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1.1 INTRODUCTION

CladophoraKützing is one of the most commonly occurring benthic seaweed genera in
the world. It is distributed from arctic to tropical regions and has freshwater as well as
marine representatives. In pristine waters it provides habitat and food for numerous
organisms and, in eutrophicated waters, can reach nuisance levels (Dodds & Gudder
1992). Aside from these ecological roles, its cosmopolitan distribution and the large
number of species makesCladophoraan attractive choice for the exploration of
evolutionary diversification over a truly global marine scale. In order to approach this, the
evolution of the nuclear 18S ribosomal RNA gene and the fast evolving internal
transcribed spacers ITS1 and ITS2 were investigated in some detail considering both
function and secondary structure. These data were then collectively used to explore the
following questions: What are the evolutionary relationships within this ubiquitous
complex of species? Which species are older and which are of more recent origin? What
are the mutual roles of vicariant events of geologic and climatic history in shaping
biogeographic distribution patterns as compared with comparatively recent dispersal
events, and finally, what insights have been gained about the evolution of the nuclear
rDNA cistron in such an ancient lineage?

1.2 SYSTEMATIC HISTORY AND STATUS OF CLADOPHORA

The genusCladophorawas erected by Kützing (1845, 1853), who described 85 marine
species and varieties from along the German and Austrian sea-coasts. Being either
unaware of, or disregarding morphological ranges related to age and environment, Kützing
began the taxonomic chaos by describing numerous species and varieties for every new
variant he encountered. Unfortunately, most phycologists after Kützing continued to apply
his lax criteria for describing newCladophoraspecies with predictable results. In his
revision of the european species ofCladophora, van den Hoek (1963) reduced the number
of species from 900 to 37! This was accomplished by formulating detailed taxonomic
criteria which were based on comparative morphological studies performed on field-,
culture-, and herbarium material; as well as on reproductive studies. Over the past 30
years additional revisions of marine species ofCladophorahave been made by Söderström
(1963) [W Europe], Sakai (1964) [Japan], van den Hoek (1982) [Eastern N America], van
den Hoek & Womersley (1984) [Southern Australia], and Jónsson et al. (1989) [France].
At present approximately 100 marine species are recognized worldwide.

Despite thesetour de forceefforts to straighten out species concepts within the group,
there is still much confusion with regard to species identifications and even greater
confusion with regard to phylogenetic relationships both within the generic complex and in
relation to other genera (compare van den Hoek 1982, 1984a, van den Hoek et al., 1993).
Although thallus architectures in these genera can range from (un)branched filaments to
reticulate nets, plumose habits or pseudoparenchymatous knobs and cushions of large
(0.1 - >1.0 cm), multinucleate cells,Cladophoraspecies are branched filaments with very
limited morphological information-content for either classical or phylogenetic analyses
(Fig. 1.1). While this is not a problem unique toCladophora, it does exemplify one of the
more difficult taxonomic cases for which morphological data alone remain inadequate for
exploring the natural diversity of this group.
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Cladophorais a member of the order Cladophorales within the UlvophyceaesensuStewart
& Mattox (1978). Other green algal orders within this class include Ulvales, Ulotrichales,
Caulerpales, and Dasycladales, based on a suite of ultrastructural characters of the flagellar
apparatus (reviewed by O’Kelly & Floyd 1984). An additional order Siphonocladales
(Blackman & Tansley) Oltmanns (1904) was recognized within the Ulvophyceaesensu
Stewart & Mattox (1978), based on the presence of "segregative cell division" which is
cleavage of the protoplast into small portions which later expand into new cells or
branches (Børgesen 1905). As this special mode of cell division and branching has also
been observed in various genera in the Cladophorales (summarized by van den Hoek
1984a), both orders have been merged into Cladophorales (see Papenfuss & Chihara
1975), but has also been named Siphonocladales/Cladophorales Complex (SCC) (Olsen &
West 1988). Van den Hoek et al. (1992, 1993) argue that the Cladophorales constitute a
single class, the Cladophorophyceae, when morphology, life history, mitosis, cytoplasmic
architecture, and cell wall construction are included.

Monophyly of the Ulvophyceae has been challenged more recently by molecular data.
Zechman et al. (1990) compared partial rRNA sequences among 28 species of green algae
representing all green algae, in which the Ulvales and Ulotrichales fell outside the lineage.
A formal reanalysis of morphology, ultrastructure, 18S and 28S DNA sequences using
parsimony by Mishler et al. (1994) found that molecular data alone made the Ulvophyceae
polyphyletic (as in the Zechman et al. [1990] analysis). However, analysis of a combined
molecular and morphological data set (a "total evidence" approach) did recover the
Ulvophyceae as a monophyletic lineage (with the addition of the "problematical" genera
TrentepholiaandCephaleuros).

The Cladophorales are believed to have radiated in the late Jurassic (160 Ma ago)
(Schopf 1970, Tappan 1980), and, in addition toCladophora,they comprise some twenty
marine genera most of which are tropical (Jónsson 1965). Broad relationships within the
Cladophorales have been explored using immunological distance data (Olsen-Stojkovich
1986, Olsen-Stojkovich et al. 1986). In these studies, relationships between three species
of Cladophoraand allied siphonocladalean genera showed thatCladophorawas
paraphyletic. This had already been speculated upon by van den Hoek (1984a), based on
morphological comparisons among the sections ofCladophoraand siphonocladalean
genera. Based on partial rRNA sequences, Zechman et al. (1990) demonstrated monophyly
of the Cladophorales but relationships between species ofCladophoraand
siphonocladalean genera remained unclear due to unsufficient sampling ofCladophora
species. In any case, the results of the immunological study made it clear that the generic
complex of species called"Cladophora"needed to be more extensively sampled and the
entire Cladophorales reanalyzed. This was one of the tasks of this thesis.

← Figure 1.1. Range of morphological types in the Cladophorales.Cladophora albida(a), C. sericea(b), C.
vagabunda(c), C. pellucida(d), C. socialis(e), C. coelothrix(f), Ernodesmis verticillata(g), Chaetomorpha
aerea(h), Microdictyon boergesenii(i), Chamaedoris peniculum(j), Siphonocladus tropicus(k). Scalebars
indicate 200µm unless otherwise indicated. From van den Hoek et al. (1964, 1982) and Olsen-Stojkovich
1986).
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1.3 A BIOGEOGRAPHIC PRIMER

Biogeography seeks causal explanations for the spatial distribution of organisms. The field
is divided into two very broad subdisciplines-- one that focuses on an ecological timespan
(MacArthur & Wilson 1967, Schoener 1990), and one that focuses on a geological
timespan (Croizat et al. 1974, Brundin 1990). The ecological subdiscipline (ecogeography)
often takes an adaptationist view, a contemporary timeframe and tends to operate over
smaller geographical scales. It relies only marginally on phylogeny, emphasizing resource
availability, population dynamics and competition. The geological subdiscipline (historical
or cladistic biogeography) considers a much deeper timeframe and tends to operate over
much larger geographic scales. It relies on phylogenetic history and on geological
processes such as plate tectonics and sealevel change (which potentially lead to
vicariance). Dispersal, centers of origin, and refugia play an ancillary explanatory role.
The distinction between the two subdisciplines is mainly a matter of differential emphasis
with respect to time and geographic scale (Rosen 1990).

