt t 
A10 0 

"murnong g 
Ml l 
M2 2 
M3 3 
M4 4 
M5 5 
M6 M6 
M7 7 
M8 8 
M9 9 
M10 0 
Mi l l 
M12 2 
M13 3 
MI 4 4 

NSWn n 
NSWn n 
NSWn n 
NSW W 
NSW W 
VIC C 
VIC C 
VIC C 
NSW W 

' ' 
NSWn n 
NSWn n 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
NSW W 
VIC C 

Placee of origin* 

Castlee Point 
Redd Rocks/Wellington 
Wardd Beach 
Isolationn Creek 

Beveridge e 
Upfleld/Melboume e 
Derrimutt Grassland Reserve 
Lakee Goldsmith Reserve 
Blythvale/Streatham m 
Iriss River 
Mountt Ben Lomond 
Glentannerr Station 
Tongariroo National Park 
Cradlee Mountain/Middlesex plains 

Armidale e 
Armidale e 
Armidale e 
Thomass Lagoon 
Mountt Franklin/Brindabella Range 
Mountt Buffalo 
Fallss Creek 
Mountt Skene 
Mountt Kosciusko 

Bundarra a 
Wallabadah h 
Stuartt Town 
Euchareena a 
Molong g 
Garra a 
Toogong g 
Canowindra a 
Woodstock k 
Monteagle e 
Muttama a 
Bookham m 
Captainss Flat 
Chii  Item 

itionss examined. 

Latitude e 
S S 

40°54' ' 
~41°17' ' 
41°5I' ' 

-44°° 12' 

37°28' ' 
~37°45' ' 
37°45' ' 
37°35' ' 
37°40' ' 

-41°40' ' 
~42°10' ' 
~43°29' ' 
39°08' ' 

~41°40' ' 

30°30' ' 
30°30' ' 

~30°30' ' 
30°33' ' 
35°29' ' 
36°44' ' 
36°52' ' 
37°25' ' 
36°28' ' 

30°22' ' 
3t°33' ' 
32°48' ' 
32°57r r 

33°05' ' 
33°06' ' 
33°21' ' 
33033, , 
33°45' ' 
34°12' ' 
34°49' ' 
34°51' ' 
35°35' ' 
36° ir r 

Longitude e 
E E 

176°15' ' 
174°47' ' 
174°10' ' 
170oH' ' 

145°00' ' 
144°58' ' 
144o40' ' 
143°20' ' 
143°40' ' 
145°55' ' 
146°10' ' 
171°56' ' 
175°42' ' 
I45°55' ' 

151°39' ' 
151°38' ' 
15I°38' ' 
151°33' ' 
148°46' ' 
146°49' ' 
147°17' ' 
146°24' ' 
148°17' ' 

150°15' ' 
150°50' ' 
149°05' ' 
149°06' ' 
148°51' ' 
148°46' ' 
148°38' ' 
148°40' ' 
148°51' ' 
148°20' ' 
148°08' ' 
148°37' ' 
149°27' ' 
146°36' ' 
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Tablee 2. Continued. 

Population n 
number* * 

M15 5 
M16 6 
M17 7 
M18 8 
M19 9 
M20nt t 
M21 1 
M22 2 
M23 3 
M24 4 
M25 5 
M26 6 
M27 7 
M28 8 
M29 9 
M30 0 
M31 1 

State" " 

VIC C 
VIC C 
VIC C 
NSW W 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
VIC C 
VICnw w 
VICnw w 
SA A 
SA A 
SA A 

Placee of origin1 

Dawson n 
Whittlesea a 
Dunmoochin n 
Christmass Hill s 
Anglesea a 
Narraburraa Road/Werribee 
Bannockbum m 
Enfieldd Forest Park/Ballarat 
Weronaa Road/Castle Main 
Streatham m 
Lakee Fyans 
Wartookk State Forest 
Raakk Plain 
Pinkk Lakes 
Rockleigh h 
Kyeemaa Conservation Park 
Parsonss Beach 

Latitude e 
S S 

37°55' ' 
37°31' ' 

~37°35' ' 
37°39' ' 
38°25' ' 
37°55' ' 
38°05' ' 
37°45' ' 
37°05' ' 

~37°40' ' 
37°10' ' 
37°05' ' 

~34°20' ' 
35°03' ' 
34°57' ' 
35°16' ' 
35°38' ' 

Longitude e 
E E 

146°45' ' 
145°10' ' 
145°15' ' 
145°21' ' 
144°11' ' 
144°35' ' 
144°10' ' 
143°45' ' 
144°19' ' 
143°40' ' 
142°40' ' 
142°10' ' 
142°23' ' 
141°45' ' 
139°07' ' 
138°41' ' 
138°28' ' 

Populationn numbers (see Fig. 1, Table 1) follow ecotypes in geographical order, 1 = 
mostt northern population, and "nt" = nontypical form of an ecotype; details of 
collection,, collectors, places of origin, altitudes, and population sizes were previously 
describedd by Vijverberg et al. (1999) and for population A10 and FlOnt by Vijverberg 
ett al. (2000). 
Statess are NZ(n)(s) = New Zealand (northern) (southern) island, NSW(n) = (north) New 
Southh Wales, SA = South Australia, TAS = Tasmania, VlC(nw) = (north-west) 
Victoria. . 

Material ss and Methods 

PlantPlant material 

Acheness were collected from 54 natural populations of Microseris in Australia and New 
Zealandd (Table 2). The sampled populations covered the morphological variation and 
geographicall  and ecological distribution range of the two species, except for south Western 
Australia.. They were numbered according to their ecotypes in geographical order (Tables 1,2; 
Vijverbergg et al. 1999). A total of four "A" , five "Ant", four "C", five "F", five "Fnt", 30 "M" , 
andd one "Mnt" populations were analysed. Achenes were germinated and seedlings planted 
andd raised in a cool greenhouse in Amsterdam between 1992-1996. A collection of plants from 
thee greenhouse was dried and deposited at the National Herbarium of The Netherlands, 
Universityy Leiden branch, under vouchers numbers: Vijverberg 1 to 80. 
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CharacterCharacter measurements 

Measurementss were performed on achenes collected in the field and on plants in the 
greenhousee during the growing season of 1997. For the latter, three offspring plants were 
analysedd of each of one to four field-collected plants per population, when available. 
Dependingg on the characters, measurements were performed per population (Table 3), field-
collectedd plant, offspring, or capitulum. A maximum of three capitula was measured per 
offspring,, and means of these measurements were used in the data set. The final data set was 
constructedd by averaging the measurements relating to each field-collected plant, resulting in 
onee to four operational units (OTUs) per population or a total of 145 OTUs. 

AA total of 25 generative and 11 vegetative characters were examined (Table 3). Fifteen 
off  these characters were continuous, 17 ordinal with between three and eight intervals, and 
fourr binary. The measured characters were the same as those used by Sneddon (1977) in his 
morphologicall  analyses of Microseris scapigera/M. lanceolata, with a few modifications. We 
excludedd achene color, achene curvature, anthocyanine pigmentation, bracteoles, and caudex 
length,, and measured pubescence only for its occurrence on leaves. Most of these characters 
weree difficult to measure and/or irregularly occurring. We added leaf rosette habitus of young 
plants,, flower stripe color and intensity, and phyllary tip adherence to the analyses. The 
formerr three because of their useful inclusion in morphological studies of other Microseris 
speciess (e.g., Bachmann and Battjes 1994). 

DataData analyses 

Alll  characters were treated as "continuous" variables and phenetically analysed in one data 
matrix,, using SPSS 8.0 for Windows. The analyses included a one-way Kolmogorov-Smirnov 
statisticc to test for normality, Pearsons and Spearman correlation coefficients to test for 
correlationss among characters, principal component (PC) and cluster analyses to test for 
groupp membership of OTUs, and univariate analyses (ANOVAs and Mann-Whitney U-tests) 
too test for significant differences between groups, species, or populations of interest. 
Ecotypess and species were re-defined on the basis of the results, with populations that 
showedd strikingly contradict!onary results as compared to the molecular data (Vijverberg et al. 
1999;; Vijverberg et al. 2000) excluded. Discriminant analyses were performed to determine the 
combinationss of characters that produced the greatest separation among the re-defined 
ecotypess and species. Means and ranges of characters were calculated for each of the ecotypes 
andd species, and significant differences and range overlap of characters among them were 
determined. . 

Thee Kolmogorov-Smirnov statistics showed one third of the characters to be normally 
distributedd (p > 0.02; Table 3, indicated by "n"). Ordination statistics are, however, to a large 
extentt robust to violations of the assumption of normal distribution of variables and have been 
appliedd to our data (Sneath and Sokal 1973; Legendre and Legendre 1998). Also, the similar 
Pearsonss vs. Spearman correlation coefficients among OTUs and results of ANOVAs vs. 
Mann-Whitneyy U-tests indicated that the patterns resolved by our analyses were not 
strikinglyy biased by the deviations from normality of characters. These patterns were, 
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Tablee 3. Morphological characters considered. 

Characterr Score or Unit Measured per 

Generative Generative 
Budd length 
Budd obtuseness 
Flowerr head diameter (d)" 
Phyllaryy obtuseness 
Phyllaryy tip adherence 

Phyllaryy number (n) 
Phyllaryy length (n) 
Phyllaryy width (n) 
Florett number (n) 

Florett stripe color 
Florett stripe color intensity (n) 
Corollaa length (n) 
Ligulee width (n) 
Antherr tube length (n) 
Ovaryy length (n) 
Achenee length (n) 
Achenee filled with embryo (d) 
Pappuss part length (n) 
Pappuss part number (d) 
Scalee width (d) 
Self-fertilityy (d) 
Floweringg start time 
Floweringg finish time 
Scalee length (n) 
Scalee width (n) 

1-55 (long-
11 -4 (sharp -

mm m 
1-77 (obtuse 

short) ) 
obtuse) ) 

-- sharp) 
11 -0 (yes - no) 

count t 
mm m 
0.11 mm 
count t 
1-99 (absent 
1-55 (absent 
mm m 
0.11 mm 
0.11 mm 
0.11 mm 
0.11 mm 

% % 
0.11 mm 
count t 
0-55 (small-

-- red)0 

-- intense) 

broad) ) 
11 -0 (yes - no) 
monthh number 
monthh number 
cm m 
0.11 mm 

Population n 
Population n 
Capitulum m 
Capitulum m 
Capitulum m 

Capitulum m 

Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Capitulum m 
Fieldd plant 
Fieldd plant 
Fieldd plant 
Fieldd plant 
Fieldd plant 
Population n 
Population n 
Population n 
Capitulum m 
Capitulum m 

Vegetative Vegetative 
Leaff  hairs on upper side 
Leaff  hairs on bottom side 
Leaff  hairs on margins 
Leaff  rosette habitus 
Leaff  tip obtuseness 
Leaff  width 
Leaff  teeth length 
Leaff  structure (d) 
Leaff  thickness (d) 
Fibrouss roots (d) 
Adventitiouss roots (d) 

0-33 (absent - many) 
11 -0 (yes - no) 
1-00 (yes -no) 
0-44 (flat - upright) 
11 -5 (sharp - obtuse) 
11 -3 (narrow - wide) 
1-33 (long- short) 
1-33 (smooth - nerved) 
1-33 (membranous - waxy) 
0-33 (few - many) 
0-55 (shoot - tuberous)' 

Offspring g 
Offspring g 
Offspring g 
Population n 
Population n 
Population n 
Population n 
Population n 
Population n 
Population n 
Population n 

**  Diagnostic (d) characters used for ecotype recognition (see Table 1) are indicated. 
bb Normally (n) distributed character (p > 0.02) are indicated. 
cc Ordinations of floret stripe color and adventitious roots are partly arbitrarily. 

