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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.





4 Chapter 1

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
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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.
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ABSTRACT
Nucleotide sequences of the nuclear rDNA internal transcribed spacers (ITS1 and ITS2), the
5.8S and short stretches of the adjacent 18S and 26S coding regions were determined in
isolates from four disjunct Cladophora albida (Huds.) Kütz. populations (NE America, W
Europe, Japan and W Australia). The two Pacific isolates share nearly identical ITS
sequences as do the two Atlantic isolates. In contrast, inter-oceanic comparisons exhibit a
21% sequence difference. Variation within ITS regions is useful for identification of population
groups on a regional or oceanic scale. However, both spacers are characterized by numerous
repeat motifs as well as point mutations which result in alignment problems at the
interspecific level within Cladophora.

2.1 INTRODUCTION

The phylogenetic relationships underlying biogeographic distributions in marine algae
comprise essential data for both the development of a better understanding of the
complementary roles of vicariance and dispersal in the marine environment, and for a
better understanding of distribution patterns in relation to ecophysiological factors. As a
cosmopolitan genus,Cladophora sensu latoprovides a complete range of biogeographic
distribution patterns from which study groups can be chosen. Despite taxonomic
uncertainties associated with the genus, some species can be reliably identified and among
these, some have very broad or very narrow distributions.Cladophora albida(Huds.)
Kütz., for example, is distributed in the warm to temperate regions of both hemispheres
(van den Hoek 1963, 1982, Sakai 1964, van den Hoek & Womersley 1984) and has rarely
been reported from tropical regions (van den Hoek 1982). An assessment of genetic
divergence among biogeographic isolates of singleCladophoraspecies is an important
step in helping to clarify species boundaries and patterns of endemicity. Given the
architectural simplicity and paucity of phylogenetic informative characters (both
morphological and ultrastructural), a molecular approach is most appropriate.

Nuclear ribosomal DNA sequences have been extensively used over the past decade to
infer phylogenetic relationships among taxa at different hierarchical ranks (Hillis & Davis
1986, Woese 1987, Cedergren et al. 1988, Zimmer et al. 1989, Mindell & Honeycutt 1990,
Huss & Sogin 1990). The presence of highly conserved and hypervariable regions in small
and large subunit ribosomal RNA sequences (Gerbi 1985) has made it possible to choose
the level of phylogenetic resolution at which a particular question is best addressed. In
algae, rDNA sequences have been used to assess phylogenetic relationships among species
and genera (Rausch et al. 1989, Perasso 1989, Bhattacharya et al. 1990, Druehl 1990, Huss
& Sogin 1990, Zechman et al. 1990).

At or below the species level, however, rDNA coding regions reach their limit of reso-
lution (Jörgensen & Cluster 1988, Hillis & Moritz 1990) and, for this reason, the greater
variation of the internal transcribed spacer (ITS) regions of the rDNA cistron are of
interest. Located between the three genes within the nuclear rDNA cistron (i.e. 5’-18S-
ITS1-5.8S-ITS2-26S-3’), the ITS regions are part of the initial transcript but spliced out
later during maturation of pre-rRNA (Gerbi 1985). Because these regions are virtually free
of functional constraints, ITS sequences are free to evolve at a faster rate as reflected in
the number of substitutions and well-documented length variation (Yokota et al. 1989,
Gonzales et al. 1990, Gardes et al. 1991, Steane et al. 1991, Venkateswarlu & Nazar 1991
and Table 2.1). These characteristics allow their usage for biogeographic and population



24 C h a p t e r 2

studies.
The number of comparisons of ITS sequence and length variation in algae is small.

Kooistra et al. (1992b) was able to track biogeographic populations in the tropical species
Cladophoropsis membranacea(Hofman Bang ex C. Agardh) Boergesen using ITS
sequences. Steane et al. (1991) surveyed ITS length variation in a number of rhodophytes
and found length variation to be most useful at the subspecies level. Large amounts of
variation are not, however, without their limitations. In this study we present a comparison

Table 2.1. Length comparisons of eukaryotic ITS1 and ITS2 regions from nuclear ribosomal DNA.

SPECIES ITS1a ITS2a REFERENCE

SEAWEEDS

Chlorophyta

Acrosiphonia arcta 195 180 van Oppen et al. (1993)

Struvea anastomosans(St. Croix) 416 291 Kooistra et al. (1992b)

Struvea elegans(Bahamas) 485 405 Kooistra et al. (1992b)

Cladophoropsis membranacea(St. Croix) 420 296 Kooistra et al. (1992b)

Cladophoropsis sundanensis(Guam) 422 312 Unpublished

Cladophora albida(Atlantic) 524b/531c 310 This paper

Cladophora albida(Pacific) 436 263 This paper

Phaeophyta

Desmarestia viridis/willii 236 348 van Oppen et al. (1993)

Rhodophytad 680-1070e Steane et al. (1991)

OTHER ORGANISMS

Mouse 999 1089 Michot et al. (1983)

Xenopus laevis 557 262 Stewart et al. (1983)

Drosophila melanogaster 726 385 Tautz et al. (1988)

Mung bean 205 220 Schiebel & Hemleben (1989)

Tobacco 216 217 Venkateswarlu & Nazar (1991)

Tomato 217 217 Kiss et al. (1988)

Rice 194 233 Takaiwa et al. (1985a)

Saccharomyces carlsbergensis 362 234 Veldman et al. (1980, 1981)

aLength in base pairs.
bC. albida from Roscoff, France.
cC. albida from Connecticut, USA.
dIncludes Ceramiales, Gracilariales, Gelidiales, Rhodymeniales, Gigartinales
eIncludes 5.8S and limited regions of the 18S and 28S coding regions, but gives indications of variability.
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of ITS sequences from four disjunct populations ofCladophora albidaand discuss their
utility in the context of establishing biogeographic groups. We further discuss the
limitations of ITS sequences at the interspecific level inCladophorawhere extensive short
repeat motifs are encountered.

2.2 Materials and Methods
Cladophora albidaisolates were collected from Stamford, Connecticut; Roscoff, France;
Parker Point, Rottnest, South-West Australia; and West Hokkaido, Japan. Unialgal cultures
of C. albida were grown in heat-sterilized 1x PES (Provasoli 1968) at 16°C and a 16:8 h
LD cycle (photon flux rate: 10-15 µE m-2 s-1). After 3-4 weeks the plants were harvested
for DNA extraction.

DNA extraction and purification. Approximately 1 g of blotted algal tissue was
ground in liquid nitrogen. The frozen pulver was transferred to a sterile centrifuge tube
containing 15 mL of extraction buffer (50 mM Tris (pH 8), 15 mM EDTA (pH 8), 200
mM NaCl, 1% (v/v)β-mercapto-ethanol, 0.06% (w/v) DTT and 3% (v/v) Triton X-100).
The sample was vortexed for 1 min, and the crude lysate was immediately extracted with
an equal volume of phenol/chloroform/isoamylalcohol (50:50:10 saturated with extraction
buffer). After centrifugation (3600 rpm, 10 min) the aqueous phase was transferred to a
fresh centrifuge tube and extracted once with chloroform/isoamylalcohol (CIA) (25:1).
Polysaccharides were precipitated from the recovered aqueous phase by adding 0.1 vol 5
M potassium acetate and 0.25 vol 96% ethanol. CIA extractions were performed until no
interphase could be seen. Nucleic acids were precipitated in 0.1 vol 4 M sodium acetate
and an equal vol of isopropanol for 1h at -20°C, followed by centrifugation (20,000 g,
4°C, 15 min). The DNA pellet was washed with 70% ethanol, air dried and dissolved in 1
mL 0.1 x TE. Two units RNAse (Boehringer Mannheim) per mL DNA solution were
added and incubated at 37°C for 30 min. The RNAse-treated DNA solution was purified
on a Qiagen-pack-500 ion exchange column (Qiagen Inc., Düsseldorf, Germany) according
to the manufacturer’s protocol. The eluate was precipitated with an equal volume of
isopropanol and incubated for 1h at -20°C. The DNA was spun down (20,000 g, 4°C, 15
min) and redissolved in 100 µL 0.1 x TE and used for double stranded PCR.

dsPCR. Target sequences were amplified in a Perkin Elmer Cetus DNA Thermal
Cycler using the following temperature profile: 3 min, 96°C; 1 min, 55°C; 2 min, 76°C for
28 cycles. A typical dsPCR amplification reaction consisted of 0.5-1 µg genomic DNA, 1x
Taq DNA polymerase buffer (Promega), 1-2 units Taq DNA polymerase (Promega), 200
µM of dATP, dTTP, dGTP, and dCTP and 0.5 µM of each primer in a reaction volume of
25 µL. dsPCR fragments were separated on 2% TAE-agarose gels in the presence of
ethidium bromide. Bands were excised, and the DNA was removed from the gel slices as
follows: 0.5 mL Eppendorf tubes were punctured, plugged with siliconized glasswool and
placed in 1.5 mL Eppendorf tubes. Gel slices were added and spun in a microfuge (full
speed, 5 min). The eluate was diluted 10-100 fold in sterile ddH2O and used directly for
single-stranded PCR.

ssPCR.The PCR amplification temperature profile was the same as for dsPCR but run
for 40 cycles. A typical ssPCR reaction consisted of 50 µL of the diluted eluate DNA
fragment, 1x Taq DNA polymerase buffer (Promega), 1-2 u Taq DNA polymerase
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(Promega), 200 µM of each nucleotide, 50 µM of excess primer and 0.5 µM of limiting
primer in a total reaction volume of 100 µL.

Primers. Primer sequences and annealing positions are shown in Table 2.2. For dsPCR
we used primers NS7 and ITS4. For ssPCR and sequencing, primers ITS1, ITS2, ITS3 and
ITS4 were used. Custom primers, specific for the 3’-end of the 18S rRNA coding region
(C1) and forC. albida ITS sequences (FB3, FB4 and FB5), were designed and synthesized
in our laboratory.

Sequencing.Single-stranded amplifications were washed and concentrated on
Centricon-30 (Amicon, Beverly, Massachusetts) concentrators according to the
manufacturer’s protocol. Ten microliters of the retentate was sequenced following the
Sanger dideoxy-method with annealing performed as follows: samples were heated at 70°C
for 3 min and subsequently allowed to cool at room temperature for 5 min. Sequencing
reactions were run on 8% polyacrylamide gradient gels at 1800 V for 3-6 h. Gels were
fixed in 10% acetic acid/10% methanol, dried, and exposed to Fuji HR X-ray film for a
minimum of 18 h.

Alignments. Sequences were initially aligned and edited using the BESTFIT, GAP, and
LINEUP programs within the program package UWGCG (University of Wisconsin
Genetics Users Group software package, version 6.1, Devereux et al. 1984). Final
alignments were made by eye. Termini of ribosomal RNA coding regions and starting
positions of the ITS regions were determined by comparison with published complete
rRNA gene sequences from other green algae (Takaiwa et al. 1985b, Rausch et al. 1989).
COMPARE/DOTPLOT and FOLD programs from the UWGCG package and visual
inspection were used to investigate the presence of secondary structures in the ITS
sequences.

Table 2.2. Primer sequences used for PCR amplification and sequencing of ITS regions.