From the time of Darwin and Wallace until the 1950s, the earth was interpreted as a
geologically static environment in which biota and their distributions had evolved.
Biogeographers relied on scenarios of organismal dispersal and centers of origin to explain
worldwide, disjunct distribution patterns (Simpson 1940, Darlington 1957). The
development of theories on plate tectonics and continental drift in the 1950s (Dietz 1961),
based on the earlier ideas of Wegener (1912), initiated the notion that a dynamic history
of changing geographic features had set a different stage for biological evolution and
biogeography during the last 300 Ma. For marine organisms this meant alternating
establishment of intercontinental connections, opening and closing of oceans and
fluctuations in sealevel.

Croizat (1964) was among the first to realize that the earthand her biota had evolved in
dynamic concert. As a consequence, biogeography became subdivided into two schools,
one emphasizing dispersal and the other vicariance. Vicariance biogeographers emphasize
shared patterns of distribution among evolutionarily unrelated taxa (i.e., multiple,
individual phylogenies all sharing a common topology), thus indicating common
underlying processes. Explanations for disjunct distribution patterns usually involve
fragmentation of previously continuous distribution areas, irrespective of organismal
dispersal capacities. Within vicariance biogeography, a distinction can be made between
panbiogeography, with emphasis on "generalized tracks" and "centers of origin" (Croizat et
al. 1974); and cladistic biogeography (Rosen 1978, Nelson & Platnick 1981, Humphries &
Parenti 1986, Wiley 1988), in which Croizat’s panbiogeographic ideas were armed with
cladistic methodology. Cladistic biogeography looks for congruence between taxon and
area cladograms as a testable hypothesis of vicariance. A recent variation on this is
phylogeographyin which reconstruction of intra- and interspecific phylogenies is
compared with actual biogeographic distribution (Avise et al. 1987). This approach has
become particularly effective with the advent of molecular data.

Biogeographic theory has been primarily developed and tested in terrestrial systems but
can be applied to marine organisms as well by placing the emphasis on the history of
oceans, land bridges, islands, and paleoclimatology. During the Tertiary (i.e. the last 65
Ma), important paleoceanographic and associated paleoclimatic events occurred that have
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definitely played a structuring role in seaweed distribution patterns. The more dramatic of
these include:

1. the global seawater temperature cooling events which were most pronounced at the
Eocene/Oligocene boundary (38 Ma ago) and in the middle Miocene (10 Ma ago)
(Crowley & North 1991, Crame 1993). Together with coinciding sealevel fluctuations
(Crowley & North 1991) these events are hypothesized to have initiated the
development of a coldwater-biota (van den Hoek 1984b, Lüning 1990, Berggren &
Prothero 1992);

2. the establishment of a circum-Antarctic current following the separation of Australia
from Antarctica and the opening of the Drake Passage to deep-water flow at ca 22 Ma
ago. The ensuing thermal isolation of Antarctica is believed to have resulted in a
steepening of latitudinal temperature gradients and initiation of Antarctic glaciations
(Kennett 1982, p. 714-734);

3. the mid-Miocene (12 Ma ago) closure of the circumglobal warm Tethys Sea (Rögl &
Steininger 1984), which resulted in a fragmentation of a formerly continuously
distributed benthic flora and fauna into different "Tethyan stocks" (McCoy & Heck
1976, van den Hoek 1984b, Hillis-Colinvaux 1986, Joosten & van den Hoek 1986);

4. the final opening of the Bering Strait (3 Ma ago), which resulted in a significant influx
of Pacific invaders into the Atlantic Ocean (Briggs 1970, van den Hoek 1975, 1984b,
Stam et al. 1988, van Oppen et al. 1994);

5. the rise of the Isthmus of Panama (3 Ma ago), which separated Atlantic and Pacific
floras (Lüning 1990);

6. the Pleistocene glaciations which caused southward displacements and subsequent
northward recolonizations during interglacials, of many marine organisms (van den
Hoek 1982b,c, van den Hoek & Breeman 1989, Breeman 1988, 1990, Lüning 1990). In
general, climatic effects due to glaciations were greater in the N Atlantic Ocean than in
the N Pacific Ocean.

A difference with terrestrial biogeography is the role of the water itself. Its physical
continuity allows for potential dispersal over long (geographic) distances, either actively or
passively. Dispersal mechanisms in marine animals usually involve a larval phase, which
can have impressive dispersal capacity, as for example in sea urchins (Palumbi & Kessing
1991). Dispersal mechanisms in marine seaweeds generally do not involve pelagic stages
and long distance dispersal has not been considered important (Santelices 1990, Norton
1992), although quantitative investigations are lacking. Experimental studies on spore,
gamete, or zygote viability in the water column, for example, have shown short survival
periods over small distances (Hoffman 1987). This may not be really unexpected since
"spores evolved to transfer a species into another generation, not into another place"
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(Norton 1992). Also, "early post-settlement" stages of benthic algae have been found to
have a high mortality, resulting in episodic recruitment (Vadas et al. 1992). But what
about the role of whole thalli? Plants attached to floating objects can be epiphytically or
endophytically transported thus creating an important (long-range) dispersal mechanism,
which has been suggested for colonization of mid-oceanic islands (van den Hoek 1987,
Norton 1992). Recent molecular biogeographic studies of the subboreal seaweeds
Acrosiphonia arcta, Desmarestia willii,andUrospora penicilliformis(van Oppen et al.
1993, 1994) and the tropical algaCladophoropsis membranacea(Kooistra et al. 1992b)
have shown that successful long distance dispersal definitely occurs. Hence, any
biogeographic study involving marine algae must take long distance dispersal into
consideration as a factor structuring biogeographic distributions.