129 9 



ChapterChapter 5 

therefore,, regarded reliable estimators for the morphological differentiation of Australian and 
Neww Zealand Microseris. 

Thee correlation coefficients among characters showed no indication to exclude 
characterss from the data set. The highest correlation (r = 0.92) was found for flower head 
diameterr (Table 3) and corolla length, but these characters were different on the basis of "the 
measuree of opening of flower heads". Second highest correlations (0.81 < r < 0.85) were found 
betweenn self-fertility and fibrous roots, scale width and adventitious roots, leaf hairs on upper 
andd bottom sides, leaf structure and fibrous roots, and fibrous and adventitious roots. These 
correlationss were regarded to be not high enough to exclude characters from the analyses, and 
mostt of them involved characters that were likely to be developmentally independent from 
eachh other. All characters showed significant correlations (r > 0.2; p < 0.01) to a high number 
off  13 to 32 other characters. 

Thee principal component analyses (PCAs) were performed on standardized data [(Xi -
Xmean)/standardd deviation; Sneath and Sokal 1973]. Pearsons correlation coefficients were 
generatedd among these data and used to extract the first four principal components. The 
variationn explained by the components was calculated and the correlation of variables with 
themm determined. Missing values were replaced by means of the relevant populations or 
ecotypes,, except for OTUs for which more than two measurements were missing and no other 
OTUss of the same populations were available. These are the eight OTUs of populations 
A3nt,, A7, F2, M2, Ml 1, Ml2, and M21. In these cases, missing values were listwise 
excludedd during the extraction of the components, and replaced by means of the relevant 
ecotypess (Table 1) when the positions of the OTUs in the PC A plots were estimated. Results 
off  the PCAs, excluding the eight OTUs, were depicted as scatter plots with the OTUs 
projectedd on the first and second and third and fourth components, respectively, with ecotype 
assignmentss indicated. 

Forr cluster analyses, the data were centered around zero and ranged between zero and 
onee via Gower (1966) transformation [(Xi-Xmin)/(Xmax-Xmin)]. Manhattan as well as 
squaredd Euclidean distances among OTUs were calculated, the former because of their value 
forr data sets that contain both metric and ordinate data (Sneath and Sokal 1973), and the latter 
becausee it is most widely used for interval data. The OTUs were grouped via the unweighted 
pair-groupp method (UPGMA) and visualized in a dendrogram. The representation of the 
groupss was tested for significance by calculating the cophenetic correlation coefficients 
betweenn the in- and output distance matrices of the dendrogram, using NTSYS-PC (Rohlf 
1993).. Missing values were treated as described for the PCA (see former paragraph). 

Discriminantt analyses were performed with ecotypes or species defined (not shown), 
usingg standardized data (see PCA), excluding the OTUs with missing values (see PCA), and 
includingg the variables simultaneously. The canonical discriminant function(s) were extracted, 
andd the correlations of pooled within-group variables to these functions determined. The 
positionss of OTUs and group centroids were calculated, and the Wilks lambda statistic was 
usedd to test for significant differences among the centroids. For the populations that were left 
excludedd from the re-defined ecotypes and species, the probabilities of group memberships 
weree determined. 
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Results s 

GroupGroup membership ofOTUs 

Thee results of the PC and cluster analyses of the data set of averaged morphological character 
measurementss for field-collected plants, including 137 OTUs and 36 characters, are shown in 
Figuress 2, 3 and Table 4. In the PC A, seven eigenvalues >1 were extracted, and the first four 
componentss explained 33.7%, 18.2%, 11.1%, and 5.6% of the variation, respectively, or a 
totall  of 68.6%. In the phenetic tree (Fig. 3), Manhattan distances <7 were ignored, the 
copheneticc correlation (r) was 0.91 (t = 20.6; p = 1.0), and the results were supported by the 
analysiss using squared Euclidean distances (not shown). The results of both analyses largely 
supportedd the ecotypes as formerly defined (Table 1) as well as confirmed the two species 
delimitedd by Sneddon (unpublished results). Discrepancies concerned the placement of "nt" 
populationss that were now included in the ecotype groups. In addition, populations F7nt 
fromm Tasmania and F9nt from New Zealand clustered more with the New Zealand "C" 
ecotype,, and population M20nt from Australia was more similar to the "A" ecotype. In the 
PCA,, the "A" and "M" ecotypes were not separated along the first axis, but their 
diversificationn was supported by the second and higher axes and by the Manhattan distances. 

Thee results of the univariate analyses (not shown) generally supported the ecotype 
membershipp of the "nt" populations, and populations that were less well-grouped in the 
plotss or in the phenetic tree, as shown in Figures 2 and 3. They also confirmed the lack of 
agreementt in the diagnostic characters (Table 1) between the "nt" populations and their most 
similarr ecotype by significant values. Exceptions to this were the Tasmanian "Fnt" 
populationss F6nt and FlOnt, that showed homogeneities to the "F" ecotype, concerning 
populationss F1 to F5 from Victoria, for all morphological characters measured. The other 
Tasmaniann population, F7nt, differed from the "F" ecotype in half of the characters, while it 
differedd from the "C" ecotype in about one third of them, including its smaller flower head 
diameterss and higher pappus part numbers. The New Zealand population F8nt had a smaller 
habitt than members of the "F" ecotype and differed significantly from them by its shorter and 
entirelyy filled achenes and shorter and less pappus parts. F9nt, also from New Zealand, was 
previouslyy incorrectly classified as "Fnt", because it has small scales on its pappus parts and 
iss self-incompatible (Table 1). F9nt differed from the "C" ecotype, concerning populations CI 
too C4 from New Zealand, in the leaves, which were thinner and less smooth. Population C4 
clusteredd near or with the "A" ecotype in some analyses, but differed significantly from it in 
onee third of the characters, particularly the vegetative ones. C4 differed from the "C" ecotype 
inn its smaller flower head diameters and longer achenes. Apart from differences in the 
adventitiouss root characteristics (Table 1), the "A(nt)" populations Alnt to A10 and "Mnt" 
populationn M20nt were largely similar. Alnt to A4nt and M20nt differed from A5 to A10 in 
thee leaf structure, that was smoother in the former, and M20nt showed similarities to the "M" 
ecotypee in achene characteristics. Within the "M" ecotype, populations M27 and M28 from 
thee salt lakes of northwestern Victoria were most deviating, showing differences in a number 
off  vegetative characters in which they were more similar to the "A" ecotype. Further details of 
thee population measurements are available from the first author. 
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Thee cpDNA variation (Vijverberg and Bachmann 1999; Vijverberg et al. 1999; Table 1) 
wass congruent to the morphological diversification in the recognition of the two species. 
Withinn M. scapigera, discrepancies were found with respect to populations F7nt, that 
containedd the same cpDNA type as Fl to F5, Font, and FlOnt (Table 1), and F8nt, that 
showedd a unique cpDNA type. In M, lanceolata, the cpDNA distribution did not well-reflect 
thee morphological variation. Two of the three Mrc-cpDNA types were present in populations 
off  both the "A" and "M" ecotypes (Table 1), while the third one occurred in the "Ant" 
populationss Alnt to A4nt and "Mnt" population M20nt. 

Thee AFLP pattern (Vijverberg et al. 2000) was incongruent to the morphological 
variation,, also, for populations F7nt and F8nt. F7nt was on the basis of the AFLPs most 
similarr to "M" and "A" populations from Victoria, and F8nt was highly similar to the other 
Neww Zealand populations, concerning the "C" ecotype. The former was interpreted as 
evidencee for the involvement of F7nt in interspecific hybridization, and the latter indicated the 
maintenancee or re-establishment of "F" characteristics in F8nt. Within M. lanceolata, the 
nuclearr genetic structure was generally littl e diverged, although, a cluster containing 
populationss Alnt to A4nt and M20nt (Table 1), and some support for a cluster that 
containedd A5, A7, and A10, were recognized. Populations A6 and A8nt were on the basis of 
thee AFLPs most similar to the "M" ecotype. A6 was also polymorphic for cpDNA types 
Mln-2Mln-2 and Mln-3, and illustrated the occurrence of hybridization between individuals of the 
"A""  and "M" ecotype most clearly (Vijverberg et al. 2000). According to the univariate 
analyses,, A6 represented the "A" ecotype in all morphological characters measured, while it 
differedd significantly from the "M" ecotype in its adventitious roots (Table 1) and leaf 
structure. . 

Thee ecotypes and species, as re-defined on the basis of overall morphological 
similaritiess (Figs 2, 3; univariate analyses), are indicated in Figure 3. Populations F7nt from 
Tasmaniaa and F8nt from New Zealand were excluded from this re-definition (both for 
ecotypes;; F7nt also for species) due to striking incongruencies found between the 
morphologicall  and molecular results (see former two paragraphs). Populations F6nt and FlOnt 
weree included in the re-defined "F" ecotype, F9nt was shifted to the "C" ecotype, the "A(nt)" 
populationss and M20nt were combined into the "A" ecotype, and M20nt was excluded from 
thee "M" ecotype. The classification of the "A" and "M" ecotypes were not entirely 
supportedd by the molecular data (see former two paragraphs). Although excluded from the re-
definedd ecotypes, the memberships of F7nt to the "C" and F8nt to the "F" ecotypes were 
supportedd by a discriminant analysis. 

Fig.. 2. Scatter plots, showing the results of the PCA of the averaged morphological data set for 
field-collectedfield-collected plants, including 137 OTUs and 36 characters, with the OTUs indicated by the 
previouslyy defined ecotypes (Fig.1; Table 1). 
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Tablee 4. Structured matrix of correlations of variables with the first four principal components. 