CODE SEQ.a SEQUENCE ANNEALS TO

NS7b F 5’-GAGGCAATAACAGGTCTGTGATGC-3’ 1413c

C1 F 5’-GTACACACCGCCCGTCGCTCC-3’ 1612c

ITS1b F 5’-TCCGTAGGTGAACCTGCGG-3’ 117-135d

ITS2b R 5’-GCTGCGTTCTTCATCGATGC-3’ 713-732d

ITS3b F 5’-GCATCGATGAAGAACGCAGC-3’ 713-732d

ITS4b R 5’-TCCTCCGCTTATTGATATGC-3’ 52e

FB3f F 5’-AACCCATCCTTGGCTAGGGC-3’ 235-254d

FB4f R 5’-CGACGCTGAGGCAGACATGCTCAAGTCC-3’ 810-837d

FB5f R 5’-G(AG)(AG)TGGCTGCTGTCTCACGTCGT-3’ 992-1014d

aSequencing direction: F = forward, R = reverse.
bWhite et al. 1990. Other primers were designed in our laboratory.
cAlignment site in the 18S rDNA ofChlamydomonas reinhardtii(Rausch et al. 1989).
dSee Fig. 2.1.
eAlignment site in the 26S rDNA ofOryza sativa. Takaiwa et al. (1985b).
fFB series are specific forCladophoraspecies.
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2.3 RESULTS

Aligned nucleotide sequences (1200 nucleotide positions in total) including the complete
ITS1, ITS2, the 5.8S rRNA coding region and stretches of the adjacent small and large
subunit ribosomal RNA coding regions for the fourCladophora albidaisolates are shown
in Fig. 2.1. Between the Atlantic and Pacific groups 620 alignable sequence positions
(ITS1 + ITS2) remained after exclusion of gaps and unreliable regions of the alignment
(i.e. positions 208-222 and 418-464). Sequence similarity within these 620 alignable
positions was 79% while sequence similarity in the 174 bases of adjacent rRNA coding
regions and the 5.8S rRNA coding region (148 bases) was 99%. The adjacent 18S coding
region included the variable region V9 (Dams et al. 1988) which has undergone two
compensatory nucleotide substitutions, i.e. linked substitutions which maintain RNA
secondary structure (Fig. 2.2).

The two Atlantic isolates shared a >99% sequence similarity. Three nucleotide
substitutions were found as were four insertion-deletions. The two Pacific isolates also had
a 99.5% sequence similarity. There were four nucleotide substitutions and no insertion-
deletions. Length differences in ITS1 between the Atlantic and Pacific groups were
524/531 and 436/436 nucleotides, respectively. In ITS2 there were 310 and 263
nucleotides, respectively. The presence of insertion-deletions and numerous short repeats
in a pattern unique to each oceanic group are striking as compared with other green algal
ITS regions sequenced in our laboratory (Kooistra et al. 1992b).

A search for secondary structure using the COMPARE/DOTPLOT and FOLD programs
did not reveal consistent structural motifs within the ITS regions ofC. albida (although
multiple cruciate structures could be generated). If, for example, a single ITS sequence
was divided into overlapping fragments and then subjected to FOLD analysis, different
structural motifs were found in the homologous parts between the overlapping fragments.

2.4 DISCUSSION

Within oceanic groups, ITS sequence similarity inCladophora albidawas found to be
>99%, whereas between oceanic groups sequence similarity was 79%. These results are
consistent with scDNA-DNA studies on the same isolates (Bot et al. 1989b). The between
ocean difference is quite large when compared with ITS sequence similarities found
between biogeographic isolates of other species comparisons studied in our laboratory. In
Cladophoropsis membranacea, for example, 2 - 6 %sequence variation was observed in
18 isolates spanning the tropical Atlantic, the Red Sea and parts of the Indo-West Pacific
(Kooistra et al. 1992b). The near identity observed within the oceanic isolates ofC. albida
was unexpected given the east-west and north-south disjunctions of the isolates. Within
and amongCladophora"species" (the present work and unpublished data) the level of
variation is comparable to that observed among fungal genera (68%, Gardes et al. 1991),
rodent families (90%, Allard & Honeycutt 1991) and between mammalian orders (60 -
70%, Gonzales et al. 1990). Differences of this magnitude illustrate the difficulty ina
priori assessments of variation in different groups of organisms.

The conspecificity of the Atlantic and Pacific populations ofC. albida is supported at
two levels. First, ITS sequences ofC. albida are only alignable within theC. albida group
and not with otherCladophoraspecies, i.e. they form a monophyletic group (also



28 C h a p t e r 2

18SrRNA
1 100

France TCCTACCGATTGGGTGTGCTGGTGAAATGTTCGGATTGGTCGCCTTTCCGTCAGGAGACGTCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAG
NE-USA ----------------------------------------------------------------------------------------------------

SW-Austr --------------------------------------A----------------------T--------------------------------------
N-Japan --------------------------------------A----------------------T--------------------------------------

101 200
France AAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGATCCATAGCAATCGTATTGATTATTGATTGGCGATCACTCATGGAGTGGTACCGGCGTTGCG
NE-USA ----------------------------------------------------------------------------------------------------

SW-Austr ------------------------------------------------------------.......-----------T----------......-GTG-
N-Japan ------------------------------------------------------------.......-----------T----------......-GTG-

201 300
France TGTTGCGGCTCTCAGCTGCTAGCGCTTGCCCGCCAACCCATCCTTGGCTAGGGCCAGCGsTCGTCGAAAAGGCGCCGTCGTTGGACCCAGGCCCTACTGC
NE-USA ----------------------------------------------------------------------------------------------------

SW-Austr -------TGG-G--A-CATC-T.......--------------------------G---TAGC-A-C--TA-ATT----...-----------T-T----
N-Japan -------TGG-G--A-CATC-T.......--------------------------G---TA---A-C--TA-ATT----...-----------T-T----

301 400
France CACGGTGCCCCCGCAAACAGCG.ACCCTCGGTGATGTTTGGTGTTGT.......ACAGCAGCAGCGAAGGAGGCCGCGCGGGTGGTACGGGTCGGTGTTT
NE-USA ----------------------.------------------------CGCACCT----------------------------------------------

SW-Austr -------------TG-TAT---G---------A.................................-C---T----T-----------------AC---.
N-Japan -------------TG-TAT---G---------A.................................-C---T----T-----------------AC---.

401 500
France TCAGGCCACGCAAGCCCTTTTTGCACGGTGGTCGCACATACAACGTGCTACCCACCAACCAATCTGGTCTGCGTGAATCTCCTGGCGCCGGCCGGGAGTC
NE-USA .-----------------------G---------------------------------------------A-----------------------------

SW-Austr .-G-------TTC-GTGACCACCT-T-TAT--ATT-T---TGTGTACG-GGGGGGTG-T-GGCG--.........--CT--------T-----------T
N-Japan .-G-------TTC-GTGACCACCT-T-TAT--ATT-T---TGTGTACA-GGGGGGTG-T-GGCG--.........--CT--------T-----------T

501 600
France CCACGCTCACCCTATCCAGCTTGGAGATTGCCATCTCTTTGGCTGGTGACGGC..GGGCACACATCGTGGGCGTGAGCCTTCGCG.CACACCCCGTTGTG
NE-USA -----------------------------------------------------..------------------------------.--------------

SW-Austr ---T----.................CG--T---A---GC-C--GT-C-TG--AAT---------......---.........--TC--TG-----C----
N-Japan ---T----.................CG--T---A---GC-C--GT-C-TG--AAT---------......---.........--TC--TG-----C----

601 700
France GGGGCTCCCACAACCACTATCCTATATCCTTTTACCTGTGCCATAGCTTGATCGTCTAGCACGTCGAGCAAATTAACTTGAATAACACTGTACAATGGAT
NE-USA ----------------------------------------------------------------------------------------------------

SW-Austr ---A-----G------A-------C-------A-------TA-AT--------------------------------A-A--------------------
N-Japan ---A-----G------A-------C-------A-------TA-AT--------------------------------A-A--------------------

701 5.8SrRNA 800
France TTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCC
NE-USA ----------------------------------------------------------------------------------------------------

SW-Austr -------------------------------------------------------------------------------------------T--------
N-Japan -------------------------------------------------------------------------------------------T--------

801 900
France CAAGTCCCCGGACTTGAGCATGTCTGCCTCAGCGTCGTTTTCAATGGCTTGCCGTGCATGGCTCTTGCTGTCTTTGTATCGTCGTCACTCCGGTGAATGG
NE-USA ----------------------------------------------------------------------------------------------------

SW-Austr -------T---------------------------------T-------CT----T------A-------CT-CA---AA--TAC---AG--A-A-CC-T
N-Japan -------T---------------------------------T-------CT----T------A-------CT-CA---AA--TAC---AG--A-A-CC-T

901 1000
France C..............GGGCGGCATGAGCTGAATACTTGCATCATAGAC..AT..CGTGCGGTGGCGCGGTCGTTATCGACAACGTTGCAGTACGACGTGA
NE-USA -..............---------------------------------..--..-------------------------------C--------------

SW-Austr -GTTGCTTGGTAGCA--A-A-----C---C--G--C---C.....---AC--CG----G-TCAC-........................AC-------AC
N-Japan -----T-----------A-A-----C---C--G--C---C.....---AC--CG----G-TCAC-........................AC-------AC

1001 1100
France GACAGCAGCCACTCTCGTGCACTGTTCATCGTTAGCAAGCTACCTCGCGTGGCCAACTGCTTTCTCATGGGCATGTGTGTAGTACGAGGGAGTGGGAGCA
NE-USA ----------------------------------------------------------------------------------------------------

SW-Austr -----------TC----.--------------A----------------------CA----------------A----........-TCA-CG--C---G
N-Japan -----------TC----.--------------A----------------------CA----------------A----........-TCA-CG--C---G

1101 1200
France GCAACAACACNCAT.GCATCATCG.ATGTATGTGTTTGTCGCCGTCTCCGCGTGGGCTGGC.CGTCAACACCATTCGACCTGAGTTCAGGCAGGGTTACC
NE-USA --------------A---------T------------------------------------.--------------------------------------

SW-Austr --GG--T-T--G--.............................----G-T---T-T----------G---------------------------------
N-Japan --GG--T-T--G--.............................----G-T---T-T----------G---------------------------------

26SrRNA

Figure 2.1. Aligned sequences of ITS1 and ITS2 regions including the 5.8S and adjacent rRNA coding
regions of four isolates of Cladophora albida. Coding regions are boxed, repetitive motifs are indicated
with double bars. A hyphen indicates a position identical to the Roscoff isolate sequence and a dot
indicates a deletion relative to the Roscoff isolate.
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suggested by Bot (1992) based on scDNA-DNA hybridization data). In general,
interspecific alignments are only possible within clusters of closely allied species of the
genus (unpubl.). Second,C. albida is one of a small number ofCladophoraspecies that is
consistently recognizable in both field and in cultured material. We, therefore, have no
reason to suspect species misidentification as a possible cause of the observed sequence
divergence inC. albida although one could also consider them as biogeographic sibling
species. In either interpretation they form a monophyletic group.