1.4 BIOGEOGRAPHIC STUDIES IN CLADOPHORA

Temperature is the single most important factor for determining large-scale boundaries of
algal distribution patterns (van den Hoek 1982b,c, 1984b, Breeman 1988, Lüning 1990)
and in the development of ecotypes (Breeman & Pakker 1994). Van den Hoek (1979)
studied the biogeography of 43 marineCladophoraspecies in the northern Atlantic Ocean,
and found seven distinct distribution groups whose boundaries seemed to coincide with
surface isotherms thus suggesting limitation by temperatures unfavourable for survival or
for growth and reproduction. Cambridge et al. (1984, 1987, 1990a-c, 1991) studied
temperature responses in biogeographic isolates of several species ofCladophora, in order
to infer whether distribution boundaries were set by lethal limits or by temperature
requirements for reproduction. In general it was found that geographic boundaries were set
by temperature limits for either vegetative growth or survival rather than for temperature
limits affecting reproduction (Cambridge et al. 1990c). In addition, ecotypic differentiation
in tropical to warm temperate species was found to be higher than in temperate species,
which was attributed to the presumed older evolutionary age of tropical species
(Cambridge et al. 1990a). Finally, cosmopolitan species (e.g.Cladophora vagabunda) were
found to exhibit broad ecophysiological ranges throughout their distribution area, and no
overlapping sets of ecotypes were found (Cambridge et al. 1990b).

Bot et al. (1989a,b, 1990, 1991) and Bot (1992) estimated genetic distances among
widely disjunct biogeographic isolates ofCladophoraspecies using scDNA-DNA
hybridization. Unexpectedly large distances were found inC. albida which corresponded
to comparable distances found among families in higher plants or mammals. No
divergence was found between amphi-Atlantic isolates ofC. sericea,which was
interpreted as a result of trans-Atlantic dispersal following the last Pleistocene glaciation
(Bot et al. 1989a). Congruence between genetic distances among N Atlantic and Australian
isolates ofC. albida and among species from theC. pellucidagroup was attributed to a
Tethyan vicariance explanation (Bot et al. 1989b, 1991). The moderate divergence between
N Atlantic and Australian isolates ofC. vagabundaandC. laetevirenswas suggested to be
a reflection of their eurythermal temperature tolerance, which potentially allowed some
dispersal through tropical regions (Bot et al. 1990). Unfortunately, interspecific
comparisons inCladophorafell outside the effective resolution of scDNA-DNA
hybridization method, preventing the reconstruction of phylogenetic relationships.
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1.5 A PHYLOGENETICS PRIMER

During the entire century after the publication of"The Origin of Species"(Darwin 1859)
and the rediscovery of Mendel’s laws, biological classification continued to be based on
observed morphological and developmental similarities in which it was tacitly implied that
evolutionary history was included. This approach became known as the traditional or
evolutionary school (Simpson 1961, Mayr 1969). At that time there were no formalized
methods for estimating phylogenetic relationships. This lack of explicitness eventually led
to a confrontation among evolutionary biologists and systematists which happened to
coincide with new theoretical developments in phylogenetic systematics (Hennig 1966),
and the availability of computers for numerical taxonomy (Sokal & Sneath 1963). Two
new and diametrically opposed schools developed in the early 1970s.

Numerical taxonomy became known asphenetics.Numerical taxonomists stressed
operationism, and grouping of organisms based on overall similarity (Sokal & Sneath
1963). One of the early aims of pheneticists was to eliminate evolutionary theory from
systematics in order to achieve objectivity in place of unsubstantiated taxonomic opinion.
It was put forth that a theory-free classification could be obtained by measuring overall
similarity based on large numbers of unweighted characters (Hull 1970, Mayr 1981). In
phenetic analyses, of which "unweighted pair group method with arithmetic means"
clustering (UPGMA) is one of the best known algorithms, no distinction is made between
similarity due to real shared common ancestry (i.e., homology, patristic similarity or
synapomorphy = shared derived characters) and similarity due to convergent ancestry (i.e.,
analogy, homoplasy, symplesiomorphy = shared primitive characters). Numerical
taxonomy was appealing because of its objectivity and easy computer implementation
which was highly desirable with large data sets.

Phylogenetic systematics became known ascladistics,although today phylogenetic
systematics include a broader range of methodologies. Cladists recognize relationships
among organisms exclusively on the basis of nested monophyletic groups. Classification of
organisms, whether expressed as networks or trees, rooted or unrooted, must reflect
evolutionary history of shared-most-recent-common-ancestry rather than overall similarity
(Eldredge & Cracraft 1980, Wiley 1981). Today, this school has largely superseded the
phenetics school, especially with the advent of molecular data. Monophyletic groups are
discovered by patristic similarity only, i.e., by the discovery of homology (= synapo-
morphies, shared derived characters) and the elimination/minimalization of convergence
(shared primitive characters, homoplasy, phylogenetically uninformative characters).

Most phylogenetic methods operate on the principle ofparsimony(Sober 1988), which
states that those hypotheses of phylogenetic relationship (branching networks or trees) that
require the minimum number of steps (character state changes that maximize nested
homology and minimize homoplasy) provide the best solution. Homoplasy, the amount of
convergence in a cladogram, is measured by the consistency index (CI), which thus gives
an estimate of goodness of fit of the data to the tree (Kluge & Farris 1969). Parsimony
methods have been especially well explored and developed for applications in
phylogenetic systematics (Wiley 1981, Cracraft 1983) and provide a fully developed
methodology for the generation of testable phylogenetic hypotheses (Swofford 1993,
Swofford & Olsen 1990, Kluge & Wolf 1993). Because parsimony is a "character
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method", loss of information is minimal. Characters (nucleotides in molecular data sets)
are themselves analyzed rather than averaged as character transformations-- as is the case
with phenetic methods. Moreover, there is the possibility of evaluating suboptimal
solutions (i.e., less parsimonious solutions). Finally, unstable branches of a phylogenetic
hypothesis can be traced back to individual (suspect) characters.

Despite the power of parsimony methods in phylogenetic analysis, they have been
criticized as being simplistic and reductionistic because branching patterns rather than
underlying evolutionary processes are emphasized (Mayr 1981, Sober 1993). This is in
part a philosophical argument and will not be further addressed here (but see Hillis &
Moritz 1990). Potential pitfalls of the parsimony approach, particularly as applied to
molecular data, are reviewed in Stewart (1993). In short, parsimony methods do have their
problems but they are still the best currently available method for phylogeny
reconstruction along with certain distance methods and maximum likelihood. Maximum
likelihood is the way of the future (see below) but is presently too computationally
unwieldy for routine application.