Principall  components 

1 22 3 4 
Characterss / Explained variation 33.7% 18.2% 11.1% 5.6% 

Flowerr head diameter (d)' 
Self-fertilityy (d) 
Scalee width (d) 
Corollaa length 
Pappuss part number (d) 
Florett stripe color 
Ligulee width 
Leaff  structure (d,v)c 

Achenee filled with embryo (d) 
Adventitiouss roots (d,v) 
Scapee length 
Antherr tube length 
Florett stripe color intensity 
Fibrouss roots (d,v) 
Leaff  thickness (d,v) 
Florett number 
Leaff  teeth length (v) 
Budd length 
Floweringg start time 
Floweringg finish time 
Leaff  width (v) 
Leaff  tip obtuseness (v) 
Leaff  rosette habitus (v) 
Budd obtuseness 
Leaff  hairs on margins (v) 
Phyllaryy width 
Phyllaryy number 
Phyllaryy length 
Ovaryy length 
Achenee length 
Scapee width 
Pappuss part length 
Leaff  hairs on upper side (v) 
Leaff  hairs on bottom side (v) 
Phyllaryy tip adherence 
Phyllaryy obtuseness 

0.94b b 

-0.93 3 
0.90 0 
0.88 8 

-0.88 8 
-0.84 4 
0.82 2 
0.81 1 
0.81 1 
0.79 9 
0.75 5 
0.73 3 

-0.72 2 
-0.70 0 
-0.64 4 
0.59 9 
0.55 5 
0.15 5 
0.06 6 

-0.36 6 
0.43 3 
0.20 0 

-0.13 3 
0.24 4 
0.18 8 
0.40 0 
0.34 4 
0.23 3 

-0.09 9 
-0.41 1 
-0.07 7 
0.46 6 
0.42 2 
0.32 2 
0.02 2 
0.28 8 

0.13 3 
0.08 8 

-0.16 6 
-0.06 6 
-0.04 4 
0.25 5 
0.27 7 
0.11 1 
0.25 5 

-0.53 3 
-0.10 0 
0.43 3 
0.20 0 
0.44 4 
0.50 0 
0.44 4 
0.49 9 
0.83 3 
0.79 9 
0.73 3 
0.63 3 
0.62 2 

-0.58 8 
0.53 3 

-0.50 0 
0.46 6 
0.46 6 

-0.36 6 
-0.36 6 
-0.01 1 
0.33 3 

-0.20 0 
-0.33 3 
-0.32 2 
0.44 4 

-0.41 1 

0.14 4 
0.08 8 

-0.17 7 
0.31 1 
0.36 6 
0.10 0 
0.10 0 
0.12 2 

-0.42 2 
-0.14 4 
0.29 9 
0.04 4 
0.21 1 

-0.31 1 
-0.09 9 
0.03 3 
0.41 1 

-0.09 9 
0.13 3 

-0.04 4 
0.20 0 

-0.18 8 
0.47 7 
0.04 4 

-0.24 4 
0.37 7 
0.02 2 
0.73 3 
0.71 1 
0.71 1 
0.56 6 
0.49 9 

-0.43 3 
-0.42 2 
0.22 2 
0.27 7 

-0.06 6 
-0.10 0 
-0.05 5 
-0.06 6 
0.13 3 

-0.02 2 
-0.02 2 
0.31 1 

-0.07 7 
-0.08 8 
-0.02 2 
0.12 2 
0.03 3 

-0.32 2 
-0.17 7 
-0.28 8 
0.07 7 
0.19 9 
0.17 7 
0.22 2 

-0.16 6 
-0.25 5 
0.51 1 
0.32 2 
0.24 4 

-0.23 3 
0.01 1 

-0.29 9 
-0.17 7 
0.24 4 

-0.24 4 
0.21 1 
0.18 8 
0.24 4 
0.63 3 

-0.47 7 

**  Diagnostic (d) characters used for ecotype recognition (see Table 1) are indicated. 
bb Correlations >0.50, >0.45, >0.40, and >0.35 are indicated in bold for the 1st, 2nd, 3rd, and 4th components, 

respectively. . 
Vegetativee (v) characters are indicated. 
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Fig.. 3 UPGMA dendrogram, showing the Manhattan distances among Microseris scapigera and 
M.M. lanceolata populations investigated (Table 2), based on the averaged morphological data set 
forr field-collected plants, including 145 OTUs and 36 characters. Re-defined ecotypes are 
indicatedd on the right hand side. 

GroupGroup characteristics 

Thee structured matrix of correlations of variables with the principal axes (Table 4), showed all 

ninee diagnostic characters (Table 1; Table 4, indicated by Md") to be important on the first axis. 
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AA similar result was found for the pooled within re-defined (see Fig. 3) -ecotypes and -species 
correlationss between the variables and first discriminant function (not shown). The first axis 
andd function primarily separated the two species. Other characters that were important for 
thee separation of species were corolla length, ligule width, floret stripe color and intensity, and 
scapee length, while most important were self-fertility, fibrous and adventitious roots, leaf 
structure,, scale width, and flower head diameter. The further separation into ecotypes, 
primarilyy along the second axis (Fig. 2) and second and third function (not shown), was 
supportedd by bud characteristics, flowering start and finish time, leaf characteristics except 
thosee concerning hairs, adventitious roots, pappus part numbers, and percentages achene filled 
withh the embryo. These characters concerned mainly vegetative ones (Table 4, indicated by 
"v")) as well as three diagnostic ones. The phyllary and leaf hair characteristics were 
unimportantt in the separation of species and ecotypes. 

Means,, ranges, significant differences, and diagnostic value, of each of the 36 
characters,, for each of the re-defined ecotypes and species (Fig. 3), are presented in Table 5. 
Thee order of characters follows the structure given by the discriminant analyses with the two 
speciess (first 14 characters) or four ecotypes defined. Most characters differed significantly 
amongg species and/or ecotypes (Table 5, homogeneities are indicated in superscript), however, 
manyy of them showed range-overlap, making them not useful for diagnostic purposes. Only 
threee of the characters lacked range-overlap between species, i.e., fibrous and adventitious 
rootss and leaf structure. In addition, scale width and leaf thickness showed minor range-
overlapp between species, and another nine characters were diagnostic for one or both species 
onlyy at their extremes (Table 5). The "F" ecotype was most different from the other ecotypes 
andd responsible for the extreme values of Microseris scapigera. This ecotype was unique in 
itss high pappus part numbers (Tables 1, 5), capillary or only slightly scaly pappus, small 
flowerr head diameters, and achenes that were only partly filled with the embryo. The "C" 
ecotypee was recognized by its relatively many fibrous roots and its flat or down-turned leaf 
rosettee habitus (Fig. 1). This ecotype never showed phyllary tip adherence and hairs on leaf 
edges,, but these characteristics were also often absent in the other three ecotypes. Due to the 
inclusionn of F9nt in the "C" ecotype, the waxiness of leaves was no longer diagnostic (Table 
1).. The discrimination between the "A" and "M" ecotypes lacked a strong statistic support 
and,, due to the inclusion of the "Ant" and "Mnt" populations within the former, the 
adventitiouss root characteristics (Table 1, "shoots" vs. "tubers") were lost as clear diagnostic 
characters.. Considering only the Australian Microseris, the "A" ecotype can be recognized by 
itss relatively late flowering time, short and obtuse buds, and intermediate pappus part 
numbers.. Also the "F" ecotype showed additional unique features, excluding the New Zealand 
populationss (Table 5). The characters that were strictly diagnostic for species or ecotypes are 
summarizedd in Table 6. 

136 6 



MorphologicalMorphological diversification 

Tablee 5. Means, ranges, and diagnostic value of morphological characters measured on 
Microseris,Microseris, for the two species and four ecotypes defined in this study. Homogeneities (p >0.01) 
amongg species or ecotypes are indicated in superscript as ns = nonsignificant, and vs. ecotypes A, 
C,, or F, respectively. 

-M.-M. scap 

Numberr of individuals: 

Self-fertilityy mean: 

(d)11 ranfe: 

Fibrouss roots 
(d,v)' ' 

Leaff  structure 
(d,v) ) 

Scalee width (d) 

Adventitious s 
rootss (d,v) 

Flowerr head dia-
meterr (mm; d) 

Corollaa length 
(mm) ) 

Florett stripe color 

Leaff  thickness (d,v) 

Pappuss part number 

(d) ) 

Scapee length (cm) 

Achenee filled with 
embryoo (%; d) 

Ligulee width 
(mm) ) 

Florett stripe color 
intensity y 

0.8 8 
0-- 1 

0.8 8 
11 -3 

1.2 2 
11 - 1 

1.5 5 
0 -3 3 

0.0 0.0 
0 -0 0 

24.6 6 
15-45 5 

17.5 5 
14-26 6 

7.1 1 
5 -9 9 

2.3 3 
2 -3 3 

41.5 5 
10-66 6 

25.4 4 
16-36 6 

72.2 2 
40-- 100 

3.6 6 
2.66 -5.7 

4.2 2 
11 -5 

igera igera 
"C" " 
11 1 

0.4 4 

0-- 1 

2.8 8 
2 -3 3 

1.0 0 
11 - 1 

2.6 6 
2 -3 3 

0.0 0 
0 -0 0 

34.2 2 
25-45 5 

19.3 3 
14-26 6 

6.1 1 
5 -9 9 

2.8 8 
2 -3 3 

14.6 6 
10-- 19 

26.3 3 
17-34 4 

100 0 
100-- 100 

4.5 5 
3.4-5.7 7 

3.6 6 
11 -5 

- p . . 

20 0 

1.0 0 
11 - 1 

1.2 2 
11 -2 

1.0C C 

II  - 1 

1.0 0 
0-- 1 

0.0C C 

0 -0 0 

19.7 7 
15-23 3 

16.7C C 

14-- 19 

7.6 6 
5 -9 9 

2 2 
2 -2 2 

56.5 5 
42-65 5 

25.8C C 

19-36 6 

55.6 6 
40-85 5 

3.1 1 
2.66 - 3.8 

4.6 6 
3 -5 5 

\-M.\-M. lanceolata 

0.0 0.0 
0 -0 0 

0.0 0.0 
0 -0 0 

2.1 1 
2 -3 3 

3.9 9 
3 -5 5 

4.4 4 
11 -5 

43.4 4 
28-56 6 

25.7 7 
20-34 4 

3.3 3 
11 - 6(7) 

1.2 2 
11 -2 

12.5 5 
9-21 1 

45.5 5 
27-74 4 

100 0 
100-- 100 

4.8 8 

"A " " 
23 3 

0.0C C 

0 -0 0 

0.0 0 
0 -0 0 

2.5 5 
2 -3 3 

3.4 4 
3 -4 4 

1.9 9 
11 -4 

45.8 8 

1 1 
"M " " 
88 8 

0.0A A 

0 -0 0 

0.0A A 

0 -0 0 

2.0 0 
2 -2 2 

4.0 0 
3 -5 5 

5.0 0 
5 -5 5 

42.7A A 

(33)b400 - 56 28 - 55 

25.9 9 
211 -32 

4.2 2 
2 -6 6 

1.5 5 
11 -2 

18.6 6 
(11)15-21 1 

46.1 1 
29-59 9 

100c c 

25.7A A 

20-34 4 

3.0 0 
11 - 6(7) 

1.1 1 
11 -2 

10.9 9 
9 -20 0 

45.3A A 

27-74 4 

100CA A 

100-- 100 100- 100 

5.2 2 4.7C C 

Diagnostic c 
value e 

11 = Msc 

MscMsc vs. Mln 
(CC vs. F) 

MscMsc vs. Mln 

F;; < 3 = Msc 
>33 = Mln 

MscMsc vs. Mln 
AA vs. M 

<255 = Msc = F 
>> 45 = Mln 

<200 = Msc 
>266 = Mln 

>77 = Msc 
<55 = Mln 

>2>2 = Msc 
<22 = Mln 

>255 = Msc = F 

<255 = Msc 
>400 = Mln 

<900 = Msc = F 

(3.0)3.88 - 6.7 4.4 - 6.0(3.0)3.8 - 5.9 c 

2.4 4 
11 -5 

3.0C C 

11 -5 
2.3 3 
11 -5 ) ) 
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Tablee 5. Continued. 