Biogeography.ITS data clearly distinguish the two oceanic groups as genetically
distant. Based on a comparably large divergence in scDNA-DNA data, Bot et al. (1989b)
interpreted the disjunction to correspond with closure of the Tethys Sea connection. Our
data support this hypothesis. The nearly identical sequences shared between the western
and eastern Atlantic populations from Connecticut and Roscoff, however, suggests open
population structure. Whether or not this reflects present-day gene flow (dispersal) or
geologically short-term separation (vicariance) since the last Pleistocene glaciations
(60,000 - 10,000 yrs ago), which led to recent recolonization of temperate Atlantic waters,
cannot be determined from these data alone. Dispersal, however, seems most probable and
is supported by temperature data. Experimental temperature tolerance studies inC. albida
(Cambridge et al. 1990b) demonstrate that northern distributional boundaries, on both sides
of the Atlantic, are determined by low summer temperatures (10-15°C) which are too low
to provide an adequate growing season for this species. In contrast, the upper survival
limit for C. albida was found to be as high as 35°C which would suggest that the alga can
survive in warmer waters, where it is rarely found. Taken together, the temperature and
molecular data imply thatC. albida has wide ecophysiological and biogeographical
flexibility even though the observed distribution is more restricted.

The small ITS sequence divergence observed between the Japanese and Australian
isolates also suggests open population structure. Results from experimental temperature
tolerance studies among the Japanese and Australian isolates (Cambridge et al. 1991)
paralleled those for the Atlantic. Essentially, no north-south tropical dispersion barrier
should exist for this species in the Indo-West Pacific with regard to both temperature
tolerance studies and results of our molecular analyses.

Repeat Motifs. What is striking about theC. albida data are the very distinct patterns
of repeat motifs and shared insertion-deletions that both identify and distinguish the
geographic isolates. In the case ofC. albida it is obvious that large parts of ITS1 and
ITS2 can be deleted, repeated and scrambled without apparent deleterious effects.
Examples of such sequences are found between positions 418-464 and 990-1017 (Fig. 2.1,
double bars). In region 1097-1099, for example, a 3-nucleotide motif (AGC) appears to
have undergone a combination of substitution and subsequent replication in a manner
unique to each oceanic group. In a second example, the ATTGATT-loop motif at position
154-160 has been repeated only in the Atlantic isolates. The presence of the repeats is
most likely due to the process of slip-strand mispairing events (see Levinson & Gutman
[1987] for extensive discussion) which involves local denaturation (i.e. an intrahelical
event rather than an interhelical event) and displacement of the strands of a DNA duplex
followed by mispairing at the site of an existing short tandem repeat. Over time this leads
to insertions or deletions of one or several short repeats that can form distinctive nested
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patterns. The process can be self-accelerating and maintained for long periods in specific
populations. It has also been hypothesized to provide the raw material for the evolution of
regulatory elements, especially when located near genes (Levinson & Gutman 1987).
Repeat motifs attributed to slipped strand mispairing events have also been reported for
rDNA-ITS regions inDrosophila (Tautz et al. 1988, Hancock et al. 1988).

The high level of sequence variation of ITS regions makes them useful for species and
subspecies comparisons but also makes them inappropriate for higher level phylogenetic
comparisons due to alignment problems. The large number of repeats inC. albida
illustrates the utility of the data in defining particular groups but also illustrates the more
general limitation of ITS data in those cases where slippage events lead to the
accumulation (and also loss) of essentially unalignable stretches of the spacers above the
intraspecific level. Although we have calculated sequence similarity excluding gaps and
unalignable regions (a conservative approach), we acknowledge that insertion-deletions are
themselves potentially phylogenetic informative. Weighting of insertion-deletions in the
calculation of sequence similarity is still not clear (see discussion on gap-weighting in
Swofford & Olsen 1990, pp. 427-28). In the case of the AtlanticC. albida isolates,
inclusion of the four insertion-deletions does not change the >99% sequence similarity.

Function and secondary structure.The observation that eukaryotic transcribed
spacers, in general, show a remarkable variation in size (Table 2.1), and a lack of
conserved sequences (see Yokata et al. 1989, Gonzales et al. 1990 for contrasting
examples) raises the question if ITS regions have any function at all. Eukaryotic pre-rRNA
processing has been studied in few organisms (Gerbi 1985, Raué et al. 1988, Musters et
al. 1990). The ITS1 region in yeast, for example, contains an internal processing site (A2)
that is cleaved at an early stage of rRNA maturation (Veldman et al. 1980). This
processing site is not readily identifiable in the primary structure. Musters et al. (1990)
reported that deleting this region in yeast blocked the formation of small ribosomal
subunits. In mice, a similar processing pathway may exist (Raziuddin et al. 1989). It is not
yet clear if similar processing sites exist in other eukaryotes. In yeast andXenopusthere is
evidence that interaction of ITS regions with U3 snRNP (a small nucleolar
ribonucleoprotein) is required for correct folding and processing of pre-rRNA (Savino &
Gerbi 1990, Hughes & Ares 1991).

Secondary structure models have been proposed for different eukaryotic ITS regions
(Gonzales et al. 1990, Yeh & Lee 1991, Venkateswarlu & Nazar 1991). Although ITS
primary structures are very diverse between different eukaryotic organisms secondary
structure proposals appear to share two features. First, the entire ITS region can be folded
in a manner which effectively brings all of the mature termini (i.e. the 3’end of the 18S
rRNA, both ends of the 5.8S rRNA and the 5’end of the 26S rRNA) into juxtaposition,
possibly constituting a single processing domain. Second, the ITS forms a cruciate
secondary structure which may consist of variously lobed stemloops.

In C. albida we are unable to identify any processing sites. With regard to secondary
structure, complementarity between coding region termini could not convincingly be
demonstrated, possibly because we do not know the exact positions of the rRNA coding
termini. There is, however, circumstantial evidence for partial cruciate folding inC. albida
but, because multiple thermodynamic configurations are possible, we cannot suggest a
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single model. The apparent lack of clear secondary structure in the ITS is in sharp contrast
to the rRNA coding regions. Investigations of the secondary structure in the V9 region of
the 18S gene inC. albida (Fig. 2.2) clearly show a compensatory base change at positions
39 and 62 between the Atlantic and Pacific groups. Similar events in the internal
transcribed spacers could not be successfully documented.
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Figure 2.2. Secondary structure of the 18S rRNA variable region V9. Numbers correspond to positions in
the alignment in Fig. 2.1. An arrow indicates the position where a compensatory nucleotide substitution
has occurred.

In conclusion, ITS sequenceswithin biogeographic isolates provide good biogeographic
signature patterns on a broad scale forC. albida.Length variation foundbetween
Cladophoraspecies and the presence of multiple short repeat motifs result in serious
alignment problems which restrict the utility of ITS sequences alone for comparisons at
this level. This seems to be characteristic forCladophoraspecies but not for other genera
of green algae so far investigated in our laboratory. In most cases, ITS sequences are
easily alignable and predominantly contain point mutations. The degree to which these
contrasting ITS patterns reflect older divergences (especially in cosmopolitan taxa such as
Cladophora), founder-effect populations (that still maintain "trapped" repeat motifs) or
clues about maintenance and evolution of ITS regions remain to be resolved.
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ABSTRACT
Evolutionary relationships among species traditionally ascribed to the Siphonocladales-
Cladophorales have remained unclear due to a lack of phylogenetically informative characters
and extensive morphological plasticity resulting in morphological convergence. This study
explores some of the diversity within the generic complex Cladophora and its
siphonocladalean allies. Twelve species of Cladophora representing six of the eleven
morphological sections recognized by van den Hoek were analyzed along with eight
siphonocladalean species, using 18S rRNA gene sequences. The final alignment consisted of
1460 positions containing 92 phylogenetically informative substitutions. Weighting schemes
(EOR-weighting, combinatorial weighting) were applied in maximum parsimony analysis to
correct for substitution bias. Stem characters were weighted 0.66 relative to single-stranded
characters to correct for secondary structural constraints. Both weighting approaches resulted
in greater phylogenetic resolution. Results confirm that there is no basis for the independent
recognition of the Cladophorales and Siphonocladales. The Siphonocladales is polyphyletic,
and Cladophora is paraphyletic. All analyses support two principal lineages of which one
contains predominantly tropical members including almost all siphonocladalean taxa, while
the other lineage consists of mostly warm- to cold-temperate species of Cladophora.

3.1 INTRODUCTION

It is no exaggeration to say that the green algal genusCladophorais a heterogeneous and
confusing assemblage of species. More than 600 species and subspecific taxa have been
attributed to the genus over the past 200 years though the present circumscription is
estimated at about 120 species. The most recent studies are those of van den Hoek (1963,
1982), which cover the European and Atlantic North American species, though a few
regional works have also appeared (e.g., Jónsson et al. 1989 [France], Sakai 1964 [Japan],
Söderström 1963 [W Europe], van den Hoek & Womersley 1984 [Southern Australia]).
The history of the group is reviewed in detail by van den Hoek (1963).

Species ofCladophoraare recognized on the basis of different architectural types,
modes of cell division, branch insertion/initiation, cell size and rhizoidal attachment. While
some species are very distinctive, most are not. This is because of few morphological
characters and extensive morphological plasticity related to environmental conditions and
age of the alga (van den Hoek 1963, 1982, Söderström 1965, Dodds & Gudder 1992).
Despite the frustrations associated withCladophora, it continues to fascinate-- precisely
because it is so difficult to circumscribe and also because it is so common. What is the
evolutionary history of this group? What are its relatives? How has it diversified and
adapted itself to the coastlines of the world? What levels of phylogeographic variation are
traceable within its putatively long history? What can it tell us about dispersal and
vicariance biogeography?

Van den Hoek (1982, 1984a) speculated about the apparent relatedness of species of
Cladophoraand four other genera traditionally assigned to the Cladophorales with species
traditionally incorporated in the Siphonocladales (Egerod 1952, Bold & Wynne 1985).
Over the past 15 years a body of diverse evidence (Stewart & Mattox 1978, Mattox &
Stewart 1984, O’Kelly & Floyd 1984, Van den Hoek et al. 1993, 1994), including
ultrastructural characters of cytokinesis, the flagellar apparatus, cell wall structure and life
history patterns, has verified this relationship. The more complicated "siphonocladalean
morphology" (e.g., larger and "inflated" cells, reticulate and stipitate forms) and the
presence of segregative cell division, were believed to be important characteristics
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distinguishing the two orders (Egerod 1952, Bold & Wynne 1985). They have been called
into question, however, (O’Kelly & Floyd 1984, van den Hoek, 1982, 1984a, Olsen-
Stojkovich 1986) and are now considered of diagnostic value at the generic level but not
of phylogenetic value. In this study "Siphonocladales/Cladophorales-Complex" (SCC) will
be used to refer to the Cladophorales including the Siphonocladales.

Molecular phylogenetic studies within the SCC are so far limited. Immunological
distances (Olsen-Stojkovich 1986, Olsen & West 1988, cf. van den Hoek et al. 1988) and
single-copy DNA-DNA hybridization studies (Bot et al. 1989b, 1991, Bot 1992) provided
evidence for very large intergeneric distances and showed thatCladophorais paraphyletic
(Olsen-Stojkovich 1986). A comparison of partial 18S and 26S RRNA sequences by
Zechman et al. (1990) suggests that the SCC is monophyletic but relationships among
Cladophoraspecies and siphonocladalean species were not investigated (only one
Cladophoraspecies was included in their study). Despite the recognition of a single,
apparently monophyletic order, relationships among species ofCladophoraand their
relationships to other cladophoralean relatives have remained a mystery. Here we compare
18S RRNA gene sequences from twelve species of"Cladophora" representing six
principal sections (sensuvan den Hoek 1984a) of the genus and eight species from related
"siphonocladalean" genera. The evolution of the complex and its present-day world-wide
distribution are discussed.