1.6 PHYLOGENY RECONSTRUCTION USING MOLECULAR DATA SETS

The most important contributions of molecular data to phylogenetic analysis (reviewed in
Avise 1994) are the possibility to examine evolutionary relationships among
morphologically identical or similar taxa, the availability of a virtually limitless number of
characters, and the possibility of choosing from a range of levels of resolution across
taxonomic ranks and among organismal groups. For organisms having little or highly
convergent morphology (i.e., many marine organisms) molecular data are the only possible
means for exploring evolutionary history, and this has led to a virtual revolution and
revitalization of many subfields.

Controversies associated with the use of molecular data in phylogeny reconstruction
(reviewed by Hillis & Moritz 1990, Miyamoto & Cracraft 1991, Doyle 1992) initially
focused on the perceived "purity" (and thus superiority) of molecular data as compared
with morphological data. Most of the issues have now settled, for it has been realized that
both types of data suffer from the same problems though somewhat differentially. The
"molecules vs. morphology" debate (Hillis 1987, Moritz & Hillis 1990, Patterson et al.
1993) has now largely been replaced by a plea for "total evidence" analyses (Kluge &
Wolf 1993) in which moleculesand morphology are used simultaneously as a single data
set.

Problems associated with the use of DNA sequence data for phylogeny reconstruction
can be roughly divided into five areas. These include (un)equal evolutionary rates,
character (non)independence, character quality, homology assessment (alignments and
genes) and homoplasy (convergent processes).

Ratesof nucleotide substitution can differ within and among genes, and within and
among lineages (e.g., Li & Graur 1991, Avise 1994). The seriousness of the problem is
case-specific, based on the timespan and taxonomic rank being investigated. The rate
element becomes relevant both with regard to phylogeny reconstruction (DeBry 1992, Nei
1991) and with regard to molecular clock estimates, which are highly desirable in many
cases. The molecular clock debate (e.g. Zuckerkandl & Pauling 1965, Wilson et al. 1977,
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Journal of Molecular Evolution, Volume 26, 1987) has finally simmered down (see Li &
Graur 1991, Avise 1994). In short, there is no universal molecular clock. Fortunately,
however, as the nature of rate differences has become better understood, it is still possible
to make some local and/or crude clock estimates for certain groups of organisms and
genes for which there is also good fossil evidence (Hillis & Moritz 1990). As long as they
are appliedwithin evolutionary lineages, molecular clock calibrations can be a valuable
contribution to an improved understanding of the sequence of evolutionary divergences.

All phylogeny reconstruction methods are based on the assumption ofcharacter
independence.In the simplified view, DNA sequences do not "see selection" and under
the neutral theory of molecular evolution (Kimura 1983), each nucleotide would have an
equal chance of being substituted. In this view, molecular characters (nucleotides) behave
as independent characters with unordered character states. In reality these are not
reasonable simplifying assumptions because both positional effects and non-random
substitution patterns exist within genes (discussed under "character weighting").

Molecular characters are of goodquality in the sense that there is a potentially limitless
number of characters with high statistical power. Unfortunately, a lot of characters (=
nucleotides) are needed because information content per character is low. The nuclear 18S
rDNA gene, for example, is about 1750 nucleotides long, yet the number of
phylogenetically informative characters (= nucleotide substitutions shared by at least two
taxa) is likely to be below 20%. Philippe et al. (1994) have demonstrated that in the
Metazoa, complete SSU rRNA sequences cannot confidently (with 95% bootstrap support)
resolve internal branches of less than∼40 Ma.

Establishment ofhomology of the characters used is crucial to phylogenetic analysis. In
DNA homologous sequence positions are compared within homologous genes. It is
assumed that the sequences being compared across a group of taxa are orthologous, i.e,
that the genes have been passed on "vertically" from ancestor to descendent so that the
gene treeis the species tree. While this is generally true, there are three situations in
which it may not be and new examples are being discovered fairly regularly (reviewed by
Pamilo & Nei 1988, Doyle 1992). These are introgression (= hybridization, reticulation,
lateral gene transfer), lineage sorting (= ancestral polymorphisms and subsequent
extinction of a particular lineage) and gene duplication (= inadvertent comparison of
paralogous genes). The fact that these events occur provides yet another fascinating source
of evolutionary information, but can play havoc in phylogeny reconstruction. Positional
homology of nucleotides in a sequence alignment is discussed in Section 1.7.

Finally, homoplasy (= convergence) definitely occurs in molecular data sets. Despite
earlier arguments that DNA is "blind to selection" under the neutral theory of molecular
evolution, this is an oversimplification. The empirical experience (see Donoghue &
Sanderson 1992) does show that molecular data suffer (on average) from less convergence
than do morphological data but it is still a central problem to be contended with (discussed
further in Section 1.8).
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1.7 DNA SEQUENCE ALIGNMENTS AND PHYLOGENETIC ANALYSIS OPTIONS

The first and most important phase of phylogenetic analysis is the establishment of
positional homology of the characters used among taxa. In the case of DNA sequence
data, this is thealignment of sequences. Both the number and nature of potential
phylogenetically informative substitutions are determined in the alignment.

Homology between nucleotide positions is determined through maximization of the
number of identical nucleotides at aligned positions among sequences, either using
sequence alignment algorithms (Waterman et al. 1991), or "by eye". When length variation
is present, alignment of sequences can become difficult, and no single optimal alignment
may exist. Selection of the "best" alignment can be based on pre-assigned alignment
parameters such as gap costs ("gap penalties") or the order of alignment (Mindell 1991).
Changing these parameters, however, can result in significantly different "best" alignments
(Lake 1991, Mindell 1991).

Independent biological evidence may be better than optimalization of predefined
alignment parameters in assigning homology. This especially applies to rRNA encoding
genes. Here, secondary structural information can be used to select optimal alignments by
aligning homologous secondary structural elements rather than similar nucleotides. In
general, RNA secondary structure is evolutionarily conserved, and can be identified by the
presence of compensatory substitutions (Neefs et al. 1993). The secondary structure for
18S rRNA is now quite reliably established for a number organisms includingCladophora
(this thesis).

Ambiguously aligned regions need to be excluded from subsequent phylogenetic
analysis. Criteria for the identification and exclusion of such regions, however, are usually
quite subjective. Gatesy et al. (1993) have provided a "replicable methodology" for the
exclusion of regions of unstable sequence alignment, in which positions that do not align
consistently over a range of alignment parameters are considered "unreliable".
Insertions/deletions (indels) are often treated as "missing data" because the pattern and rate
of indel formation is poorly understood (Saitou & Ueda 1994). However, indels may
contain significant phylogenetic information (Lloyd & Calder 1991), and can often be
treated as a collective "fifth base" in separate analyses.