Floweringg start 
time e 

Leaff  teeth length 

(v) ) 

Achenee length 
(mm) ) 

Phyllaryy tip 
adherence e 

Floweringg finish 
time e 

Leaff  rosette 
habituss (v) 

Budd length 

Antherr tube 
lengthh (mm) 

Leaff  hears on 
upperr side (v) 

Leaff  hears on 
bottomm side (v) 

Scapee width 
(mm) ) 

Budd obtuseness 

Leaff  tip obtuse-
nesss (v) 

Leaff  width (v) 

Florett number 

Phyllaryy width 
(mm) ) 

3.6 6 
2 -6 6 

1.2 2 
11 -3 

8.5 5 
4.0-- 12.9 

0.1 1 
0-- 1 

8.0 0 
7-- 10 

2.7 7 
0 -4 4 

2.3 3 
11 -5 

2.9 9 
1.4-- 4.8 

0.2 2 
0-- 1 

0.1 1 
0-- 1 

2.1 1 
1.11 - 3.2 

2.6 6 
2 -4 4 

1.9 9 
11 -5 

1.4 4 
11 -3 

31.5 5 
14-64 4 

3.2 2 
2.33 - 5.! 

4.5 5 
4 - 6 6 

1.5 5 
11 -2 

5.7 7 
4.00 - 8.2 

0.0 0 
0 -0 0 

8.8 8 
8 -9 9 

0.8 8 
0-- 1 

3.9 9 
33 -5 

4.0 0 
3.22 -4.8 

0.5 5 
0-- 1 

0.1 1 
0-- 1 

2.0 0 
1.33 - 3.2 

3.5 5 
33 -4 

3.5 5 
2 -5 5 

2.2 2 
11 -3 

45.3 3 
32-64 4 

3.8 8 
2.77 - 5.1 

3.1 1 
22 -4 

l . l r r 

11 -3 

10.3 3 
7.33 - 12.9 

0.1c c 

0-- 1 

7.6 6 
7-- 10 

3.7 7 
2 -4 4 

1.5 5 
11 -2 

2.2 2 
1.4-3.1 1 

0.1f f 

0-- 1 

0.1c c 

0-- 1 

2.2C C 

1.66 -3.0 

2.1 1 
2 - 3 3 

1.0 0 
11 - 1 

1.0 0 
11 - 1 

24.4 4 
15-29 9 

2.9 9 
2.55 - 3.6 

3.5ns s 

2 -7 7 

2.0 0 
11 -3 

6.9 9 
4.88 - 10.2 

o.rs s 

0-- 1 

6.8 8 
6-- 10 

2.8ns s 

2 -3 3 

2.5ns s 

11 -5 

4.1 1 
2.99 - 5.9 

1.2 2 
0-1(3) ) 

0.4 4 
0-- 1 

2.0ns s 

1.33 - 3.8 

2.9n5 5 

11 -4 

2.rs s 

11 -5 

2.0 0 
11 -3 

41.2 2 
24-70 0 

3.5 5 
2.55 - 5.2 

5.5 5 
4 -7 7 

3.0 0 
3 -3 3 

8.4 4 

3.0F F 

2 -4 4 

1.8C C 

11 -3 

6.5C C 

5.22 - 10.2 4.8 -9.2 

0.5' ' 
0-- 1 

8.6C C 

8-- 10 

2.8CF F 

2 -3 3 

4.2C C 

4 -5 5 

4.9 9 

0.11 CF 

0-- 1 

6.4 4 
6 -7 7 

2.8 8 
2 -3 3 

2.0F F 

11 -4 

3.8C C 

(3.3)4.22 - 5.92.9 - 4.7 

0.4CF F 

0-- 1 

0.1CF F 

0-- 1 

2.2CF F 

1.55 -2.8 

4.0C C 

4 -4 4 

2.88 c 

11 -5 

2.7C C 

11 -3 

45.5C C 

24-70 0 

3.9C C 

3.0-5.2 2 

1.4 4 
0-1(3) ) 

0.4C C 

0-- 1 

1 9 C A A 

1.33 -2.7 

2.6F F 

11 -4 

2.0 0 
11 -4 

1.8C C 

11 -3 

40.1CA A 

255 -61 

3.4C C 

2.55 -4.6 

>44 = C, A 
<44 = F, M 

) ) 

>10.55 = Msc = F 

11 * C 

) ) 

C C 

>44 = C, A 
<33 = F, M 

<2.88 = Msc = F 
>4.88 = Mln = A 

(-) ) 

(-) ) 

(-) ) 

(-) ) 

) ) 

) ) 

<200 = Msc = F 

) ) 
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Tablee 5. Continued. 

Ovaryy length 
(mm) ) 

Leaff  hears on 
edges(v) ) 

Phyllaryy length 
(mm) ) 

Phyllary y 
obtuseness s 

Phyllaryy number 

Pappuss part 
lengthh (mm) 

2.5 5 
1.55 -3.4 

0.3 3 
0-- 1 

14.9 9 
9-- 19 

3.4 4 
11 -6 

10.2 2 
8-- 14 

9.6 6 
5.9-- 12.9 

2.0 0 
1.55 -2.4 

0 0 
0 -0 0 

12.8 8 
9-- 17 

2.5 5 
11 -6 

11.2 2 
8-- 14 

8.2 2 

2.8 8 
1.9-3.4 4 

0.4 4 
0-- 1 

16.2 2 
111 - !9 

3.9C C 

2 -5 5 

9.7C C 

8-- 11 

10.5 5 
5.9-- 11.2 8.8- 12.9 

2.4ns s 

1.8-3.5 5 

0.6 6 
0-- 1 

15.9ns s 

11-22 2 

4.5 5 
11 -7 

11.3 3 
7-- 14 

11.7 7 
7.8-- 15.2 

2.21 1 

1.9-3.0 0 

0.3CF F 

0-- 1 

15.1CF F 

14-- 18 

3.4C C 

11 -4 

12.4C C 

9-- 14 

11.9 9 

2.4A A 

1.8-3.5 5 

0.7F F 

0-- 1 

16.1F'A A 

11-22 2 

4.8 8 
11 -7 

11.0C C 

7-- 14 

11.6FA A 

10.6-- 13.57.8- 15.: 

) ) 

11 * c 

(-) ) 

(-) ) 

(-) ) 

""  Diagnostic (d) characters used for ecotype recognition (see Table 1) and vegetative (v) characters are indicated. 
bb Numbers in brackets are extreme values measured. 
cc No (-) or only littl e ) diagnostic value. 

Discussion n 

MorphologicalMorphological diversification in the early stage of adaptive radiation 

Thee Australian and New Zealand Microseris are investigated for their adaptive radiation. 
Adaptivee radiation is defined, among others, as the evolution of ecological and phenotypic 
diversityy within a rapidly multiplying lineage (Schluter 2000). It involves the differentiation of 
aa single ancestor into an array of species that inhabit a variety of environments and that differ 
inn the morphological and physiological traits used to exploit those environments. One of the 
characteristicss of adaptive radiated plant taxa is that they often show pronounced 
morphologicall  diversification (Baldwin et al 1998; Stuessy and Ono 1998). The Australian and 
Neww Zealand Microseris fulfi l the different characteristics of adaptive radiation. They are 
supposedd to have evolved after a single introduction into the Southern hemisphere, and 
presentlyy show obvious morphological diversification. Four ecotypes are recognized (Table 
1),, and these are likely to be correlated to different environments, e.g., dry or wet lowlands, 
highlands,, and coastal areas. Characterss that are diagnostic for the ecotypes (Fig. 1; Table 1) 
cann be interpreted as adaptations used to exploit those different environments, e.g., tuberous 
rootss to overcome summer drought in the lowlands of Australia (Gott 1983; "M") , 
horizontallyy outgrowing roots that can give rise to new shoots to resist winter-frozen 
mountainn slopes ("A") , and waxy leaves to avoid evaporation along sea shores ("C"). Despite 
thiss clear differentiation into ecotypes, the morphological variation within the taxon is not 
uniform.. A number of populations exist that disagree in the diagnostic characters with each of 

139 9 



ChapterChapter 5 

thee four ecotypes ("nontypicals"; nt; Tables 1, 2), and the only two species recognized (sensu 
Sneddon)) were not easily delimited (see Taxonomy, below). In addition, molecular 
investigationss showed evidence for the (recent) occurrence of hybridization among 
populationss of different ecotypes (Vijverberg et al. 1999; Vijverberg et al. 2000), and artificial 
crossess confirmed, that fertile offspring could be obtained among populations of all four 
ecotypess (Sneddon 1977; own observations). The Australian and New Zealand Microseris 
illustrate,, therefore, an early stage of adaptive radiation, in which reproductive isolation has 
nott yet come to an end. In the present study, we determined the overall morphological 
diversificationn of the plant group into more detail, in order to obtain more insights into the 
earlyy stage of adaptive radiation, in the face of (recent) genetic exchange among ecotypes. 

Thee results of the morphological investigations confirm the four ecotypes as 
previouslyy defined (Table 1), but differ in that they include the "nt" populations within the 
ecotypee groups (Figs 2, 3). Excluding the nine diagnostic characters (Fig. 1; Table 1) from the 
analysess results in similar ecotype groups (not shown). These results indicate, (1) that most 
otherr morphological characters measured are more uniform among the "nontypical" and 
"typical""  populations of an ecotype than the diagnostic ones and (2) that other than the 
diagnosticc characters are also important in ecotype recognition. These other characters are 
likelyy to be less differentiated among ecotypes, because they were not recognized as 
diagnosticc at first sight, and part of them might be correlated to the diagnostic characters, e.g., 
scapee width to flower head diameter. The correlations of variables to the PC axes (Table 4) 
andd discriminant functions (not shown) also indicate, that more than the diagnostic characters 
contributee to the recognition of species and ecotypes. The results show that a complex of 
characterss rather than a few morphological traits are involved in the adaptive radiation of 
Australiann and New Zealand Microseris. 

Thee molecular studies (Vijverberg et al. 1999; Vijverberg et al. 2000) suggest that 
adaptationn and selection play a role in the character evolution of Australian and New Zealand 
Microseris.Microseris. They show that the genetic distribution does not parallel a significant separation 
off  plants per ecotype. Evidence for the maintenance or re-establishment of ecotype 
characteristicss was found after dispersal to another environment, e.g., for populations Alnt to 
A4ntt vs. M20nt (Tables 1, 2), and after genetic exchange with members of another ecotype, 
e.g.,, for populations F8nt x "C" and A6 x "M". The present study confirms these results, and 
indicatess adaptation/selection not only for a number of the diagnostic characters (Table 1), but 
alsoo for some other characters measured. These include, adventitious root and achene 
characteristicss in populations Alnt to A4nt and M20nt, the "A" specific adventitious root 
andd leaf characteristics in population A6, and the "F" morphology in general, excluding some 
diagnosticc achene traits, in population F8nt. The importance of adaptation and selection in 
characterr evolution is also supported by likely adaptive interpretations for a number of these 
characters,, some of them proposed in the first paragraph of this Discussion. Similar results are 
oftenn reported in studies of adaptive radiation in other plant taxa (e.g., Baldwin et al. 1998; 
Stuessyy and Ono 1998). The reason why the morphological differentiation is not well 
reflectedd in the genetic distribution is unknown. Possibly, only a few genes underlie the 
ecotypee characteristics (Gottlieb 1984; Kadereit 1994) or nonhomologuous genetic bases for 
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Tablee 6. Diagnostic characters for species and ecotypes. 