3.2 MATERIALS AND METHODS

Culturing of the algae (listed in Table 3.1) and DNA extraction were performed as
described in Bakker et al. (1992). Primers used in amplification and sequencing are given
in Table 3.2.

PCR amplification. Double-stranded PCR amplifications (ds-PCR) were performed as
described in Bakker et al. (1992). Single-stranded PCR amplifications (ss-PCR) consisted
of 1 µl of uncleaned ds-PCR amplification product, 1 µl of a 50µM solution ofoneprimer,
1x Taq DNA polymerase buffer (Promega Corp. Madison, WI), 1-2 u Taq DNA polymera-
se (Promega Corp. Madison, WI), and 200 µM of each nucleotide in a total reaction
volume of 100 µl. Ss-PCR amplifications were performed in a Perkin-Elmer Thermocycler
under the following temperature profile: 3 min at 95°C followed by 19 cycles of 30 sec at
95°C, 30 sec at 55°C, 1 min at 72°C followed by 1 cycle of 30 sec at 95°C, 30 sec at
55°C, 2 min at 72°C. When used as sequencing templates, ds-amplification products were
cleaned using the Geneclean protocol (Geneclean, La Jolla, CA) omitting the agarose gel
electrophoresis purification step and adding the glassmilk directly to the amplification
product. Ss-amplification products were cleaned according to Bakker et al. (1992).

Sequencing.In some cases ds-PCR templates were directly sequenced. In most cases
ss-PCR templates gave better results. In general, 10 µl of cleaned template (c. 300 ng)
were used per sequencing reaction following Bakker et al. (1992). Annealing mixes for ds-
templates were denatured at 96°C for 3 min, immediately followed by snap-
cooling in ice-water. For ss-sequencing annealing mixes were heated at 70°C for 3 min,
and subsequently allowed to cool at room temperature for 5 minutes before proceeding
with the reactions. When band compressions or other sequencing artifacts were
encountered, 7-deaza DGTP analogues were used.
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Alignment. Sequences were aligned according to a secondary structure model of
Cladophora albida(kindly provided by Dr. De Wachter, Universitaire Instelling
Antwerpen). 18S rDNA sequences ofChlamydomonas reinhardtii(Gunderson et al. 1987)
andAnkistrodesmis stipitatus(Huss & Sogin 1990) were used as outgroups in
phylogenetic analyses.

Table 3.2. Primers used in dsPCR, ssPCR and sequencing.

PRIMERa SEQUENCE DIRECTIONb POSITIONc

NS1-NS8d - - -

AB1 5’-GGAGGATTAGGGTCCGATTCC-3’ forward 362-384

B1 5’-CGCAGTAGTTCGTCTTTCGC-3’ reverse 916-935

B2 5’- GCGAAACACGAACTACTGCG-3’ forward 916-935

H1 5’- AATTGGCATCGTTTATGGTCG-3’ reverse 1014-1034

C1 5’-GTACACACCGCCCGTCGCTCC-3’ forward 1624-1644

C2 5’-GGTGCGACGGGCGGTGTGTAC-3’ reverse 1624-1644

RITS1 5’-TTCCGCAGGTTCACCTACGGA-3’ reverse 1762-1783

aexcept for NS1-NS8, all primers are designed in our laboratory.
bdirection of sequencing.
cannealing positions inChlamydomonas reinhardtii18S rRNA (Gunderson et al. 1987).
deukaryotic universal 18S rRNA primers from White et al. (1990).

Parsimony analysis.Parsimony analysis was performed using PAUP 3.1.1 (Swofford
1993) and MacClade 3.0 (Maddison & Maddison 1992). Consensus trees were calculated
based on 50% majority-rule. Both unweighted (also called uniformly weighted) and
weighted parsimony analyses were performed to correct for nucleotide substitution bias
(weighting of character state changes) and for secondary structure (weighting of positions).

Weighting of character state changes.To correct for biases in nucleotide substitution-
pattern, two weighting strategies were followed: expected/observed-ratio (EOR) weighting
(Knight & Mindell 1993) andcombinatorialweighting (Wheeler 1990a). Both weighting
procedures are based on the assumption that frequently occurring substitutions are less
informative then rare substitutions. Weights are therefore assigned inversely proportional
to the occurrence of the different nucleotide substitutions. Weights are determined prior to
phylogenetic analysis and are therefore only dependent on the alignment itself. Both
weighting methods are independent of tree topology (which is not the case with the
dynamically weighted parsimony method of Williams & Fitch [1990]) or external
hypotheses of character state evolution. In addition, both EOR-weighting and
combinatorial weighting automatically account for transition/transversion bias in the data
set. The weighting methods differ with respect to underlying assumptions about direction
of nucleotide change and sequence composition. Because slight variations in assumptions
can be made, a brief summary is given here.

EOR-weighting does not make any assumptions about the direction of nucleotide
substitution but distinguishes only undirected substitution-categories (A↔C, A↔G, A↔T,
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C↔G, C↔T, and G↔T). The method takes the observed totals for transitions and
transversions and adjusts them proportionally for sequence composition in order to
calculate expected numbers of nucleotide substitutions in each of the six possible substi-
tution-categories. Because making manual pairwise comparisons among 20 sequences was
not feasible, a neighbor-joining (NJ) tree (see below) was used to select a subset of taxa
representing the major clades of the ingroup. Pairwise comparisons between selected
sequences were made and total occurrences in each substitution-category were counted.
Nucleotide frequencies for each sequence were determined using the COMPOSITION
program in the UWGCG package (Devereux et al. 1984). For each pairwise comparison
between two sequences, expected occurrences of nucleotide substitutions for each
substitution-category were calculated using the formulae:

Exp(TIi,j) = (freqi + freqj) x total Obs(TI)

Exp(TVi,j) = (freqi + freqj) / 2 x total Obs(TV)

where freqi is the mean of the frequencies of base i in the two sequences compared, and
freqj is the mean of the frequencies of base j in the two sequences compared, Exp(TIi,j)
and Exp(TVi,j) are the number of expected transitions and tranversions involving base i
and j, and total Obs(TI) and total Obs(TV) are the observed total numbers of transitions
and transversions in the two sequences compared (as described in Knight & Mindell
1993). Note that Exp(TVi,j) is divided by two because there are twice as many
transversional as transitional categories. For each substitution-category, the expected
number of occurrences was divided by the observed number of occurrences in that
category in order to yield an expected/observed-ratio (EOR). EORs were used directly to
construct a symmetrical transformation matrix which was then used in subsequent
parsimony analysis.

In combinatorial weighting each nucleotide position is assigned a "probability of inter-
change" between the observed nucleotides at that alignment position. An association
matrix {A} is then constructed by summing all nucleotide associations (probabilities of
interchange) over all nucleotide positions. Columns of that matrix are normalized and log
transformed to yield a phylogenetic weight matrix {W}. This weighting approach results
in an asymmetric transformation matrix. For example, different weights can be given to
A→C and C→A. The underlying assumption is as follows: If in an alignment of DNA
sequences, C occupies more alignment positions than A, and a small number of A-C co-
occurrences are also found, then A→C substitutions will be more common then C→A
substitutions. The phylogenetic weight matrix {W} was used directly in subsequent
parsimony analysis as a stepmatrix (see for a further discussion on combinatorial
weighting Albert & Mishler 1992) and not as ana postiori weighting procedure for
evaluating different equally most parsimonious trees.

Positional weighting and secondary structure.Compensatory substitutions occur in
order to maintain rRNA secondary structure. This means that the assumption of character
independence, which is basic to parsimony analysis, is violated. Positional weighting
provides a method to correct for this. In order to investigate the possible effects of
secondary structural constraints on phylogenetic analysis, the method as described by
Dixon & Hillis (1993) was applied to our data set. Nucleotide substitutions occurring in
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double-stranded regions (stem characters) were counted. A distinction was made between
transformations in paired nucleotides caused by single and double substitutions. For both
categories the observed number of transformations maintaining and disrupting
complementarity were determined and compared with the expected numbers (under the
assumption that all substitutions occur at random, i.e., no secondary structural constraints).
The occurrence of compensatory substitutions was then transformed into a phylogenetic
weighting scheme (see Dixon & Hillis 1993) in which a relative weighting for
substitutions occurring in stem characters was calculated. Parsimony analyses were then
performed using this relative weight.

Distance analysis.The distance analysis was used for the selection of taxa for the
calculation of the transformation-matrix in EOR-weighting. The Kimura 2-parameter
method (Kimura 1980), with transition/transversion-bias set to 2.0, was used to construct a
pairwise distance matrix using the DNADIST option of the PHYLIP program (Felsenstein
1990) using the same alignment positions as in parsimony analysis. A NJ-tree was
constructed and drawn using the TREECON package Version 2.2 (Van de Peer & De
Wachter 1993).

3.3 RESULTS

The final alignment consisted of 1460 positions representing 81% of the total 18S rRNA
gene sequence (Fig. 3.1). Positions 5-10, 366-371, 1056-1065, and 1483-1500 were
excluded from the analysis because of uncertain alignability or because not all positions
were available for all taxa. These 1460 positions included 152 variable sites (56 in single-
stranded positions, 96 in double-stranded positions) and 92 phylogenetically informative
substitutions (39 in single-stranded positions, 52 in double-stranded positions). GC
contents ranged from 48.3% inChaetomorphasp. to 50.2% inValonia utricularis.The
18S rRNA secondary structure model forCladophora albida(Atlantic) in Fig. 3.2
represents the first such model for a macrophytic green alga; this model was used in
determining the alignment.