The input order of taxa in the alignment matrix can also have a significant influence on
the resulting phylogenetic tree (Lake 1991) so that it is necessary to randomly shuffle the
input order during different runs of an algorithm. Ideally, the continuum of phylogenetic
information, i.e. the phylogeny, should be reflected in the order of alignment (phylogenetic
weighting,Mindell 1991). For this purpose, alignment-producingmethods that use an
iterative closure between the data matrix (= alignment) and the resulting tree, are
described by Hein (1989, 1990), Thorne & Kishino (1992), and Wheeler & Gladstein
(1994), and are available from the authors.

Maximum parsimony is generally preferred for phylogeny reconstruction (Swofford &
Olsen 1990) because it is a character-based method. As described earlier, parsimony
methods search for those phylogenetic hypotheses that require the minimum number of
character state changes to account for the distribution of the characters across the study set
in such a way as to minimize the amount of homoplasy (i.e., convergence). Several good
software packages are available. Phylogenetic Analysis Using Parsimony (PAUP, Swofford
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1993) was used throughout this study. Depending on the particular search algorithm used
and the number of taxa involved, searches can be exact (searching the global optimum) or
heuristic (searching for local optima). The number of most parsimonious trees (MPTs)
goes up exponentially with the size of the data matrix so that quite literally "moles" of
trees may have to be searched. Reliability assessment of the MPT(s) is performed using
the statistical bootstrap approach (Felsenstein 1985) which involves random resampling of
the data set. A non-statistical approach is "decay analysis" (Kallersjö et al. 1992) in which
support for a clade is expressed as the number of extra steps that must be allowed in order
to collapse that clade. In addition, skewness of tree length distributions (TLDs), i.e., the
distribution of increasingly less parsimonious solutions, as measured by the g1-statistic
(Sokal & Rohlf 1981), is thought to be indicative of phylogenetic signal (Hillis 1991,
Hillis & Huelsenbeck 1992) (but see Källersjö et al. 1992, Carpenter 1992). The PAUP
package offers both of these tests.

Distancemethods (e.g. PHYLIP, Felsenstein 1990) estimate the total number of
evolutionary events that have occurred following sequence divergence. Correction for
multiple substitutions per site can therefore be applied in the construction of the pairwise
distance matrix (Jukes & Cantor 1969, Kimura 1980). Specialized clustering methods,
either based on optimization of predefined parameters, or on a specific algorithm
(Swofford & Olsen 1990) are then used to construct a phylogeny. Some clustering
methods do not require metricity of the data, or equal rates along branches (Felsenstein
1984). Results from both computer simulations and experimentally controlled phylogenies
indicate that the neighbor joining method (Saitou & Nei 1987) performs better than the
(still used) UPGMA method in finding the correct tree (Hillis et al. 1994). This is a
critical distinction because UPGMA methods are phenetic methods. The decision to use a
distance method over a character method (such as maximum parsimony) usually rests on
the quality of the data set. Clean data sets in which rates of evolution are relatively
uniform over the topology, i.e., no long branch problems, usually perform about equally
well in either type of analysis. As ambiguities in the alignment increase and/or long-
branch attraction phenomena arise, parsimony methods are more prone to problems than
are distance methods. In such cases, a distance analysis may be preferable. It is,
incidently, one of the reasons that distance methods are used in deep phylogenies.

Maximum likelihood (ML) methods comprise the next generation of phylogenetic data
analysis options. At present ML methods require large computing capacity, and therefore
the number of analyzable taxa is still limited. They are likely to be superior because they
first define a specific model of DNA sequence evolution, and then calculate the likelihood
of a particular phylogenetic hypothesis, based on that model (e.g. Kishino & Hasegawa
1989). More realistic models of DNA sequence evolution are important in improving the
performance of molecular phylogeny reconstruction methods (Hillis et al. 1994).
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1.8 CHARACTER INDEPENDENCE AND WEIGHTING

Accuracy of a phylogenetic reconstruction, i.e., the probability of having recovered the
true tree, is often equated with "how well the data fit the tree". This is not necessarily
legitimate because it presupposes that the characters (= nucleotides) are independent and
this is not always the case. DNA sequence data can be "noisy" themselves, especially
when nucleotide substitutions reflect functional history (evolutionary or compositional
constraints) of the encoded gene rather than phylogenetic history of the organisms studied.
Most analysis methods are based on simplistic models of DNA sequences evolution,
assuming character independence and equal rates of change among characters and
character states (Swofford & Olsen 1990). In addition, rate constancy along branches of
the phylogenetic tree is often implicitly assumed. Violation of these assumptions may
result in significant levels of additional homoplasy. Several approaches have been
described for the reduction of homoplasy caused by compositional or functional constraints
(Hillis et al. 1994, Rzhetsky & Nei 1994). Most of them require knowledge of substitution
patterns, both among nucleotide positions (characters) and among nucleotides (character
states) in order to construct appropriate weighting schemes.

Weighting of characters. In DNA sequences, substitution rate variation exists among
nucleotide positions (Tamura & Nei 1993, Wakeley 1994), which can affect accuracy of
phylogenetic estimation. Consider, for example, a comparison between two sequences
which differ in only a few positions. If some of those positions are highly variable, they
may have changed several times before the other positions have changed. This can result
in significant underestimation of sequence divergence and is called (mutational) saturation.
Multiple substitution correction methods have been developed that take into account
substitution rate variation among sites (Tamura & Nei 1993, Wakeley 1994).

Evolutionary constraints in double stranded regions of a RNA molecule differ from
those in single stranded regions, as reflected in the occurrence of compensatory
substitutions and different substitution rates in double stranded regions of RNA encoding
genes (Wheeler & Honeycutt 1988, Smith 1989). As a consequence, the assumption of
character independence is also violated. A method which corrects for these secondary
structural constraints was developed by Dixon & Hillis (1993).