Character r 

Fibrouss roots 
Adventitiouss roots 
Leaff  structure 

"C C 

M.M. scapigera 

feww to many 
absent t 
smooth h 

"F" " 

M.M. lanceolata 

reduced d 
elongatedd  shoots or tuberous roots 

nervedd to rigulose 

"A""  "M" 

"coastal" " 
Fibrouss roots many few reduced strongly reduced 
Leaff  rosette habitus flat to downright upright upright upright 

"fine-pappus" " 
Scalee width medium capillary or small broad scales broad scales 
Flowerr head diameter (cm) 3 2 5 4 
Pappuss part number (circa) 15 >40 19 11 
Acheness filled with embryo (%) 100 <90 100 100 

"alpine""  and "murnong" 
Adventitiouss roots - - elongated  shoots tubers 

too slightly tuberous 

similarr adaptations are involved. The fact that the genetic differentiation is not well-expressed 

inn the morphology illustrates that change events like random genetic drift and the influx of 

DNAA from another ecotype are less important in the character evolution of Australian and 

Neww Zealand Microseris. 

Thee different investigations have not resolved the direction of character evolution 

withinn the Australian and New Zealand Microseris. The nDNA (Vijverberg et al. 2000) and 

morphologicall  variation do not allow rooted phylogeny reconstruction, and a cladistic 

treatmentt of the cpDNA variation (Vijverberg et al. 1999) shows a basal polytomy. According 

too the latter, the four ecotypes evolved independently from each other, and possibly more 

thann once, rather than in sequence. Because the direction of character evolution is unknown, it 

cann not be discriminated whether characteristics are maintained or re-established in their 

evolution.. For instance, the "F" morphology found in the New Zealand population F8nt, 

couldd either be plesiomorph (ancestral), parallel (from a common ancestor) or convergent 

(nonhomologuous)) to the Victorian "F" ecotype. It is also unknown whether the "nt" 

populationss are diverging from, or converging to their most similar ecotypes. Thus, the fact 

thatt the "nt" populations disagree in the diagnostic characters (Fig. 1; Table 1) with their most 

similarr ecotypes, while they are uniform for most other morphological characters measured, 

cann be interpreted in several ways. In the case of diverging, for instance, after dispersal to 

anotherr geographic region and/or environment, the results imply that most ecotype specific 

characteristicss are maintained after the divergence, while the diagnostic characters have started 
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too change or adapt. This, in turn, suggests, that particularly the diagnostic characters are 
susceptiblee to change or adaptation. The opposite can be concluded when the "nt" 
populationss are converging to their most similar ecotypes, in which case the diagnostic 
characterss evolve relatively slow as compared to the other ecotype specific characters. 

Inn summary, the results illustrate the different characteristics of adaptive radiation 
clearlyy (see Discussion, first paragraph; Givnishand Sytsma 1997; Baldwin et al. 1998; 
Stuessyy and Ono 1998: Schluter 2000). They confirm the differentiation of the Australian and 
Neww Zealand Microseris into ecotypes, and show, that most of the morphological characters 
measuredd are involved in the adaptive radiation of the taxon. They confirm the relatively large 
rolee of adaptation and selection in the maintenance or re-establishment of ecotype 
characteristics,, whereas genetic differentiation, including genetic exchange among ecotypes, is 
lesss important in the morphological differentiation. Most strikingly, our results show that the 
processs of adaptive radiation and morphological differentiation is progressing, despite 
(incidental)) genetic exchange among plants of different ecotypes. 

Taxonomy Taxonomy 

Thee results of our study illustrate that an unambiguous classification of the Australian and 
Neww Zealand Microseris is not easily possible at this early stage of adaptive radiation. 
Nevertheless,Nevertheless, a certain level of morphological diversification is detected (Figs 2, 3; univariate 
analyses),, and this supports the recognition of two species delimited by Sneddon 
(unpublishedd results) as well as the four ecotypes defined (Fig. 1; Table 1). Due to the 
inclusionn of the "nt" populations in the ecotype groups, strictly diagnostic characters are rare 
(Tablee 6), and the practical assignment of "nt" populations is dependent on expanded overall 
morphologicall  analyses. Difficulties with the classification of Australian and New Zealand 
MicroserisMicroseris are not new. B. V. Sneddon (Victorian University of Wellington, New Zealand, 
personall  communication) recently revised the Australian Microseris for the Flora of Australia 
[Volumess 37 and 38, Asteraceae 1 and 2, in preparation; A. E. Orchard (Ed.), Australian 
Biologicall  Resource Study, Canberra, Australia]. He included a note on the New Zealand 
MicroserisMicroseris in this revision, but a more comprehensive study of the New Zealand material 
datess back to Sneddon (1977). Other work on the Australian Microseris includes the 
descriptionn of the "A" ecotype by M. Gray for the Kosciusko Alpine Flora (B. V. Sneddon, 
personall  communication), and the life-history study of the "M" ecotype by B. Goth (Monash 
University,, Melbourne, Australia, personal communication; Gott 1983), in order to 
investigatee its use as a cultivated aboriginal food plant. The difficulties in the classification 
concernn particularly the placement of the "F" ecotype and the possible subspecies status of 
thee "A" and "M" ecotypes. 

Thee inclusion of the "F" ecotype in Microseris scapigera is not strongly defined by 
eitherr the morphological or the molecular results. Morphologically, the "F" ecotype is most 
divergedd from the other ecotypes (Figs 2, 3; Tables 1, 6) and only slightly more similar to the 
"C""  ecotype than to the accessions of M lanceolata. A basal polytomy in the phylogeny 
reconstructionn of cpDNA mutations (Vijverberg et al. 1999) leaves its inclusion in M. 
scapigera,scapigera, M. lanceolata. or neither unresolved. The AFLP pattern (Vijverberg et al. 2000) 

142 2 



MorphologicalMorphological diversification 

showss the "F" ecotype, excluding population F8nt from New Zealand, most similar to the 
Australiann accessions. In Sneddons first revision (1977), M. scapigera was confined to New 
Zealandd and M. lanceolata to Australia, the latter including the "F" ecotype as "race 3" 
togetherr with the "M" (race 1) and "A" (race 2) ecotypes. This revision was primarily based 
onn herbarium specimens, and for floral characteristics and crossing behavior also on a selection 
off  cultivated plants. For the "F" ecotype, only a few herbarium specimens were available, and 
itss inclusion in M. lanceolata was mentioned to be uncertain. In later crossing experiments 
betweenn Victorian "F" plants and plants from New Zealand, a reduced pollen fertility was 
foundd in the Fl generation (B. V. Sneddon, personal communication) indicating that its 
inclusionn in M. scapigera was also ambiguous. In Sneddons recent revision for the Flora of 
AustraliaAustralia (see former paragraph), the "F" ecotype is included in M. scapigera, mainly due to 
differencess in pappus part characteristics and breeding systems with the other Australian 
accessions.. Sneddon noted, however, that these features did not hold for all New Zealand 
memberss of M. scapigera, but that no satisfactory way of splitting up M. scapigera into 
morphologicall  (taxonomical) entities was found. According to the combined results of our 
studies,, the "F" ecotype might deserve an apart status. Possibly, the Australian and New 
Zealandd Microseris should be considered as one species, eventually with a number of 
subspecies,, or M. scapigera should be split up into two species, one including the New 
Zealandd accessions and another one that includes the Victorian and Tasmanian "F" 
populations. . 

Inn contrast to Microseris scapigera, the monophyly of M lanceolata is well-
supportedd by the cpDNA phylogeny (Vijverberg et al. 1999), congruent with the nDNA 
distributionn (Vijverberg et al. 2000), and confirmed by the morphology (Figs 2, 3). Splitting 
M.M. lanceolata into an "A" and "M" subspecies, as was earlier suggested by Sneddon (1977), is 
nott supported by the molecular results and not statistically supported by the morphology. M. 
lanceolatalanceolata is endemic to the Australian mainland, were it grows in a transect, mainly in 
south(eastern)) Australia. Both the "A" and "M" ecotypes have self-incompatible breeding 
systems,, and their morphological differentiation concerns particularly their vegetative parts, 
givingg them the opportunity to interbreed. Molecular results confirm the recent or still 
ongoingg interbreeding among populations of these two ecotypes (Prober et al. 1998; 
Vijverbergg et al. 2000). Although the adventitious roots are clearly differentiated between 
thosee ecotypes (Figs lc, d), the anatomy suggests that the different states are homologous, 
i.e.,, they both show separation of the original xylem into several strands by the development 
off  encircling cambia (Gott 1983; B. Gott, personal communication). In summary, the "A" and 
"M""  ecotypes are too similar to regard them as different subspecies. 

Consewation Consewation 

Sincee European settlement, -150 years ago, native grasslands and accompanying grassland 
floraa have strongly declined in Australia and New Zealand (Specht 1981; Prober et al. 1998). 
Particularlyy the "M" populations that grow in the Australian lowlands are threatened. 
Althoughh still occurring in a relatively large number of populations (Table 2), their habitat is 
stronglyy fragmented, which prevents gene flow among populations. Consequently, the "M" 
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populationss might become subject to inbreeding. The alpine habitats in Australia are not as 
stronglyy disturbed as the "M" habitats, and a number of larger populations (>1000 
individuals)) of the "A" ecotype still exist. The Victorian "F" populations are extremely rare, 
occurringg in three small populations (<200 individuals), one now extinct (F2; Table 2), and 
onee larger (F4) population in boggy lowlands. Together with their habitats, these populations 
aree in urgent need for conservation. Our results show, however, that the Victorian "F" 
populationss are molecularly and morphologically very similar to the Tasmanian "F" 
populationss (Vijverberg et al. 1999; Vijverberg et al. 2000; Figs 2, 3) of which larger 
populationss exist (>200 individuals). Due to their geographic isolation and self-fertility, the 
Victoriann and Tasmanian "F" populations are likely to further diverge from each other in the 
nearr future. Most New Zealand populations included in this study, both of "C" and "F" 
ecotypes,, have very small sizes (<200 individuals) and isolated places of origins. In summary, 
mostt of the Australian and New Zealand Microseris are in urgent need for habitat restoration 
andd conservation. 
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Summary y 

Thee Australian and New Zealand Microseris, M. lanceolata (Walp.) Sch.-Bip. and M. 
scapigerascapigera (Forst.) Sch.-Bip., have been investigated to study the process of adaptive 
radiation.. This is the process in which a single ancestor differentiates into an array of species 
inn response to a variety of environments. The Australian and New Zealand Microseris are a 
uniquee model system to investigate adaptive radiation because they are supposed to have 
originatedd from one or a few individuals after a singlee introduction into the region. At present, 
thee plants are distributed over south(east)ern Australia, Tasmania, and both islands of New 
Zealand,, where there exist different ecotypes. The adaptive radiation was studied by 
determiningg the relationships among populations and ecotypes on the basis of molecular 
variationn in the chloroplast (cp) and nuclear (n)DNA. The results were compared to each 
otherr as well as to the morphological differentiation in order to reconstruct the phylogeny of 
thee group. The case focuses on the onset of speciation by dealing with populations that are 
justt in the crucial stage at which geographical and ecological differentiation is becoming 
sufficientlyy pronounced to overcome gene flow, i.e., genetic exchange among populations. 
Becausee of this early stage of adaptive radiation the molecular markers showed very littl e 
reliablee phylogenetic resolution. The aims of the study were: 
(1)) to resolve and illustrate the adaptive radiation of Australian and New Zealand Microseris 

onn the basis of molecular markers and the comparison of their molecular and 
morphologicall  diversification, and 

(2)) to investigate and debate the value of the different marker systems for tracing 
evolutionaryy histories at or below the species level. 