Basic analyses.We first performed an unweighted parsimony analysis under the general
heuristic search option (simple addition, TBR branch swapping, MULPARS ’on’) in which
all character state changes and alignment positions were weighted equally (Figs 3a, b, and
c). UsingAnkistrodesmis stipitatusandChlamydomonas reinhardtiias outgroups, this
yielded 16 most parsimonious trees (MPTs) of 571 steps (CI = 0.764, RI = 0.787). The
50% majority-rule consensus tree (Fig. 3.3a) contains four trichotomies. There were 292
trees of one extra step and >2000 trees within 1% of MPT-length. The 50% majority-rule
consensus tree of the 292 near MPTs (Fig. 3.3b) resolved one tip-trichotomy, and the one

→ Figure 3.1. 18S rRNA gene sequence alignment of SCC taxa (for abbreviations see Table 3.1) with
Chlamydomonas reinhardtii (Chlamy) and Ankistrodesmis stipitatus (Ankist) as outgroups. Numbering of
alignment positions is indicated at the right of each alignment-block. Corresponding numbering in
Chlamydomonas reinhardtii 18S rRNA gene sequence is indicated in brackets [ ]. Double-stranded and
single-stranded regions of the 18S rRNA molecule are indicated with double and single lines respectively.
Numbering of helices is according to Neefs et al. (1993). Nucleotide substitutions are shown in boldface,
phylogenetically informative nucleotide substitutions are marked with* . Regions of the alignment omitted
from phylogenetic analysis are shaded.
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9 10
* * * * ** * * *

rupe AGTG..C.AA CCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTTGGAAGGGAmGTATTTATTAGATTTATGGCCAG 100
Chae AGTG..C.AG CCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTCTTTGAAGGGAmGTATTTATTAGATTTATGGCCAG
seri AGTG ..C.AA CCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCAACTTTTTGACGGGACGTATTTATTAGATTTATGGCCAG
albi-Atl AGTG ..C.AA CCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTTTGAAGGGACGTATTTATTAGATTTATGGCCAG
albi-Pac AGTG ..C.AA CCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTTTGAAGGGACGTATTTATTAGATTTATGGCCAG
vaga AGTG..C.AA CCTACTCGGATArCCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTTGGAAGGGACGTATTTATTAGATTTATGGCCAG
poid AGTG..C.AA CCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTCTTTGAAGGGACGTATTTATTAGATTTATGGCTAA
pell AGTG ..C.AA CCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTTGGAAGGGACGTATTTATTAGATTGATGGCTAA
Clzo AGTG..C.AA CCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTTGGAAGGGACGTATTTATTAGATTTATGGCTAA
Clme AGTG..C..A GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTTGGAAGGGACGTATTTATTGGATTTATGGCTAA
Cham AGTG..C..A GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTTTGAAGGGACGTATTTATTGGATTTATGGCTAA
Erno GGTGTGC..A GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTCTTGGAAGGGACGTATTTATTAGATTTATGGCTAA
Siph GGTG..C..A GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTCTGAAGGGACGTATTTATTAGATTTATGGCTAA
Vutr AGTG..C..A GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTTTTGGAAGGGACGTATTTATTAGATTTATGGCTAA
cltx AGTG TGC..A GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTACAATCCTGACTCTTGGAAGGGACGTATTTATTAGATTTATGGCTAA
prol AGTG ..C..A GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTCTTGGAAGGGAmGTATTTATTAGATTTATGGCTAA
soci AGTG ..C..A GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCGACTCTTGGAAGGGACGTATTTATTAGATTTATGGCTAA
Mdic AGTG..CAAA GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCAACTTTTGGAAGGGACGTATTTATTAGATTTATGGCTAA
lieb AGTG ..CAAA GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCAACTTTCGGAAGGGACGTATTTATTAGATTTATGGCTAA
cate AGTG..C..A GCTACTCGGATAACCGTAGTAACACTAGAGCTAATACGTGCGTA.AATCCCAACTTTCGGAAGGGACGTATTTATTAGATTTATGGCTAA
Chlamy GGTA..C CT. ACTACTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGCGCACA.ACCCGACTCCTGGAAGGGTCGTATTTATTAGATAAAAGGCCAG [221]
Ankist GGTA..C CT. .CTACTCGGATAACCGTAGTAATTCTAGAGCTAATACGTGCGCA.AATCCCGACTTCTGGAAGGGACGTATTTATTAGATAAAAGGCCGA

E10-1 11 8’
* *** * *

rupe CCGG.CTTTGCCCGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTTGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT 200
Chae CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTTGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
seri CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGACGGATTGCAAGGCCTTTGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
albi-Atl CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTTGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
albi-Pac CCGGGCTT.GCCCGACCAGCGGTGAAYCATGGTAACTTGACGGATTGCATGGCCTTTGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
vaga CCGGGCTT.GCCnGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTCGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
poid CCGGGCTT.GCCnGACCAGCGGTGAATCATGGTAACTTGGCGGATTGCATGGCCTCCGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
pell CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGGCGGATTGCATGGCCTTTGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCmrTCAGGTTT
Clzo CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGGCGGATTGCATGGCCTCCGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
Clme CCGGGCTT.GGCnnACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTTGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
Cham CCGGGCTT.GCCnGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCCTTGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
Erno CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTTGCGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
Siph CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCCTCGCGCCGGCGACGTGTCATTCAAGTTTCTGCCCCmATCAGGTTT
Vutr CCGGGCTT.GCCnGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTGGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
cltx CCGGGCTT.GCCnGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTCGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
prol CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTCGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
soci CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTCGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
Mdic CCGGGCTT.GCCCGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTCGTGCTGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
lieb CCGGGCTT.GCCnGACCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCTTCGTGCTGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
cate CCGGGCTT.GCCnnnnCAGCGGTGAATCATGGTAACTTGACGGATTGCATGGCCCTCGTGCCGGCGACGTGTCATTCAAGTTTCTGCCCCA.TCAGGTTT
Chlamy CCGGGCTCTGCCCGACCTCCGGTGAATCATGATAACTTCACGAATCGTATGGGC.T CGTCCCGACGATGTTTCATTCAAATTTCTGCCCTA.TCAACTTT [319]
Ankist CCGGGCTCTGCCCGACCCGCGGTGAATCATGATAACTTCACGAATCGCATAGCC.TCGTGCTGGCGATGTTTCATTCAAATTTCTGCCCTA.TCAACTTT
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rupe CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA 300
Chae CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACTACCAAGGA
seri CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
albi-Atl CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
albi-Pac CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
vaga CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
poid CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
pell CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTnnnACATCCAAGGA
Clzo CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
Clme CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
Cham CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAnnGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
Erno CGACTGTAGTGTATTGGACTACAGTGCCTATTACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
Siph CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
Vutr CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
cltx CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
prol CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
soci CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
Mdic CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
lieb CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
cate CGACTGTAGTGTATTGGACTACAGTGCCTATAACGGGTAGCGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
Chlamy CGATGGTAGGATAGAGGCCTACCATGGTGGTAACGGGTGACGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAGATGGCTACCACATCCAAGGA [419]
Ankist CGA TGGTAGGATAGAGGCCTACCATGGTGGTAACGGGTGACGGAGGATTAGGGTTCGATTCCGGAGAGGGAGCCTGAGAAACGGCTACCACATCCAAGGA
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rupe AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGGGC..TACAT...GTTCTGCAATTGGAnTGAGTA 400
Chae AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGGGC..TTTAC...GTTCTGCAATTGTAATGAGAA
seri AGGCAGCAGGCGCGCAAATTACCCAATCCCAACTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGGGC..TTCAT...G CTCTGCAATTGGAATGAGTA
albi-Atl AGGCAGCAGGCGCGCAAATTACCCAATCCCAACTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGGGC..TTATTT..GTTC GGCAATTGGAATGAGTA
albi-Pac AGGCAGCAGGCGCGCAAATTACCCAATCCCAACTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGGGC..TTCAT...G CTCTGCAATTGGAATGAGTA
vaga AGGCAGCAGGCGCGCAAATTACCCAATCCCAACTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGGGC..TTCTT...G CTCTGCAATTGGAAnGAGAA
poid AGGCAGCAGGCGCGCAAATTACCCAATCCCAACTCAGGGAGGTAGTGACAAGAAATAACAATGCGGAGC.. TTCGT...GTTCTGCAATTGAAATGAGAA
pell AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAACAATGCGGmrs.. TTCGT...GTTCTGCAATTGAAATGAGAA
Clzo AGGCAGCAGGCGCGCAAATTACCCAATCCCAACTCAGGGAGGTAGTGACAAGAAATAACAATGCGGAGC.. TTCGT...GTTCTGCAATTGAAATGAGAA
Clme AGGCAGCAGGCGCGCAAATTACCCAATCCCAACTCAGGGAGGTAGTnACAAGAAATAGCAATGCGnAGCa.TTTT....G CTCTGCAATTGAAATGAGAA
Cham AGGCAGCAGGCGCGCAAATTACCCAATCCCAACTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGACG.. TTTC....G CTCTGCAATTGGAATGAGAA
Erno AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGAGC.. TTCGT...G CTCTGCAATTGAAATGAGAA
Siph AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGAGC.. TTCGT...G CTCTGCAATTGGAATGAGAA
Vutr AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGGGG..TTTTA... CTTCTGCAATTGGAATGAGAA
cltx AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGAGC.. TTCGT...GTTCTGCAATTGGAATGAGAA
prol AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGAGC.. TTCGT...GTTCTGCAATTGGAATGAGAA
soci AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGAGC.. TTCGT...GTTCTGCAATTGGAATGAGAA
Mdic AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGAGC.. TTCGT...GTTCTGCAATTGGAATGAGAA
lieb AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGAGC.. TTCGT...GTTCTGCAATTGGAATGAGAA
cate AGGCAGCAGGCGCGCAAATTACCCAATCCCAATTCAGGGAGGTAGTGACAAGAAATAGCAATGCGGAGC.. TTCGT...GTTCTGCAATTGGAATGAGAA
Chlamy AGGCAGCAGGCGCGCAAATTACCCAATCCCGACACGGGGAGGTAGTGACAATAAATAACAATACCGGGCGCTTC...GCGT CTGGTAATTGGAATGAGTA [516]
Ankist AGGCAGCAGGCGCGCAAATTACCCAATCCTGATACGGGGAGGTAGTGACAATAAATAACAATACCGGGCWTTCA... ATGTCTGGTAATTGGAATGAGTA
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rupe CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT 500
Chae CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
seri CAATTTAAA TCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
albi-Atl CAATTTAAA TCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
albi-Pac CAATTTAAA TCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
vaga CAATTTAAATCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
poid CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
pell CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
Clzo CAATTCAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
Clme CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
Cham CAACCCAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
Erno CAATCTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
Siph CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
Vutr CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
cltx CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
prol CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
soci CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
Mdic CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
lieb CAATTTAAACCACTTAACGAGTATCAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGC.GTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
cate nnnnnnnnnCCACTTAACGAGTATCAATTGGAGGnCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATGTAAGTTGTTGCGATT
Chlamy CAATCTAAATCCCTTAACGAGGATCCATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTT [616]
Ankist CAAT TTAAATCCCTTAACGAGGATCCATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTTAAGTTGTTGCAGTT

.
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rupe AAAAAGCCCGTAGCTGAACCTCGGGCAACCCTGA.CGGTCCGCATTATGTGAGTACTATCGTGGGTTGTCTTTCTGGTAAG. ACCGTA.TCCCGGGGTTA 600
Chae AAAAAGCCCGTAGCTGAACCTCGGGCAACCCTGA.CGGTCCGCATCATGTGAGTACTATCGTGGGTTGTCTTTCTGGTAAG. ACCGTA.TCCCGGGGTTC
seri AAAAAGCCCGTAGCTGAACCTCGGGCAACCCTGA.CGGTCCGCGTTTCGTGAGTACTGTCGTGGGTTGTCTTTCTGGCAAG. ACCGTA.TCTCGGCGTTA
albi-Atl AAAAAGCCCGTAGCTGAACCTCGGGCAACCCTGA.CGGTCCGCGTTTCGTGAGTACTGTCGTGGGTTGTCTTTCTGGCAAG. ACCGTA.TCTCGCCGTTA
albi-Pac AAAAAGCCCGTAGCTGAACCTCGGGCAACCCTGA.CGGTCCGCGTTTCGTGAGTACTGTCGTGGGTTGTCTTTCTGGCAAG. ACCGTA.TCTCGGCGTTA
vaga AAAAAGCCCGTAGCTGAACCTCGGGCAACCCTGA.CGGTCCGCGTTTCGTGAGTACTGTCGTGGGTTGTCTTTCTGGCAAG. ACCGTA.TCTCGGTGTTA
poid AAAAAGCCCGTAGCTGAACCTCGGGCAGCCCTGA.TGGTCCGCCTTAGGTGAGTACTGTCGTGGGCTGTCTTTCTGCTATGTGCTGTA.TCTCGGCGTTT
pell AAAAAGCCCGTAGCTGAACCTCGGGCAGCCCTGA.TGGTCCGCCAATGGTGAGTACTGTCGCGGGCTGTCTTTCTGCCACGCGCCGTA.TCCCGTGGTTT
Clzo AAAAAGCCCGTAGCTGAACCTCGGGCAGCCCTGA.TGGTCCGCCTATGGTGAGTACTGTCCTGGGCTGTCTTTCTGCTACGTGCCGTA.TCTCGGCGTTT
Clme AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCATTATGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGTGCCGTA.TC.CnGCGTTT
Cham AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCTTGACGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGTGCCGTA.TC.CGGCGTTT
Erno AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCCCATGGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGTGCCGTA.TC.CGGCGTTG
Siph AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCTTTTAGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGTGCCGTA.TC.CGGCGTTC
Vutr AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCCTAAGGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGTGCCGTA.TC.CGGCGTTT
cltx AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCCTAAGGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGTGCCGTACTC.CGGCGTTT
prol AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCCTAAGGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGTGCCGTA.TC.CGGCGTTT
soci AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCCCAAGGTGAGTACTGTCGTGGGCTGCCTTkCTGCTGGGTGCCGTA.TC.CGGCGTTT
Mdic AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCCTAAGGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGTGCCGTA.TC.CGGCGTTT
lieb AAAAAGCCCGTAGCTGAACCTCGGGTAGCCCTGA.CGGTCCGCCTAAGGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGTGCCGTA.TC.CGGCGTTT
cate AAAAAGCCCGTAGCTGAACCTCGGCTnGCCnTGA.CGGTCCGCCTAAGGTGAGTACTGTCGTGGGCTGCCTTTCTGCTGGGT.CGGTA.TC.CGGCGTTT
Chlamy AAAAAGCTCGTAGTTGGATTTCGGGTGGGGTGGTGCGGTCCGCCTCTGGTGTGCACTGCTCTGCTCCACCTTCCTGCCGGGGACGGGC.TCCTGGGCTTC [715]
Ankist AAAAAGC TCGTAGTTGGATTTCGGGTAGGTTCCATCGGTCCGCCTATGGTGAGTACTGCTGTGGCCTTCCTTTTTGCCGGGGACGGTC.TCCTGGGCTTC
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rupe A TTCACCGGGAACGGCGCTTACCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCACGCGCTCTGAATACACTAGCATGGGATAACACGACATG 700
Chae ATTCACCGGGAACGGCGCTTACCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCACGCGCTCTGAATACACTAGCATGGGATAACACGACATG
seri ACTCGCCGGGAACGnCGCTTGCCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCTCGCGCTCTGAATACACTAGCATGGGATAACACGACATG
albi-Atl ACTCGCCGGGAACGGCGCTTGCCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCTCGCGCTCTGAATACACTAGCATGGGATAACACGACATG
albi-Pac ACTCGCCGGGAACGGCGCTTGCCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCTCGCGCTCTGAATACACTAGCATGGGATAACACGACATG
vaga ACTnGCCGGGAACGGCGCTTGCCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCTCGCGCTCTGAATACACTAGCATGGGATAACACGACATG
poid A TTCGCCGGGAACAGAGCTTAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCATGCGCTCTGAATACACTAGCATGGGATAACACGACATG
pell A ATCACCGGGAACGGAGCTTGGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCACGCGCTCTGAATACACTAGCATGGGATAACACGACATG
Clzo ACTCGCCGGGAACGGAGCTTAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCATGCGCTCTGAATACACTAGCATGGGATAACACGACATG
Clme GTTCGCCGTGAACGGAGCCCAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCATGTGCTCTGAATACACTAGCATGGGATAACACGACATG
Cham GTTCGCCGTGAACGGAGCCCAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCATGTGCTCTGAATACACTAGCATGGGATAACACGACATG
Erno A TTCGCCGCGAACGGAGCCCAGCAAGGTTACTTTGAATAAAATAGAGTGTTCAAAGCAAGCATGCGCTCTGAATACACTAGCATGGGATAACACGACATG
Siph ACTCGCCGCGAACGGAGCCCAGCAAGGTTACTTTGAATAAAATAGAGTGTTCAAAGCAAGCATGCGCTCTGAATACACTAGCATGGGATAACACCACATG
Vutr GCTCGCTGCGAACGGAGCCCAGCAAGCTTACTTTGAGTAAAATAGAGTCTTCAAAGCAAGCATGTGCTCTGAATACACTAGCATGGGATAACACGACATG
cltx ACTCGCCGTGAACGGAGCCCAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCATGTGCTCTGAATACACTAGCATGGGATAACACGACATG
prol ACTCGCCGTGAACGGAGCCCAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCATGTGCTCTGAATACACTAGCATGGGATAACACGACATg
soci ACTCGCCGCGAACGGAGCCCAGCAAGGTkACTTTGAGTAAAATAGAGTCTTCAAAGCAAGCATGTGCTCTGAATACACTAGCATGGGATAACACGACATG
Mdic ACTCGCCGTGAACGGAGCCCAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCCTGTGCTCTGAATACACTAGCATGGGATAACACGACATG
lieb ACTCGCCGTGAACGGAGCCCAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCATGTGCTCTGAATACACTAGCATGGGATAACACGACATG
cate ACTCGCCGTGAACGGAGCCCAGCAAGGTTACTTTGAGTAAAATAGAGTGTTCAAAGCAAGCATGTGCTCTGAATACACTAGCATGGGATAACACGACATG
Chlamy ACTGTCTGGGACTCGGAGTCGGCGAGGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAGGCCTACGCTCTGAATACATTAGCATGGAATAACACGATAGG [815]
Ankist ACT GTCCGGGAATCGGAGTCGGCGATGATACTTTGAGTAAATTAGAGTGTTCAAAGCAAGCCTACGCTCTGAATACTTTAGCATGGAATATCGCGATAGG
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rupe ACCGATGGTCTATCTTGTTGGCCTGTAGATCTGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT 800
Chae ACCGATGGTCTATCTTGTTGGCCTGTAGACCTGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
seri ACCGATGGTCTATCTTGTTGGCCTGTAGACCTGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
albi-Atl ACCGATGGTCTATCTTGTTGGCCTGTAGACCTGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
albi-Pac ACCGATGGTCTATCTTGTTGGCCTGTAGACCTGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
vaga ACCGATGGTCTATCTTGTTGGCCTGTAGACCTGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
poid ACCGATGGTCTATCTTGTTGGCCTGTAGACCTGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
pell ACCGATGGTCTATCTTGTTGGCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
Clzo ACCGATGGTCTATCTTGTTGGCCTGTAGACCTGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
Clme ACCGATGGTCTATCTTGTTGGCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
Cham ACCGATGGTCTATCTTGTTGGCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
Erno ACCGATGGTCTATCTTGTTGGCCTGTATACC.GTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
Siph ACCGATGGTCTATCTTGTTGGCCTGTATACC.GTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
Vutr ACCGATGGTCTATCTTGTTGGCCTGTAGACCTGTTGGTAATGGCTAATAGAGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
cltx ACCGATGGTCTATCTTGTTGGCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
prol ACCGATGGTCTATCTTGTTGGCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
soci ACCGATGGTCTATCTTGTTGGCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
Mdic ACCGATGGTCTATCTTGTTGGCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
lieb ACCGATGGTCTATCTTGTTGGCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
cate ACCGATGGTCTATCTTGTTGGCCTGTAGACCCGTTGGTAATGGCTAATAGGGACGGTCGGGGGCATTCGTATTTCGCTGTCAGAGGTGAAATTCTTGGAT
Chlamy ACTCT.GGCCTATC.TGTTGGTCTGTGGGAC. CGGAGTAATGATTAAGAGGGGTAGTCGGGGGCATTCGTATTCCGTTGTCAGAGGTGAAATTCTTGGAT [912]
Ankist AC TCT.GGCCTATCTCGTTGGTCTGTAGGAC. CGGAGTAATGATTAAGAGGGACAGTCGGGGGCATTCGTATTTCATTGTCAGAGGTGAAATTCTTGGAT
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rupe TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC 900
Chae TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
seri TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
albi-Atl TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
albi-Pac TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
vaga TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
poid TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACsATTAGATwCCGTCGTAGTC
pell TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
Clzo TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGsmCGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
Clme TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
Cham TTGCGAAAGACrAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
Erno TTGCGAAACACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
Siph TTGCGAAAsACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
Vutr TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
cltx TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
prol TTGCGAAAsACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
soci TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGsGGGATCGAAGACGATTAGATACCGTCGTAGTC
Mdic TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAArGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
lieb TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
cate TTGCGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGACGCTTTCATTAGTCAAGGACGAAAGTCGGGGGATCGAAGACGATTAGATACCGTCGTAGTC
Chlamy TT ACGGAAGACGAACATCTGCGAAAGCATTTGCCAAGGATACTTTCATTGATCAAGAACGAAAGTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTC [1012]
Ankist TT ATGAAAGACGAACTACTGCGAAAGCATTTGCCAAGGATGTTTTCATTAATCAAGAACGAAAGTTGGGGGCTCGAAGACGATTAGATACCGTCGTAGTC

29 30
* ***

rupe TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGATCCAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA 1000
Chae TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGATCCAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
seri TCGACCATAAACGATGCCAATTAGGGATTGGAGGGTGGATCCAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
albi-Atl TCGACCATAAACGATGCCAATTAGGGATTGGAGGGTGGATCCAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
albi-Pac TCGACCATAAACGATGCCAATTAGGGATTGGAGGGTGGATCCAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
vaga TCGACCATAAACGATGCCAATTAGGGATTGGAGGGTGGATCCAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
poid TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGATTCAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
pell TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGATTCAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
Clzo TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGATTCAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
Clme TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGAT.AGATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
Cham TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGAT.AGATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
Erno TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGAT.AGATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
Siph TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGAT.AGATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
Vutr TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGAA.CAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
cltx TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGAT.AGATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
prol TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGAT.AGATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
soci TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGsAT.AGATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
Mdic TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGAT.AAATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
lieb TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGAT.AGATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
cate TCGACCATAAACGATGCCAATTAGGGATTGGAGGGCGGA.TAGATATGCCTCCTCCAGCACCTTCCGCGAAAGCAAAATTTATGGGCTTCGGGGGGAGTA
Chlamy TCAACCATAAACGATGCCGACTAGGGATTGGCAGATGTTCTTTTGATGACTCTGCCAGCACCTTATGAGAAATCAAAGTTTTTGGGTTCCGGGGGGAGTA [1112]
Ankist TC AACCATAAACGATGCCGACTAGGGATTGGAGGATGTTCTTTTGATGACTTCTCCAGCACCTTATGAGAAATCAAAGTTTTTGGGTTCCGGGGGGAGTA
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rupe TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT 1100
Chae TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGCCTGC.GCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
seri TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
albi-Atl TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAnnnTACCAGGT
albi-Pac TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGCCTGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
vaga TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGnnCCAACCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
poid TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
pell TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GGAAACTTACCAGGT
Clzo TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCAACCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
Clme TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCnGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
Cham TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGnGn.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
Erno TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTAnCAGGT
Siph TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
Vutr TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACACAACACGG.GAAAACTTACCAGGT
cltx TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGC.GCTTAATTTGACTCAACACGGCGAAAACTTACCAnnn
prol TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGCCTGC.GCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
soci TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
Mdic TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAGC.TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
lieb TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGAG..TGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT
cate TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAACGGCACCA.CCAGGCGTGGsG..TGCGGCTTAATTTGACTCAACACGG.G.AAACTTACCAGGT
Chlamy TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAAGGGCACCA.CCAGGCGTGGAGCCTGCGGCTTAATTTGACTCAACACGG.GGAAACTTACCAGGT [1210]
Ankist TGGTCGCAAGGCTGAAACTTAAAGGAATTGACGGAAGGGCACCA.CCAGGCGTGGAGCCTGCGGCTTAATTTGACTCAACACGG.GAAAACTTACCAGGT