Weighting of character state changes.Rate variation also exists among character state
changes (nucleotides). A generally observed feature of DNA sequence evolution is that
changes among the four nucleotides do not occur with equal probabilities (Brown &
Simpson 1982, Thomas & Beckenbach 1989, Hillis et al. 1994). Transitional changes
(among purines and among pyrimidines) are in general more frequent than transversional
changes (between purines and pyrimidines), although theoretically, twice as many
transversional changes are possible (Holmquist 1983, DeSalle et al. 1987). As a
consequence of this difference in substitution rate, transitions are likely to become
saturated sooner than transversions. In parsimony analysis, this effect can be corrected for
by giving more weight to transversions than to transitions (transversion parsimony). When
using distance methods, the Kimura 2-parameter formula (Kimura 1980) can be applied to
correct for multiple substitutions, taking into account rate differences between transitions
and transversions. For sequence distances <0.4, however, the Kimura 2-parameter formula
gives similar results as the Jukes-Cantor 1-parameter formula, but variances are larger (Jin
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& Nei 1990).
A general indication of substitutional saturation can be obtained from the ratio between

transitions and transversions (ts/tv-ratio) observed between DNA sequences. In recently
diverged sequences, the rate difference between transitions and transversions results in a
larger transitional fraction. With increasing sequence divergence, the fraction of transitions
decreases and is theoretically expected to reach an equilibrium value of 33%, equivalent to
a ts/tv-ratio of 0.5. This is because, within lineages, transversions tend to erase the record
of transitions, but transitions can never erase transversions (Table 1.1) (DeSalle et al.
1987). Ts/tv-ratios <1.0 therefore indicate partial substitutional saturation.

Table 1.1. Effects of pairs of nucleotide substitutions at the same nucleotide position within
one lineage (from DeSalle et al. 1987).

NUMBER AND TYPES OF

SUBSTITUTIONS OCCURRING

EXAMPLES NUMBER AND TYPES OF

DIFFERENCES SCORED

Two transitions C→T→C None

Two transversions C→G→C or C→G→T None or one transition

Transition plus transversion C→T→G or C→T→A One transversion

In addition to rate differences between transitions and transversions, rate differences
amongtransitions and transversions are also found (Berbee & Taylor 1992, Hillis et al.
1994). In parsimony analysis, frequently occurring character state changes are considered
less phylogenetically informative than rare changes (Swofford & Olsen 1990). Frequently
occurring substitution types can be suppressed in parsimony analysis by weighting
substitution types inversely proportional to their occurrence, inferred eithera postiori
(from an inferred MPT) ora priori (from the sequence alignment) (Swofford & Olsen
1990, Wheeler 1990a, Knight & Mindell 1993, Blouin et al. 1992). A matrix specifying
the cost of each character state transformation can be implemented in PAUP (Swofford
1993) or MacClade (Maddison & Maddison 1992). When using distance methods the same
principle can be applied (Tamura & Nei 1993). Weighting of character state changes was
found to improve the performance of different methods of phylogeny estimation, both in
computer simulations and in experimentally controlled phylogenies (Hillis et al. 1994), but
also in real organisms (Knight & Mindell 1993). Wheeler (1993) has argued that
transformation-cost matrices must conform to the triangle inequality (Felsenstein 1984,
Farris 1985) in order to avoid acceptance of unobserved intermediate states. This means
that the direct path between two character states should not be more costly than a less-
direct path involving other (unobserved) intermediate states (Wheeler 1993).

1.9 THE NUCLEAR RIBOSOMAL DNA CISTRON.
Within eukaryotic genomes, ribosomal DNA (rDNA) is organized in long arrays of tandem
repeats separated by intergenic spacers (IGS), often distributed over different
chromosomes (Gerbi 1985). Within a single eukaryotic rDNA repeat the genes encoding
the small- and large-subunit rRNAs are externally flanked by the distal ends of the IGS
and are called the external transcribed spacers (ETS). Between the three genes (18S, 5.8S.
and 26S) lie the two internal transcribed spacers (ITS1 and ITS2) (Fig. 1.2). The estimated
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total number of cistronal repeats per genome varies from several hundred in mammals and
insects to several thousands in plants. This represents one percent or more of the genome
(Long & Dawid 1980). Changes in rDNA copy number (rDNA amplification) can also
sometimes occur within generations (Walbot & Cullis 1985).

The entire rDNA repeat is transcribed into a precursor rRNA (pre-rRNA) by RNA
polymerase I. The pre-rRNA is subsequently processed into the different mature rRNA
types by removal of all transcribed spacer regions in a number of ordered processing steps
(Fig. 1.3, as exemplified by the ascomyceteSaccharomyces cerevisiae). Mature eukaryotic
small subunit rRNA binds with about 30 different ribosomal and non-ribosomal proteins,
in order to yield the small subunit of the eukaryotic ribosome. For the assembly of the
eukaryotic large ribosomal subunit, 28S and 5.8S rRNA bind together with about 50
different ribosomal proteins (Hillis & Dixon 1991). Transcription, processing, and
transport of pre-rRNAs, as well as association of pre-rRNA with proteins, all takes place
in the nucleolus (Fischer et al. 1991).

Although the pattern of eukaryotic pre-rRNA processing is well understood, the actual
mechanisms involved are not. Evidence is accumulating that processing of eukaryotic pre-
rRNA involves a group of small nucleolar RNAs (snoRNAs) that are associated with
proteins in (catalytically active) small nucleolar ribonucleoprotein particles (snoRNPs).
Unfortunately, little is known about the function of snoRNPs in pre-rRNA processing and
ribosome assembly, but some authors have suggested that base pairing between pre-rRNA
and snoRNAs is involved (reviewed in Mattaj et al. 1993).

Small-subunit ribosomal RNA (SSU rRNA). Small-subunit ribosomal DNA sequences
are extensively used in phylogeny reconstruction (Hillis & Dixon 1991, Olsen & Woese
1993) and have now been determined for more than 4000 taxa. A compilation of all these
sequences in aligned form is regularly updated (Neefs et al. 1993, Gutell 1994, van de
Peer et al. 1994). As a consequence of this, the understanding of SSU rRNA both in terms
of secondary structure (Nickrent & Sargent 1991, Neefs et al. 1993, Gutell et al. 1994),
and substitution pattern (Van de Peer et al. 1993) has rapidly increased. As previously
discussed, secondary structure is an important aid in the alignment of SSU rRNA
sequences in which universally conserved regions alternate with regions that are
unalignable even at the species level. The presence of conserved and (hyper)variable
regions in both small and large subunit ribosomal RNA sequences provides a range of
rates which allows for optimal phylogenetic resolution for the particular question of
interest.

SSU rRNA sequences have been used for phylogeny reconstruction at different
hierarchical levels such as "the tree of life" (Woese 1987, Cedergren et al. 1988, Van de
Peer et al. 1990a, Schlegel 1994), among major eukaryote lineages (Sogin et al. 1989),
among fungal classes (Bruns et al. 1992), within angiosperms (Nairn & Ferl 1988, Hamby
& Zimmer 1992), animals (Field et al. 1988), and insect orders (Carmean et al. 1992,
Pashley et al. 1993).