Inn Chapter 1, a general introduction on the subject is given with emphasis on adaptive 
radiation,, sources and uses of molecular markers at or below the species level, phylogenetic 
inferencess from the data, the classification of Microseris, the origin of the Australian and New 
Zealandd Microseris, the age of the plant group, and its breeding system. In Chapter 2, a 
phylogenyy reconstruction of Australian and New Zealand Microseris is presented on the basis 
off  restriction fragment length polymorphisms (RFLPs) and trnL(UAA)-trnF(GAA) length 
variantss in the chloroplast DNA. Chapter 3 discusses the molecular evolution of a tandemly 
repeatedd trnF(GAA) gene that was found in the chloroplast genomes of all species of 
MicroserisMicroseris as well as their sister group Uropappus. Chapter 4 concerns the analysis of the 
nuclearr DNA genetic structure among Australian and New Zealand Microseris based on 
amplifiedd fragment length polymorphisms (AFLPs). In Chapter 5, the results of a detailed 
analysiss of the morphological diversification of Australian and New Zealand Microseris are 
described.. The plants used in the studies of Chapters 2, 4, and 5, concern mostly the same 
individualss of the same 55 populations of Microseris. These three chapters include an ongoing 
discussionn about the comparison of the molecular and morphological differentiation based on 
thee increasing amount of results, resulting in the most conclusive one in Chapter 5. 

Thee Australian and New Zealand Microseris are supposed to have evolved from a hybrid 
betweenn an ancestral North American annual and a perennial diploid species of the genus. 
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MicroserisMicroseris (Lactuceae, Asteraceae) includes ~16 species, and is primarily distributed in 
westernn North American, with two disjunct species in Australia/New Zealand and one annual 
speciess in Chile. The Australian and New Zealand Microseris are allotetraploid perennials and 
showw two sets of large chromosomes that are characteristic for the perennials, and two sets of 
smalll  chromosomes, typically for the annuals. The different lineages of M. lanceolatal M. 
scapigerascapigera show different combinations of morphological characters present in the North 
Americann perennial and annual Microseris. 

Molecularr evidence obtained in this and other studies confirms the involvement of a 
perenniall  and an annual genome in the origin of Australian and New Zealand Microseris. A 
phylogenyy reconstruction of cpDNA variation separates Microseris into a well-supported 
annuall  and perennial clade, and places the Australian/New Zealand Microseris at the base of 
thee annuals. This suggests that an ancestral annual plant has been the maternal parent of the 
originall  hybrid. Our cpDNA analysis (Chapter 2) confirms this suggestion and shows M. 
lanceolatalM.lanceolatalM. scapigera to be monophyletic. A phylogenetic analysis of sequence variation in 
thee internal transcribed spacers (ITS) of the nuclear ribosomal (nr)DNA also separates 
MicroserisMicroseris into an annual and perennial clade (Chapter 1). Based on the nrDNA, the 
Australiann and New Zealand Microseris are closest to the perennials, supporting the 
involvementt of a perennial genome in their origin. The results of the nrDNA analysis as well 
ass those of the AFLP study (Chapter 4) also support the monophyly of the Australian and 
Neww Zealand Microseris on the basis of nDNA. 

Thee age of the Australian and New Zealand Microseris is unknown, but they certainly 
existedd long before European settlement 200 y ago. The climate and environment allow for 
theirr occurrence in the region at least during the last 20 My. Molecular clock estimates based 
onn cp- and nDNA variation roughly suggest that the plant group is between 40.000 y and 2.8 
Myy old (Chapter 1). 

Historicall  accounts indicate that Microseris is not introduced into Australia or New 
Zealandd via land or stepping stone connections with other continents. A most likely mode of 
itss introduction is via long-distance dispersal from North America by (a) seed(s) attached to a 
bird. . 

Thee process of adaptive radiation of the Australian and New Zealand Microseris is 
comparablee to the one found in well-known examples of plant groups on oceanic island. It 
includess a founding event of one or a few individual(s), an increase in population size followed 
byy dispersal and adaptation to different environments, a relatively pronounced morphological 
diversification,, and a low level of molecular variation. Based on morphology, two species are 
recognized,, and each of them comprises two ecotypes as well as a few populations of 
intermediatee or non-typical form of (an) ecotype(s). M. lanceolata, that occurs on the 
Australiann mainland, includes a tuberous lowland ecotype called "murnong" (M) and an 
"alpine""  (A) ecotype that is characterized by forming shoots from its roots. M. scapigera 
comprisess a "fine-pappus" (F) ecotype, that grows in Victoria, Tasmania, and New Zealand, 
andd a "coastal" (C) ecotype with waxy leaves, that occurs along the sea shores of New 
Zealand.. The F ecotype and part of the populations of the C ecotype have self-compatible 
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breedingg systems, whereas the others are self-incompatible obligatory outcrossers. The 
ecotypess are correlated to the different environments in which they grow, and their 
characteristicss can be interpreted as adaptations to exploit those different environments. The 
intermediatee or nontypical forms of ecotypes may be the result of hybridization between 
ecotypess or of selection or parallel evolution of similar adaptations (Chapters 4, 5). 

Bothh the cp- and nDNA show low levels of variation among the Australian and New 
Zealandd Microseris (Chapters 2-4). In the cpDNA, primarily small indels (<20 bp) are found 
thatt are located in the variable regions of the genome (Chapter 2). In the nDNA, a certain level 
off  AFLPss could be detected. 

AA phylogeny reconstruction of Australian and New Zealand Microseris based on the 
cpDNAA variation (Chapter 2) shows a star shape (polytomy) at the base. The high 
consistencyy index of the analysis together with the extensive sample size of the plant group 
indicatee that this polytomy can not be resolved (is "hard"). "Hard" polytomies are often 
foundd in adaptive radiations, and are indicative for rapid and multiple speciation. They suggest 
thatt the morphological diversification might have been too rapid for the fixation of molecular 
mutationss and/or to involve characteristics that are prone to parallelism, e.g., in response to 
selection.. The cpDNA analysis confirms the monophyly of M. lanceolata, whereas it is 
inconclusivee about the monophyly of M. scapigera. Each of the two species includes three 
cpDNAA types, and these reflect, especially within M. lanceolata, more geographic distribution 
thann morphological entities. The results cannot resolve questions about the place of arrival of 
thee founding individual(s), the subsequent intra- and inter-island dispersal, the shift(s) in 
breedingg system, and the order in which the different ecotypes arose. 

Thee nDNA genetic structure of Australasian Microseris, resolved on the basis of 
AFLPss (Chapter 4), shows the strongest signal to be related to geographic separation, 
especiallyy between Australian versus New Zealand populations. The ecotypic differentiation 
iss less-well reflected in the AFLP pattern, and evidence is found for hybridization among 
plantss of the same geographic region or after dispersal, irrespective of the cpDNA and 
ecotypes.. The results suggest that ecotype characteristics are maintained or re-established by 
directionall  selection in the presence of hybridization, and that genetic differentiation is not an 
irreversiblee process in the early stage of adaptive radiation. 

AA detailed morphological analysis of Australian and New Zealand Microseris (Chapter 
5)) confirms the previously defined ecotypes and species, and assigns the "nontypical" 
populationss to ecotype groups. The results indicate that a complex of characters rather than a 
feww ecotype characteristics are involved in the adaptive radiation of the plant group. They 
confirmm the conclusions based on the molecular results and show that the process of adaptive 
radiationn is progressing despite occasional hybridization among populations of different 
ecotypes. . 

Inn studies of adaptive radiation, the most variable DNA regions, e.g., introns and intergenic 
spacers,spacers, need to be investigated to detect a certain level of variation. At the same time, these 
regionss should preserve evidence of site homology and lineage diversification. These 
requirementss are not always met because particularly the variable DNA regions are subject to 
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ratee heterogeneity among sites, structural rearrangements, and reticulation. High consistency 
indexess in phylogenetic analyses may then judge the valuability of these markers. Reticulation 
concernss particularly the nuclear genome of organisms in which sexual processes are prevalent, 
e.g.,, at or below the species level. Reconstructing the evolutionary history of such genomes 
dependss on suitable phylogenetic methods and requires the further development of algorithms 
thatt include networks. 

SuitableSuitable markers for the study of adaptive radiation include RFLPs, selected 
sequences,, and anonymous marker polymorphisms (e.g., RAPDs and AFLPs). Sequences are 
nowadayss preferred, but RAPDs and AFLPs are popular in studies at or below the species 
levell  because of their relatively high variability. Doubts about the homology of RAPDs and 
AFLPss interface with their use for phylogenetic reconstructions. High consistency indexes 
mayy in these cases indicate the usability of the markers. 

Inn the study of Australian and New Zealand Microseris, cp- and nDNA are analysed 
usingg RFLPs, sequences, and AFLPs. The primarily small (<20 bp) indels found in the 
cpDNAA (Chapter 2) appeared to be useful for phylogeny reconstruction of the plant group. 
Amongg the length variants, a duplicated trnF(GAA) gene was found in a number of Australian 
populations.. Further analysis of this variant showed a tandemly repeated trnF(GAA) gene, 
withh two, three, or four copies of the gene to be present in the chloroplast genomes of all 
speciess of Microseris as well as in Uropappus (Chapter 3). Sequences of the repeats, a 
chloroplastchloroplast phylogeny of Microseris, and the disjunct distribution of the plants, all suggest 
independentt origins of similar trnF copy numbers in different lineages of Microseris, The 
changess between copy numbers are best explained by interchromosomal recombination with 
unequall  crossing over. The results indicate that length polymorphisms are likely to accumulate 
oncee a duplicated sequence has become incorporated, and illustrate that they are unreliable 
indicatorss for phylogenetic distance. At the same time, the overall amount of length variation 
mightt be useful for phylogeny reconstructions at or below the species level. 