37 38 39 40 41
** *

rupe CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT 1200
Chae CCAGACAAGAGAAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
seri CCAGACAAGATTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
albi-Atl CCAGACA AGATTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
albi-Pac CCAGACA AGATTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
vaga CCAGACAAGATTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
poid CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
pell CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
Clzo CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
Clme CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
Cham CCAGACAGAAGTAGGATTTACAGATTGACAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
Erno CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
Siph CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
Vutr CCAkACAGAnGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTG.ATGGTGGTGCATGGCCGTTCTTAGTTCGTGGAATGATTTGTCAGGTTGAT
cltx nCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
prol CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
soci CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
Mdic CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
lieb CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
cate CCAGACAGAAGTAGGATTTACAGATTGATAGCTCTTTAAAGATTTTTTGGATGGTGGTGCATGGCCGTTCTTAGTTCGTGGATTGATTTGTCAGGTTGAT
Chlamy CCAGACACGGGAAGGATTGACAGATTGAGAGCTCTTTCTTGATTCTGTGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGGTTGCCTTGTCAGGTTGAT [1310]
Ankist CCAGACATAGTGAGGATTGACAGATTGAGAGCTCTTTCTTGATTCTATGGGTGGTGGTGCATGGCCGTTCTTAGTTGGTGGGTTGCCTTGTCAGGTTGAT

39’ 42 43 44
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rupe TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCT.CTGGTTG..ATTTA...CAG CCAG.CTA.G.CTTCTTAGAGGGACTCTCGGAATG.AAACCG 1300
Chae TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCT.CTGGTTG..ATTTC...CAG CCAG.CTA.G.CTTCTTAGAGGGACTCTCGGAATT.AAGCCG
seri TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCC.CTGGTT... CTTTGC...AG CCAG.CTGTG.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
albi-Atl TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCC.CTGGTT... CTTTGC...AG CCAG.CTGTG.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
albi-Pac TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCC.CTGGTT... CTTTGC...AG CCAG.CTGTG.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
vaga TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCC.CTGGTTG.. CTTCG...CAG CCAG.CAGTG.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
poid TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCT.CTGGCTG..A GTCT...CAGGCAG.CTA.G.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
pell TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCC.C GTGCTA..A TTCT... TAGCCCG.CCG.G.CTTCTTAGAGGGACTCTCGGATAG.AAACCG
Clzo TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCT.CTGGCTA..A TCTC... TAGCCTG.CCA.G.CTTCTTAGAGGGACTCTCGGATTG.AAACCG
Clme TCCGGTAACGGACGAGACCCCGACCTACTAACTAGCT.CTACCTG..AA CTT...CAGG TAG.CCA.G.CTTCTTAGAGGnACTCTCGGAATG.AAACCG
Cham TCCGGTAACGGACGAGACCCCGACCTACTAACTAGCT.CTGTTTG..A GTCT...CAG ACAG.CCA.G.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
Erno TCCGGTAACGGACGAGACCCCAACCTACTAACTAGTT.CTGTTTGTC..TC GTGGCAGACAG.CCA.A.CTTCTTAGAGGGACTCTCGGAAAG.AAACCG
Siph TCCGGTAACGGACGAGACCCCAACCTACTAAATAGCT.CTGTTTG.. CATCG...CAG ACAG.CCA.G.CTTCTTAGAGGGACTCTCGnAATG.AAACCG
Vutr TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCT.CTGCTTG..AA CCT...CAGGCAG. TCA.G.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
cltx TCCGGTAACGGACGAGACCCCAACCTACTAACTAGTT.CTGCTTG..AATCT...CAGGCAG.CCA. A.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
prol TCCGGTAACGGACGAGACCCCAACCTACTAACTAGTT.CTGCTTG..AATCT...CAGGCAG.CCA. A.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
soci TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCT.CTGCTTG..AATCT...CAGGCAG.CCA.G.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
Mdic TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCT.CTGCTTG..AATCT...CAGGCAG.CCA.GTCTTCTTAGAGGGACTCTCGGAATG.AAACCG
lieb TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCT.CTGCTTG..AATCT...CAGGCAG.CCA.G.CTTCTTAGAGGGACTCTCGGAATG.AAACCG
cate TCCGGTAACGGACGAGACCCCAACCTACTAACTAGCT.CTGCTTG..AATCT...CAGGCAG.CCA.G.CTTCTTAGAGGnACTCTCGGAATG.AAACCG
Chlamy TCCGGTAACGAACGAGACCTCAGCCTGCTAAATAGTCAGCATCGC...A CCT.... GCGGTGCGCCGA.CTTCTTAGAGGGACTATTGGCGTT. TAGCCA [1410]
Ankist TCCGGTAACGAACGAGACCTCAGCCTGCTAAATAGTCACGTTCGC.. TTTTT.... GCKGACGGCCGA.CTTCTTAGAGGGACTGTTGGCGTTCTAGCCA

42’ 38’ 36’ 34’ 45 46
*

rupe AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGG.CGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTGTGCCGAGA 1400
Chae AAGGAGGT..GGGGCAATAACAGGTCTnTGATGCCCTTAGATGTCCTGGG.CGCACGCGCGCTACACTGATGCATTCAACGAGCCTACC.TGTGCCGAGA
seri AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTGTGCCGAGA
albi-Atl AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTGTGCCGAGA
albi-Pac AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTGTGCCGAGA
vaga AAAGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTGTGCCGAGA
poid AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTGTGCCGAGA
pell AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTGTGCCGAGA
Clzo AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTGTGCCGAGA
Clme AAGGAAGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGC.GCACGCGCGCTACACTGATGCATTCAACGAGCCAACCCTGTGCCGAGA
Cham AAGGAAGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTACCCTGTGCCGAGA
Erno AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCACTCAACGAGCCAACCCTGTGnnnAGA
Siph AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCTnCCCnGTGCCGAGA
Vutr A TGGAAGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCAACCCTGCGCCGAGA
cltx AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCAACCCTGTGCCGAGA
prol AAG.AGGT..G AGGCAATAACAGGTCTGTGATnnnnnnnnnTGTCCTGGGCnCCACGCGCGCTACACTGATGCATTCAACGAGCCnACCCTGTGCCGAGA
soci AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCAACCCTGTGCCGAGA
Mdic AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCAACCCTGTGCCGAGA
lieb AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCAACCCTGTGCCGAGA
cate AAGGAGGT..GGGGCAATAACAGGTCTGTGATGCCCTTAGATGTCCTGGGCCGCACGCGCGCTACACTGATGCATTCAACGAGCCAACCCTGTGCCGAGA
Chlamy A TGGAAGTATGAGGCGATAACAGGTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTGACGCGA.CAACGAGCCTATCCTTGGCCGAGA [1501]
Ankist A CGGAAGTATGAGGCAATAACAGGTCTGTGATGCCCTTAGATGTTCTGGGCCGCACGCGCGCTACACTGACGCATTCAACGAGCCTATCCTTGACCGAGA

45’ 47 33’ 48
** * *

rupe GGTATGGGTAATCTGCGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG1500
Chae GGTATGGGCAATCTGCGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTTAnCGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
seri GGTATGGGTAATCTGAGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
albi-Atl GGTATGGGTAATCTG AGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAG.GCGAGTCATCAACTCG
albi-Pac GGTATGGGTAATCTGAGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
vaga GGTATGGGTAATCTGAGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
poid GGTATGGGTAATCTGTGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTTAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
pell GGTATGGGTAATCTGCGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTTAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
Clzo GGTATGGGTAATCTGCGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTTAACGAGGAATGCCTAGTAAG.GCGAGTCATCAACTCG
Clme GGTACGGGTAATCTGCGAAAGTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
Cham GGTACGGGTAATCTGTGAAAGTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
Erno GGAGGAAATAATCCCACAAACGCAATCGTGATGGGAATAGATTCTTGCAATC.AT GAATCTTGAACGAGGAACTCCTTGTAAGCGTGGTTCATCAAACCA
Siph GGTATGGGTAATCTGCGAAACTGCATCGTGATGGGGCTAGATTATTGCAATT.GTTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
Vutr GGT GCGGGTAATCTGCGAAAGTCGATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAG.GCGAGTCATCAACTCG
cltx GGTA CGGGTAATCTGCGAAAGTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
prol GnTA CGGGTAATCTGCGAAAGTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
soci GGTA CGGGTAATCTGCGAAAGTGCnTCGTGAnnnnnnnAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
Mdic GGTACGGGTAATCTGCGAAAGTGCATCGTGATGGGGCTAGATTATTGCAATTTATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
lieb GGTA CGGGTAATCTGCGAAAGTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAACTCG
cate GGTACGGGTAATCTGCGAAAGTGCATCGTGATGGGGCTAGATTATTGCAATT.ATTGATCTTCAACGAGGAATGCCTAGTAAG.GCGAGTCA.AAACTCG
Chlamy GGCCCGGGTAATCTTGTAAACCGCGTCGTGATGGGGATAGATTATTGCAATT.ATTAGTCTTCAACGAGGAATGCCTAGTAAGCGCGAGTCATCAGCTCG [1600]
Ankist GGTC TGGGTAATCTGTGAAACTGCGTCGTGATGGGGATAGATTATTGCAATT.ATTAGTCTTCAACGAGGAATGCCTAGTAGGCGCGATTCATCAGATCG
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subsequent parsimony searches in order to resolve tip branches. The number of
transversions in our data set was too low to make this approach effective, necessitating the
use of EOR and combinatorial weighting.

EOR character state weighting.In EOR-weighting the cost of a particular substitution
is the same as its expected/observed-ratio, adjusted for nucleotide composition(see
Material and Methods). A NJ tree (not shown) was used to select taxa representative of
major clades of the ingroup tree (Fig. 3.3a). Selected taxa were:Cladophora albida(Paci-
fic), C. pellucida, C. coelothrix, C. liebetruthii, Chaetomorphasp., Chamaedoris
peniculum, andSiphonocladus tropicus. Expected, observed and EOR values for each of
the six substitution-categories are given in Table 3.3 (NB: averaged over these selected
taxa the transition/transversion ratio was 1.5). What is most striking is that T↔C
transitions occurred 33% more than expected and G↔C transversions occurred 19% more
then expected. (EOR is 0.75 and 0.83, respectively). In contrast, A↔G transitions occurred
28% less then expected (EOR is 1.38).