Within the algae, SSU rRNA sequences have been used in phylogenetic studies for
rhodophytes (Bird et al. 1992), chromophytes (Bhattacharya et al. 1993), diatoms (Medlin
et al. 1993), dinoflagellates (McNally et al. 1994), and Charophytes (Ragan et al. 1994).
Within the Chlorophyta, several phylogenies based on SSU rRNA have been reconstructed,
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both on the class level (Kantz et al. 1990, Zechman et al. 1990, Friedl & Zeltner 1994,
Mishler et al. 1994, Steinkötter et al. 1994), and at lower taxonomic levels (Buchheim et
al. 1990, Huss & Sogin 1990, Olsen et al. 1994).

Internal transcribed spacers (ITS1 and ITS2).During post-transcriptional processing
of the pre-rRNA molecule into the different mature rRNA species, both ITS regions are
excised and removed. ITS regions are therefore believed to be relatively free of
evolutionary constraints, which is supported by high evolutionary-rate estimates in ITS
regions from insects (Schlötterer et al. 1994), angiosperms (Ritland et al. 1993, Savard et
al. 1993), andCladophora(this thesis).

Patterns and rates of rDNA ITS sequence evolution are influenced by several factors.
On the level of the nucleotide sequence, functional and secondary structural constraints are
the most important. In most ITS regions studied so far, conserved structural elements
alternate with highly variable sequences. This reflects unequal evolutionary constraints on
different parts of the spacer. For example, Schlötterer et al. (1994) estimated∼60% of the
alignable portions of theDrosophila ITS is free to diverge, the rest being constrained
probably by secondary structure.

Another indication of minimal evolutionary constraint in the ITS regions is the
occurrence of considerable length variation. Lengths for ITS 1 and 2 range from 40 and 62
bp respectively in the fungusSphaeronaemella fimicola,to 999 and 1089 bp respectively
in mouse. This variation often consists of tandem arrays of repeat motifs of up to 10 bp
long, which have been found in ITS regions from several distantly related evolutionary
groups (e.g. Gonzalez et al. 1990, Lee & Taylor 1992, Vogler & DeSalle 1994, this
thesis). These short repeat motifs (and indels) are believed to be caused by slipped-strand
mispairing or replication slippage (Levinson & Gutman 1987, Li & Graur 1991-p. 14).
These processes involve intra-helical mispairing during DNA replication, which results in
gain or loss of bases. Short repeat motifs derived from this process have also been
observed inrpoC2, a plastid gene encoding theβ˝ subunit of RNA polymerase in grasses
(Cummings et al. 1994). Once an array of repeat motifs has been established, it becomes
increasingly prone to additional slipped-strand mispairing events and, thus accumulations
of repeats.

rDNA ITS regions are not, however, totally unconstrained, as is evident from functional
analysis of ITS regions inSaccharomyces cerevisiaeand higher vertebrates. Within each
ITS region processing sites have been found that are essential for correct assembly of the
eukaryote ribosome (Veldman et al. 1980) (Fig. 1.3). In their mutational analysis of yeast
ITS regions, Musters et al. (1990), and van der Sande et al. (1992) demonstrated that
deletion of parts of either the 5’-ETS or ITS1 blocked normal formation of small-subunit,
but not of large-subunit rRNA, whereas deletions within ITS2 had the opposite effect.
Further analysis of yeast ITS1 by van Nues et al. (1994) revealed five conserved
secondary structural elements (domains) within this region. The 5’-terminal part, consisting
of domains I-III, appeared to be crucial for small-subunit rRNA formation, and domains
IV and V (located at the 3’-end of ITS1) were found to be of major influence on large-
subunit rRNA formation. Processing site A2, which is cleaved at an early stage of pre-
rRNA processing (Fig. 1.2), is located in a single-stranded region within domain III and
consists of four nucleotides (ACAC). Alternative processing pathways were found that
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compensated for the introduced deletion of A2. In contrast, no such functional redundancy
or insensitivity to structural alterations was observed for ITS2 (van Nues et al. 1994),
leading those authors to conclude that ITS2 is more functionally constrained than ITS1. In
a comparative analysis of angiosperm ITS1 sequences, a highly conserved structural
element of length 20-23 bp was identified in 88 species representing 10 angiosperm
families. Since alignability in the rest of ITS1 among these groups was low, the authors
suggested that this site was equivalent to A2 in fungi (Liu & Schardl 1994).

On the level of the rDNA cistronal repeats, homogenization of new mutations among
repeats via molecular drive is thought to be an active process, independent of other
processes that generate and fix genetic variation (Dover 1982). For example, Ritland et al.
(1993) found no correlation between rDNA ITS sequence divergence and the level of
inbreeding in species of the angiospermMimulus guttatuscomplex, whereas isozyme
variation did show a significant negative association. Mechanisms of molecular drive
include unequal crossing over and gene conversion (Arnheim 1983). Biased conversion of
ITS types during molecular drive can maintain intra-individual variation, potentially
resulting in paralogous comparisons in phylogenetic analysis. Multiple rDNA ITS types
within individuals have been found in lizards (Hillis et al. 1991), red spruce (Bobola et al.
1992), mosquitos (Wesson et al. 1992),Drosophila (Schlötterer and Tautz 1994), and tiger
beetles (Vogler and DeSalle 1994). Tandem repeats within an array of an ITS type are in
general identical (Hillis et al. 1991) indicating active homogenization. Schlötterer and
Tautz (1994) provided evidence inDrosophila that concerted evolution within each intra-
individual ITS type is driven by intra- rather than inter-chromosomal exchange, i.e., new
mutations are predominantly homogenized along individual rDNA arrays on one
chromosome and not through the whole gene family. This alters the concept of concerted
evolution as it is generally conceived.

From the perspective of phylogeny reconstruction, however, the presence of multiple
intra-individual ITS types need not be alarming. Differences between types were found to
be both minor and were generally restricted to simple repeat motifs within ITS regions
(Vogler and DeSalle 1994). As alignment of these regions is generally problematic due to
the presence of differences in repeat copy numbers, they are usually excluded from
phylogenetic analysis anyway.