Thee AFLP variation within the Australian and New Zealand Microseris (Chapter 4) do 
nott allow for phylogenetic reconstruction. The results are too different from those of the 
Northh American species for outgroup comparison, and show reticulate lineage relationships 
whichh cannot accurately be depicted in a strictly bifurcating tree. Consequently, the AFLP 
dataa are analysed by a distance-based clustering method [unweighted pair-group method using 
arithmeticc averages (UPGMA)] and multivariate analyses, and the results are phenetically 
interpreted. . 

172 2 



Samenvatting g 

Dee Australische en Nieuw-Zeelandse Microseris, M. ïanceolata (Walp.) Sch.-Bip. en M. 
scapigerascapigera (Forst.) Sch.-Bip., zijn onderzocht om een beter inzicht te verkrijgen in het proces 
vann adaptieve radiatie. Dit is het proces waarin één enkele voorouder differentieert tot een 
reekss van soorten in reaktie op verschillende milieu-omstandigheden. De Australische en 
Nieuw-Zeelandsee Microseris zijn een uniek modelsysteem om adaptieve radiatie te bestuderen 
omdatt ze verondersteld zijn te zijn ontstaan uit één of enkele individuen na een éénmalige 
introductiee in de regio. Op dit moment zijn de planten verspreid over zuid(oost)-Australië, 
Tasmaniëë en beide eilanden van Nieuw-Zeeland, alwaar verschillende ecotypen bestaan. De 
adaptievee radiatie is bestudeerd via het vaststellen van de verwantschappen tussen populaties 
enn ecotypen op basis van moleculaire variatie in het chloroplasten- (cp) en nucleaire (kern-; 
n)DNA.. De resultaten zijn zowel met elkaar als met de morfologische differentiatie vergeleken 
omm de fylogenie van de groep te achterhalen. Het onderzoek richtte zich vooral op het begin 
vann soortsvorming, aangezien de populaties zich in het cruciale stadium bevinden waarin 
geografischee en ecologische differentiatie voldoende sterk worden om "gene flow", dwz. de 
genetischee uitwisseling tussen populaties, te voorkomen. Als gevolg van dit "vroege" stadium 
vann adaptieve radiatie vertoonden de moleculaire merkers slechts weinig fylogenetisch 
oplossendee vermogen. De doelen van het onderzoek waren: 
(1)) het proces van adaptieve radiatie van de Australische and Nieuw-Zeeland Microseris te 

achterhalenn en illustreren met behulp van moleculaire merkers en de vergelijking van de 
moleculairee en morfologische diversificatie en 

(2)) de waarde van de verschillende merkersystemen voor de bepaling van evolutionaire 
geschiedenissenn rond het soortsnivo te onderzoeken en te bediscusiëeren. 

Inn Hoofdstuk 1 is een algemene introductie gegeven omtrent het onderzoek, waarbij de nadruk 
iss gelegd op adaptieve radiatie, de herkomst en het gebruik van moleculaire merkers op en 
benedenn het soortsnivo, de fylogenetische afleidingen uit de gegevens, de classificatie van 
Microseris,Microseris, de oorsprong van de Australische en Nieuw-Zeelandse Microseris, de leeftijd van 
dee plantengroep en het voortplantingssysteem. In Hoofdstuk 2 wordt een fylogeny 
reconstructiee van de Australische en Nieuw-Zeeland Microseris gepresenteerd op basis van 
restrictiee fragment lengte-polymorfismen (RFLPs) en trnL(UA A)-trnF(G AA) lengte variatie in 
hett chloroplasten-DN A. Hoofdstuk 3 bediscussiëert de moleculaire evolutie van een in tandem 
vermenigvuldigdd trnF(GAA) gen dat aanwezig is in de chloroplastgenomen van alle Microseris 
soorten,, alsmede die van hun zustergroep Uropappus. Hoofdstuk 4 beschrijft de analyse van 
dee genetische structuur van het nDNA tussen de Australische en Nieuw-Zeeland Microseris 
gebasseerdd op ge-amplifiseerde fragment lengte-polymorphismen (AFLPs). In Hoofdstuk 5 
wordenn de resultaten van een gedetailleerde morphologische analyse van de Australische en 
Nieuw-Zeelandd Microseris beschreven. De planten die in de studies van de Hoofdstukken 2, 4 
enn 5 zijn gebruikt betreffen voor het merendeel dezelfde individuen uit dezelfde 55 Microseris 
populaties.. Deze drie hoofdstukken bevatten een voortgaande discussie over de vergelijking 
vann de moleculaire en morfologische differentiatie van de groep, gebaseerd op de toenemende 
hoeveelheidd resultaten, resulterend in de meest complete discussie in Hoofdstuk 5. 
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Dee Australische en Nieuw-Zeeland Microseris worden verondersteld te zijn ontstaan uit een 
hybridee tussen een voorouderlijke Noord-Amerikaanse éénjarige en een meerjarige diploide 
soortt uit het genus. Microseris (Lactuceae, Asteraceae) bestaat uit —16 soorten en is 
voornamelijkk verspreid over westerlijk Noord-Amerika, met twee disjuncte soorten in 
Australië/Nieuw-Zeelandd en een éénjarige soort in Chili. De Australische en Nieuw-Zeeland se 
MicroserisMicroseris zijn allotetraploide meerjarige planten en bevatten twee sets grote chromosomen 
diee karakteristiek zijn voor de meerjarige soorten en twee sets kleine chromosomen, typisch 
voorr de éénjarigen. De verschillende lijnen binnen M lanceolatalM. scapigera vertonen 
verschillendee combinaties van morfologische kenmerken die karakteristiek zijn voor de Noord-
Amerikaansee één- en meerjarige Microseris. 

Moleculairee gegevens uit deze en andere studies bevestigen dat er zowel een éénjarig als 
meerjarigg genoom in het ontstaan van de Australische en Nieuw-Zeelandse Microseris zijn 
betrokken.. Een fylogeny reconstructie op basis van variatie in het cpDNA splitst het genus in 
eenn goed ondersteunde éénjarige en een meerjarige clade en plaatst de Australische/Nieuw-
Zeelandsee Microseris aan de basis van de éénjarigen. Dit suggereert dat een voorouderlijke 
éénjarigee plant waarschijnlijk de moederlijke ouder van de originele hybride is geweest. Onze 
cpDNAA analyse (Hoofdstuk 2) bevestigt deze suggestie en toont aan dat M. lanceolatalM. 
scapigerascapigera monofyletisch is. Een fylogenetische analyse van sequentievariatie in de "internal 
transcribedd spacers (ITS)" van het nucleaire ribosomale (nr)DNA splitst Microseris eveneens 
inn een éénjarige en meerjarige clade (Hoofdstuk 1). Op basis van het nrDNA zijn de 
Australischee en Nieuw-Zeelandse Microseris het meest verwant aan de meerjarige Microseris, 
waarmeee eveneens de betrokkenheid van een meerjarig genoom in hun oorsprong wordt 
ondersteund.. De resultaten van de nrDNA analyse, alsmede die van de AFLP studie 
(Hoofdstukk 4), bevestigen de monofyly van de Australische en Nieuw-Zeeland Microseris 
ookk op basis van het nDNA. 

Hett is niet bekend wanneer de Australische en Nieuw-Zeelandse Microseris zijn 
ontstaan,ontstaan, maar ze groeiden al in de regio vóórdat de Europeaanse kolonisatie plaatsvond, zo'n 
2000 jaar geleden. Zowel het klimaat als andere omgevingsfactoren staan de aanwezigheid van 
dee planten in het gebied toe gedurende ten minste de laatste 20 milioen jaar. Schattingen op 
basiss van de "moleculaire klok" hypothese, gebaseerd op variatie in zowel het cp- als het 
nDNA,, suggereren dat de plantengroep ruwweg tussen de 40.000 en 2.8 milioen jaar oud kan 
zijnn (Hoofdstuk 1). 

Gegevenss over de ontstaansgeschiedenis van het gebied suggereren dat Microseris niet 
viaa land- of "stepping stone" verbindingen met andere continenten in Australië of Nieuw-
Zeelandd is geïntroduceerd. Het meest waarschijnlijke is dat de groep via lange-afstands-
verspreidingverspreiding vanuit Noord-Amerika is binnengekomen, mogelijk via (een) zaadje(s) dat aan een 
vogell  was aangehecht. 

Hett proces van adaptieve radiatie, zoals gevonden in de Australische en Nieuw-Zeelandse 
Microseris,Microseris, is vergelijkbaar met hetgene kenmekend is voor goed bestudeerde voorbeeld-
plantengroepenn van oceanische eilanden. Het omvat de introductie van één of enkele 
individuenn in het gebied, een toename van de populatiegrootte gevolgd door verspreiding en 
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aanpassingenn aan verschillende milieu-omstandigheden, een relatief uitgesproken morfologische 
differentiatiee en een laag nivo aan moleculaire variatie. Op basis van de morfologie zijn de 
Australischee en Nieuw-Zeelandse Microseris onderverdeeld in twee soorten die elk twee 
ecotypen,, alsmede een aantal intermediaire of "niet typische" populaties van (een) ecotype(n), 
bevatten.. M. lanceolata, die op het Australische vasteland groeit, omvat een "murnong" (M) 
ecotypee dat knolletjes vormt en in het laagland groeit en een "alpine" (A) ecotype dat 
gekarakteriseerdd is door de vorming van uitlopers op de wortels. M. scapigera omvat een 
"fine-pappus""  (F) ecotype dat in Victoria, Tasmanië en Nieuw-Zeeland voorkomt en een 
"coastal""  (C) ecotype dat in een aantal populaties langs de kust van Nieuw-Zeeland groeit en 
gekenmerktt is door wasachtige bladeren. Planten van het "F" ecotype en een deel van de 
populatiess van het "C" ecotype hebben een zelf-compatibel voortplantingssysteem, terwijl de 
overigenn zelf-incompatibele obligatoire uitkruissers zijn. De ecotypen zijn gecorreleerd aan de 
verschillendee milieu's waarin ze groeien en hun ecotype-specifieke kenmerken kunnen worden 
uitgelegdd als aanpassingen aan deze verschillende milieu's. De intermediaire of "niet-typische" 
vormenn van ecotypen zijn mogelijk het gevolg van hybridisatie tussen ecotypen of van selectie 
off  parallelle evolutie van dezelde type aanpassingen (Hoofdstukken 4, 5). 

Zowell  het cp- als het nDNA vertonen weinig variatie tussen de Australische en 
Nieuw-Zeelandd Microseris (Hoofdstukken 2-4). In het cpDNA werden voornamelijk kleine 
indelss (<20 bp) gevonden, gelokaliseerd in de variable regionen van het genoom (Hoofdstuk 2). 
Inn het nDNA kon een zekere mate van AFLPs worden gedetecteerd. 