The utility of ITS sequences in phylogenetic studies is generally very good. At or below
the species level 18S rRNA sequences reach their limit of phylogenetic resolution
(Jörgensen & Cluster 1988, Hillis & Moritz 1990), which makes the high levels of
sequence variation in the internal transcribed spacer (ITS) regions of the rDNA cistron of
interest. In animals and fungi, molecular characters for phylogeny reconstruction at or
below the species level are usually obtained from mitochondrial genomes (Avise et al.
1987). For plants however, and for algae especially, mtDNA is not appropriate due to slow
evolutionary rates and frequent rearrangements of the genome (Palmer 1992). Apart from
additional factors inherently associated with mtDNA evolution (e.g. lineage sorting, mater-
nal inheritance), the need arose among plant molecular systematists to find a fast-evolving
nuclear sequence in order to make estimates of phylogenetic relationships at lower
taxonomic levels. rDNA ITS sequences fulfil this need not only because of their high
evolutionary rates (comparable to rates in randomly evolving noncoding scDNA) (this



19G e n e r a l i n t r o d u c t i o n

thesis), but also because of the relative ease with which they can be amplified from any
eukaryotic genome, using universal primers (White et al. 1990). ITS based phylogenies
have been constructed for many organismal groups, including angiosperms (Baldwin 1992,
Ritland et al. 1993, Savard et al. 1993), fungi (Lee & Taylor 1992), vertebrates (Pleyte et
al. 1992), insects (Wesson et al. 1992, Schlötterer et al. 1994, Vogler & DeSalle 1994),
rhodophytes (Goff et al. 1994) and chlorophytes (Kooistra et al. 1992b, 1993, Coleman et
al. 1994).

In conclusion, the combined use of rDNAspacersand genes allows us to consider
different timespansin order to explore the molecular evolution and biogeography of the
Cladophoracomplex.

1.10 OUTLINE OF THIS THESIS

This thesis has three foci, the understanding of broadscale evolutionary relationships
within the Cladophoracomplex, biogeographic diversification ofCladophoraon a global
scale, and the exploration of ITS sequence evolution in different sublineages. At one level,
this thesis can be seen as a continuation of a previous study onCladophora(Bot 1992), in
which scDNA-DNA hybridization was used to estimate genetic distances among
biogeographic isolates of a few selected species. Through DNA sequencing studies it has
become possible to sample a much larger cross-section of the diversity of theCladophora
complex (sensu latoandsensu stricto) and hence extend the investigation into the mutual
roles of vicariance and dispersal as mechanisms creating and maintaining taxic diversity.
At a second level, the exploration ofCladophorahas made possible a comparison of ITS
divergence rates with small-subunit rRNA divergence rates, the postulation of probable
mechanisms that maintain distinct types of ITS sequences, and an investigation of
variation within ITS types of different lineages, despite the constraint of a presumably
functional secondary structure.

Chapter 2 represents the first phase of the analysis in which the utility of rDNA ITS
regions in algal biogeographic studies was established for the first time. Results of that
initial work revealed that (1) both point mutations and indels could be detected that were
strongly correlated with biogeographic groupings, and (2)a priori estimates of expected
ITS sequence divergence based on the "notion" of intra- and interspecific appropriateness
of ITS sequences was found to be unpredictable. Later, the reason for this would become
clear relating to non-equivalency of classes, orders, families, genera, and species in
different phylogenetic groups. A detailed description of the protocol for DNA isolation
from Cladophora, together with PCR and sequencing protocols are given. Also, functional
and structural aspects of eukaryotic rDNA ITS regions are discussed.

In Chapter 3 I stepped back and explored broader scale relationships within the
Cladophorales. This was necessary because the Cladophorales were known to be
polyphyletic andCladophorato be paraphyletic based on previous immunological studies.
Second, identification of sister-taxa as part of the phylogenetic study was essential for
subsequent biogeographic studies in which rooted phylogenetic hypotheses were needed.
Ten Cladophoraspecies and 8 representative species from related siphonocladalean genera
were investigated using 1460 positions of 18S rRNA gene sequence. An extensive data
analysis was performed using parsimony and weighting schemes in order to correct for
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nucleotide substitution bias and secondary structural constraints. Results show that
Cladophorais indeed paraphyletic, i.e. not all descendants of the most recent common
ancestor ofCladophoraare recognized as species ofCladophora. The following two
chapters then used this backbone information to explore ITS evolution and biogeography
within two selected species clades.

In Chapter 4, complete 18S-28S rRNA spacer sequences were compared among
biogeographic isolates of five closely relatedCladophoraspecies in theC. albida/sericea
clade. Biogeographic sampling included both the Atlantic and Pacific Ocean. An
Australian isolate ofC. vagabundawas used as outgroup. Phylogenetic relationships were
inferred and evaluated in light of paleoceanographic events (Tethys Sea closure, opening
of the Bering Strait), and biogeographic hypotheses of Atlantic/Pacific Ocean exchange.
Among all isolates, six distinct ITS sequence types were found that could only partially be
aligned because of the presence of substantial length variation. A rDNA ITS secondary
structure model was proposed and used to improve the alignment. For some of the taxa
studied, 18S rRNA sequence was also available (Chapter 3), which permitted estimation of
a relative ITS/18S rRNA divergence rate. From this calculation, theCladophorarDNA
ITS "clock" was estimated to be 20-50 faster than 18S rRNA (based on 18S rRNA
divergence rate estimates in other groups of siphonous green algae). Using the ITS
"clock", evolutionary proliferation of theC. albida/sericeaclade is hypothesized to have
occurred in the Miocene (10-25 Ma ago).

Chapter 5 investigates phylogenetic relationships among globally distributed
populations ofCladophora vagabundabased on 18S-28S rDNA spacer sequences. Three
representatives from theC. albida/sericeaclade were used as outgroup.C. vagabundawas
found to be phylogenetically structured in two main, bifurcating lineages which is in
marked contrast with the unresolved phylogeny of theC. albida/sericeaclade (Chapter 4).
The role of temperature boundaries, (Tethys) vicariance, and dispersal in the biogeographic
structuring ofC. vagabundaare discussed. The question is raised whetherC. vagabunda
should be considered a single species or an assembly of cryptic species in its own right.

Chapter 6 takes a detour and revisits scDNA-DNA divergence estimates as compared
with new results from rDNA ITS sequences fromCladophoraand a related green alga
Cladophoropsis membranacea. For rDNA ITS sequence divergences of <4%, a linear
relationship was found with sequence divergence as estimated by total scDNA. At rDNA
ITS sequence divergences of >4%, scDNA sequence divergence was found to level off,
i.e. divergence estimates became compressed. It is concluded that evolutionary rate of the
single-copy genome inCladophoraandCladophoropsis membranaceaevolve at a
relatively high evolutionary rate, comparable with the rate found inDrosophila.

In Chapter 7, general aspects of (1) phylogenetic relationships and (morphological)
evolution of theCladophoracomplex, (2) the distribution and maintenance of ITS-types,
and (3) the relation between phylogeny, tokogeny and the phylogenetic species concept in
the Cladophoracomplex are discussed.

Chapter 8 summarizes the main conclusions of this study.