Eenn fylogeny reconstructie van de Australische en Nieuw-Zeelandse Microseris, 
gebaserdd op variatie in het cpDNA (Hoofdstuk 2), resulteerde in een stervorm (polytomy) aan 
dee basis van de boom. De hoge consistentie-index van de analyse, alsmede de uitgebreide 
bemonsteringg van de plantengroep, suggereren dat deze polytomy onoplosbaar ("hard") is. 
"Harde""  polytomieën worden vaak gevonden in adaptieve radiaties en worden beschouwd als 
indicatieff  voor een snelle en meervoudige soortsvorming. Ze suggereren dat de morfologische 
diversificatiee te snel is gegaan voor de fixatie van moleculaire mutaties en/of dat de betrokken 
kenmerkenn onderhevig zijn geweest aan parallelisme, bv. in reactie op selectie. De cpDNA 
analysee bevestigt dat M. lanceolata monofyletisch is, maar geeft geen uitsluitsel over de 
monofylyy van M. scapigera. Elk van de twee soorten omvat drie cpDNA typen die, met name 
binnenn M. lanceolata, meer de geografische verspreiding dan de morfologische eenheden 
weerspiegelen.. De resultaten laten vragen omtrent de plaats van aankomst van de eerste 
individuen,, de daaropvolgende verspreiding binnen en tussen de eilanden, de overgang(en) in 
voortplantingssysteemm en de volgorde waarin de verschillende ecotypen ontstonden, 
onbeantwoord. . 

Dee genetische structuur van het nDNA tussen de Australische en Nieuw-Zeelandse 
Microseris,Microseris, gebaseerd op AFLPs (Hoofdstuk 4), vertoont als sterkste signaal een relatie tot de 
geografischee scheiding, met name tussen Australische versus Nieuw-Zeelandse populaties. De 
differentiatiee in ecotypen is minder goed gereflecteerd in de AFLP-patronen. De gegevens laten 
bewijss zien voor hybridisatie tussen planten uit hetzelfde gebied, of na verspreiding, 
onafhankelijkk van de cpDNA- en ecotypen. Deze resultaten suggereren dat de ecotype-
specifiekee kenmerken behouden blijven, of opnieuw ontstaan, via directionele selectie in de 
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aanwezigheidd van hybridisatie. Daarnaast laten de resultaten zien dat genetische differentiatie 
geenn onomkeerbaar proces is in dit "vroege" stadium van adaptieve radiatie. 

Eenn gedetaileerde morphologische analyse van de Australische en Nieuw-Zeelandse 
MicroserisMicroseris (Hoofdstuk 5) bevestigt de indeling in ecotypen en soorten zoals voorheen 
gedefinieerdd en verdeelt de intermediaire of "niet-typische" populaties over de verschillende 
ecotype-groepen.. De resultaten laten zien dat een complex van kenmerken, en niet slechts een 
paarr ecotype-specifieke karakteristieken, is betrokken bij de adaptieve radiatie van de 
plantengroep.. Tevens bevestigen ze de konklusies die zijn gemaakt in de moleculaire studies 
(Hoofdstukkenn 2, 4) en tonen ze aan dat het proces van adaptieve radiatie voortgaat, ondanks 
hett gegeven dat hybridisatie tussen populaties van verschillende ecotypen (soms) gebeurd. 

Inn studies van adaptieve radiatie is het nodig de meest variabele DNA regionen, zoals "introns 
enn intergenic spacers", te analyseren om een zekere mate van variabiliteit te kunnen aantonen. 
Tegerlijkeitijdd moeten deze regionen de homologie van nucleotideposities en het bewijs voor 
dee diversificatie van de bestudeerde groep behouden. Aan deze eisen wordt niet altijd tegemoet 
gekomenn omdat met name de variable DNA regionen gevoelig zijn voor substitutiesnelheid-
heterogeniteitt tussen nucleotideposities, structurele mutaties en reticulatie. Hoge consistentie-
indexenn in fylogenetische analysen kunnen in zulke gevallen de bruikbaarheid van de merkers 
rechtvaardigen.. Reticulatie betreft vooral de kemgenomen van organismen waarin sexuele 
processenn nog duidelijk aanwezig zijn, bv. op het soorts- of populatienivo. De reconstructie 
vann evolutionaire geschiedenissen van deze genomen hangt dan af van de geschiktheid van de 
fylogenetischee methoden en vereist een verdere ontwikkeling van algoritmen die rekening 
houdenn met "netwerken". 

GeschikteGeschikte merkers voor de studies van adaptieve radiatie zijn onder andere RFLPs, 
geselecteerdee sequenties en anonyme merker polymorphismen (bv., RAPDs en AFLPs). 
Sequentiess hebben tegenwoordig de voorkeur in verwantschapsanalysen, maar RAPDs en 
AFLPss zijn populair in studies op of beneden het soortsnivo vanwege hun relatief hoge 
variabiliteit.. Twijfels over de homologie van RAPDs en AFLPs stellen hun bruikbaarheid voor 
fylogenyy reconstructies ter discussie. Consistentie-indexen kunnen in deze analysen de mate 
vann bruikbaarheid van de merkers indiceren. 

Inn het onderzoek van de Australische en Nieuw-Zeeland Microseris zijn zowel het cp-
als hets het nDNA geanalyseerd en is gebruik gemaakt van RFLPs, sequentie-analysen en AFLPs. 
Inn het cpDNA werden voornamelijk kleine (<20 bp) indels gevonden (Hoofdstuk 2), maar 
dezee bleken bruikbaar voor fylogenie reconstructie van de Australasische Microseris, Onder de 
lengtevariantenn werd een gedupliceerd trnF{GAA) gen gevonden dat aanwezig was in een 
aantall  Australische populaties. Verdere analyse van deze lengtevariant liet zien dat er een in 
tandemm vermenigvuldigd /r«F(GAA) gen met twee, drie of vier copiëen van het gen, aanwezig 
wass in de chloroplastgenomen van alle Microseris soorten, alsmede die van hun zustergroep 
UropappusUropappus (Hoofdstuk 3). Nucleotide sequenties van de trnF copiëen, een fylogeny van 
MicroserisMicroseris op basis van cpDNA mutaties en de disjuncte verspreiding van het genus, 
suggererenn allen dat dezelfde aantallen trnF copiëen onafhankelijke van elkaar zijn ontstaan in 
verschillendee Microseris lijnen. De overgangen in aantallen trnF copiëen worden het best 

176 6 



Samenvatting Samenvatting 

verklaardd via interchromosomale recombinatie met ongelijke overkruisingen. Het resultaat 
illustreertt dat lengte-polymorphismen vatbaar zijn voor veranderingen wanneer zich eenmaal 
eenn gedupliceerde sequentie in het DNA heeft gevestigd en laat daarmee zien dat ze 
onbetrouwbaree indicatoren zijn voor fylogenetische afstanden. Tegerlijkertijd laat het geheel 
aann resultaten van de cpDNA analyse zien dat lengte-variatie soms wel geschikt is voor 
fylogenetischee reconstructies op of beneden het soortsnivo. 

Opp basis van de AFLP variatie tussen de Australische en Nieuw-Zeelandse Microseris 
(Hoofdstukk 4) kon geen fylogeny reconstructie worden uitgevoerd. De AFLP-patronen waren 
tee verschillend van deze van de Noord-Amerikaanse soorten voor vergelijking met de 
"outgroups".. De resultaten lieten tevens reticulate relaties zien binnen de de Australische en 
Nieuw-Zeelandsee Microseris en deze zijn niet goed weer te geven in een stricte opsplitsende 
(bifurcerende)) boom. Als gevolg daarvan werden de AFLP-gegevens via een op afstanden 
gebaseerdee clusteringsmethode [unweighted pair-group method using arithmetic averages 
(UPGMA)]]  en multivariate analyse verwerkt en zijn de resultaten fenetisch geïnterpreteerd. 
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Catharinaa Adriana (Kitty) Vijverberg werd op 28 september 1962 geboren te Delft en groeide 
opp in Maasland. Zij volgde laboratoriumonderwijs aan het Van Leeuwenhoek Instituut te 
Delft,, tegenwoordig Hogeschool Rotterdam en Omstreken, en haalde daar in 1982 haar HBO-
AA diploma biochemie. Via avondonderwijs behaalde zij aan hetzelfde instituut later haar 
HBO-BB diploma biochemie (1986), een HLO applicatie moleculaire biologie (1989) en een 
pedagogischh didactisch diploma (1991). Van 1991 tot 1994 volgde zij voltijds biologie aan de 
Universiteitt van Amsterdam en studeerde cum laude af als algemeen bioloog. Haar interessen 
lagenn onder andere in de moleculaire systematiek en evolutionaire genetica en zij volgde een 
stagee in de genetica van kleine versus grote populaties gentianen {Gentiana pneumonanthe, 
Gentianaceae)) bij het Intstituut voor Systematiek en Populatiebiologie, het huidige Instituut 
voorr Biodiversiteit en Ecosysteemdynamica, van de Universiteit van Amsterdam. Op dezelfde 
afdelingg startte zij in 1994 haar promotieonderzoek, hier neergelegd in dit proefschrift. 

Alss analist werkte ze van 1982 tot 1991 in het medisch biologisch onderzoek. 
Gedurendee de eerste vijfjaar was dit bij het primatencentrum van het onderzoeksinstituut 
TNOO te Rijswijk op de afdeling virologie. Hier werkte ze mee aan een onderzoek naar de 
antiviralee werking van interferonen en raakte bekend met de immunologie, de virologie en 
mett weefselkweek- en eiwitzuiveringstechnieken. In 1987/88 reisde ze voor 3/4 jaar door 
Zuid-Frankrijk,, de Sahara en West-Afrika en werkte ze via de stichting Horizon Holland 
gedurendee twee maanden aan de reorganisatie van een ziekenhuislaboratorium in Ghana. Bij 
terugkomstt trad zij voor een halfjaar in dienst bij het Academisch Ziekenhuis te Leiden, 
tegenwoordigg Leids Universitair Medisch Centrum, op de afdeling immunoheamatologie en 
bloedbank.. Hier ontwikkelde ze een diagnostische test voor de HLA-weefseltypering, 
gebaseerdd op PCR en Southern-dot-blotten, en verwerkte haar resultaten tot een publicatie. In 
19899 ging zij terug naar TNO, nu in dienst van de onderzoeksafdeling immunologie en kanker 
vann de Dr. Daniël den Hoed Kliniek, en werkte aan de constructie van chimère antilichamen. 
Hierbijj  maakte ze gebruik van moleculaire technieken, cytotoxisiteitstesten en flow 
cytometricc Gedurende haar promotieonderzoek lag bij het praktische werk de nadruk op het 
genererenn van (anonieme) DN A-merkers, waaronder RAPDs, AFLPs, RFLPs en sequenties. 
Daarnaastt deed zij morfologische analysen aan planten en kruisingsexperimenten. De 
resultatenn werden statistisch (fenetisch) en fylogenetisch geanalyseerd, waarbij gebruik 
gemaaktt werd van onder andere SPSS, PAUP, NTSYS, McClade en alignmentprogramma's, 
enn verwerkt tot wetenschappelijke publicaties. 

Inn mei a.s. treedt zij als Postdoc in dienst bij het Centrum voor Terrestrische Oecologie 
vann het Nederlands Instituut voor Oecologisch Onderzoek (NIOO), te Heteren. Hier gaat zij 
meewerkenn aan een onderzoek naar de genetica en evolutie van apomixis bij paardebloemen 
{Taraxacum,{Taraxacum, Asteraceae). 
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Ecologyy of the Netherlands Institute for Ecological Research (NIOO), in Heteren. Here, she 
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