General heuristic parsimony analysis applying EOR-weighting (Fig. 3.4a) resulted in 4
MPTs (L = 564.8). Two trichotomies present in the uniformly-weighted tree were resolved
when EOR-weighting was applied. The consensus tree of the 18 near-MPTs within the
0.1%-region (Fig. 3.4b) is only slightly different from the tree in Fig. 3.4a. In the
bootstrap tree (Fig. 3.4c), however,Ernodesmis verticillataandSiphonocladus tropicus
have shifted their position as compared with Fig. 3.4a, although the bootstrap value is
rather low (51%).

Table 3.3. Weighting of nucleotide substitutions: EOR-weighting. Total number of expected and
observed nucleotide-substitutions in each of six possible undirected substitution-categories in pairwise
comparisons amongCladophora albida(Pacific), C. pellucida, C. coelothrix, C. liebetruthii,
Chaetomorpha, Chamaedoris peniculum,and Siphonocladus tropicus.Lower-left matrix: total expected
and observed numbers. Upper right matrix: Expected/Observed-Ratios (EOR).

A C G T

EXP. OBS. EXP. OBS. EXP. OBS. EXP. OBS.

A - 1.21 1.38 0.96

C 85 70 - 0.83 0.75

G 328 237 91 109 - 1.03

T 92 96 279 371 95 92 -
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Table 3.4. Weighting of nucleotide substitutions: combinatorial weighting.
Matrix of associations between nucleotides {A}, summed over all nucleotide
positions, calculated for ingroup taxa (see Material and Methods).

A C G T

A - 15.17 39.17 26.17

C 15.17 - 26.17 58.17

G 39.17 26.17 - 20.17

T 26.17 58.17 20.17 -

Table 3.5. Weighting of nucleotide substitutions: combinatorial weighting.
Phylogenetic weight matrix {W}, calculated for ingroup taxa (see Material
and Methods).

A C G T

A - 1.88 0.78 1.38

C 1.67 - 1.18 0.59

G 0.72 1.34 - 1.65

T 1.12 0.54 1.44 -

Secondary structure, compensatory base changes and positional weighting.Of all
substitutions occurring in double-stranded regions of the 18S rRNA molecule, 51 out of 70
were observed to maintain base pairing (Table 3.6). Of the 70 compensatory substitutions,
13.8 were expected to occur without selection for compensation. Following the method
described in Dixon & Hillis (1993) we calculated the relative weight for substitutions
occurring in stem characters as 0.66. (Dixon & Hillis [1993] calculated a value of 0.8 for
primate 28S rRNA genes). Maximum parsimony analyses using general heuristic searches
were then performed weighting all stem characters 0.66 relative to loop characters.
Relative down-weighting of stem characters reduced the number of MPTs in all three
analyses (Figs 3d, 4d and 5c) and partially resolved trichotomies present in the uniformly-
weighted tree. In near-MPTs the effect of down-weighting stem characters resulted in a
reduction in the number of MPTs but had no effect on tree topology, regardless of the
weighting assumptions used. Fig. 3.5c gives the single MPT (combinatorial weighting plus
correction for secondary structure) drawn with branch lengths proportional to character
state changes.
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Table 3.6. Expected and observed numbers of nucleotide substitutions that maintain
base pairing (calculated for ingroup taxa).

TYPE OF SUBSTITUTION NO.EXPECTEDa NO.OBSERVED

Single:

Base pairing to base pairing 4 20

Base pairing to non-base pairing 28 12

Double:

Base pairing to base pairing 4.9 16

Base pairing to non-base pairing 14.1 3

Total number basepair changes: 51 51

Total number substitutions: 70 70

aBased on the frequency of complementary pairs expected at random
(see Dixon & Hillis 1993).

3.4 DISCUSSION

Substitution bias. Given the large number of trees found within 1% of MPT-length
under uniform weighting, it was clear that there was substantial homoplasy in the data set.
Possible sources of homoplasy are biases in the pattern of nucleotide substitution, and
non-independence of nucleotide substitutions caused by secondary structural constraints.
Both sources of homoplasy are present in our data set. C↔T transitions and G↔C
transversions have occurred more than would be expected at random. In addition,
nucleotide substitutions occurring in double-stranded regions of the 18S rRNA molecule
maintain base pairing 3.7 times more often than would be expected without selection for
complementarity. In fungal 18S rRNA gene sequences, for example, Berbee & Taylor
(1992) found that 29% of all substitutions were T↔C transitions. In a comparison of 18S
rRNA sequences of invertebrates (an arthropod and a nematode), Vawter & Brown (1993)
found that 25% of all substitutions were T↔C transitions. A possible explanation for this
substitution bias is that T↔C transitions are used in the maintenance of secondary
structure. Compensatory substitutions occur mainly through a slightly deleterious G-T
intermediate in order to maintain secondary structure in base pairing (double-stranded)
regions of the 18S rRNA molecule (Rousset et al. 1991). This intermediate is less stable
and therefore observed in low frequency in RNA sequences. The main pathway of
compensatory substitution is therefore: A-T↔ G-T ↔ G-C and involves two transitions
to substitute G-C for A-T. In our data set, only 43% of all C↔T transitions (51) occurred
in double-stranded regions of the 18S rRNA molecule, and no strong A↔G transition bias
was observed. This suggests that other factors than secondary structural constraints must
be responsible for the maintenance of a C↔T substitution bias. Berbee & Taylor (1992)
hypothesized that the T→C substitution bias found in their fungal rRNA gene sequences
might indicate an evolutionary trend towards increasing GC content in rDNA.

Weighting and reduction of homoplasy.Comparative results of parsimony analyses
under the various weighting assumptions, are summarized in Table 3.7. In our analyses,
both EOR-weighting and combinatorial weighting always reduced the number of MPTs
and increased phylogenetic resolution in the tip branches. Weighting of positions to correct
for secondary structural constraints also reduced the number of MPTs and increased
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phylogenetic resolution regardless of the character state weighting assumption used. EOR-
weighted and combinatorial-weighted tree topologies, in fact, differ only with respect to
the position ofErnodesmis verticillataandSiphonocladus tropicus.The difference in tree
topologies is caused by the fact that in the EOR-weighted tree only 5 substitutions (two
transversions, three transitions) support the branch connecting the most basal node to the
next node. In combinatorial weighting, these 5 substitutions are not given sufficient weight
to support the basal connection of this clade. The combinatorial weighted tree had fewer
equally most parsimonious solutions with greater resolution, which might be taken as a
criterion of preference. In addition, congruence of the combinatorial-weighted tree
topology with the NJ distance tree provides an independent analysis (operating on a
different set of assumptions) in favor of the combinatorial-weighted tree topology. In
conclusion, the tandem use of combinatorial weightingand positional weighting appears to
be one of the best approaches to reduce homoplasy in "noisy" DNA sequence alignments.
The single MPT found under combinatorial weighting and with double-stranded positions
weighted 0.66 is shown as a parsimony tree in Fig. 3.5c.

Table 3.7. Summary of results for parsimony analyses under different combinations of
weighting schemes. Parsimony scores for numbers (N) of most parsimonious trees (MPT) and
treelength (L) are given for rooted general heuristic searches usingChlamydomonas reinhardtii
and Ankistrodesmis stipitatusas outgroups. Distinctions are made between MPTs and 0.1%
near-most parsimonious trees, and between weighting stem substitutions 1.0 or 0.66.

SCCa + outgroup

STEM SUBST. COUNTED 1.0 STEM SUBST. COUNTED 0.66b

MPT 0.1% MPT 0.1%

UFc

N = 16

L = 571

N = 292

L < 572

N = 4

L = 513.54

N = 12

L < 514.05

EORd

N = 4

L = 564.82

N = 18

L < 565.38

N = 2

L = 508.40

N = 6

L < 508.90

COe

N = 2

L = 530.97

N = 26

L < 531.50

N = 1

L = 478.45

N = 24

L < 478.93

aSiphonocladales/Cladophorales-Complex.
bCalculated according to Dixon & Hillis (1993).
cUniform weighting.
dExpected/Observed-Ratio weighting.
eCombinatorial weighting.

Outgroup effects.The phylogram style of Fig. 3.5c shows how distantly related
Chlamydomonas reinhardtiiandAnkistrodesmis stipitatusare to the ingroup. The branch
connecting them to the ingroup accounts for >30% of the total tree length. Wheeler
(1990b) found that outgroup branches that accounted for 20-27% of the tree length in
ADH sequences inDrosophiladid not behave significantly different from random
sequences used as outgroups. This means thatChlamydomonas reinhardtiiandAnkistrod-
esmis stipitatusmight be too divergent from the SCC, such that saturation of substitutions
in the branch connecting ingroup to outgroup could affect determination of the true root
position by exerting a pulling effect on the clades of the ingroup (for an example of too
divergent outgroups see Maddison et al. [1992]). However, outgroup-taxa, presumably less
divergent from the ingroup are presently unknown (members of the Caulerpales and
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Dasycladales are too divergent from the SCC at the 18S rRNA level). In order to evaluate
the pulling effect ofChlamydomonas reinhardtiiandAnkistrodesmis stipitatus, subsets of
the ingroup were reanalyzed (under combinatorial weighting and correction of secondary
structure) in various combinations using ingroup sister-taxa as outgroups (Table 3.8).
Subsets of the ingroup included taxa both with short and long branch lengths to avoid
sample bias. In all analyses the four major clades were consistently recovered, and ingroup
subset tree-topologies were almost always congruent with those found usingChlamydo-
monas reinhardtiiandAnkistrodesmis stipitatusas outgroups. In particular, the topology of
Fig. 3.5c was not affected. Theg1-values indicate that ingroup data(sub)sets are signifi-
cantly (P«0.01) more structured than random data sets (see Hillis & Huelsenbeck [1992]
for critical values ofg1) and that the ingroup tree topology is stable. Unrooted parsimony
analysis under all different combinations of weighting assumptions also yielded the same
topology, with somewhat higher bootstrap values (results not shown).

Table 3.8. Results of exhaustive searches (combinatorial-weighted and corrected for secondary structure)
on different subsets of the ingroup taxa, in which various ingroup sister-taxa were defined as outgroups.

INGROUP OUTGROUP CLADESa MPTS g1
b CONGRUENCEc

Clme, Vutr, cltx, lieb, Mdic, soci, Erno pell (3,4)2 1 -0.753538 +

Clme, cltx, lieb, soci, Mdic, Siph, Erno pell (3,4)2 1 -0.886684 +

Clme, Vutr, cltx, lieb, Mdic, soci, Siph seri (3,4)1 1 -1.323973 +

Clme, Cham, Vutr, cltx, lieb, Siph, Erno pell (3,4)2 1 -0.737973 +

Clme, Cham, Vutr, cltx, lieb, Siph, Erno seri (3,4)1 1 -0.665167 +

rupe, Chae, seri, albi-Atl, vaga, pell, Clzo Clme (1,2)3 1 -0.887808 +

rupe, Chae, seri, albi-Atl, vaga, pell, Clzo Siph (1,2)4 1 -0.925952 +

rupe, Chae, seri, albi-Atl, vaga, pell, Clzo cltx (1,2)3 1 -0.8522 +

aNumbering of clades corresponding to Figs 3a, 4a, and 5a. Ingroup clades are given in parentheses.
bSkewness of treelength-distribution statistic, calculated in PAUP 3.1.1 with the Exhaustive search option.
cCongruence with combinatorial-weighted parsimony tree (Fig. 3.5c).
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SCC phylogeny.Within major SCC-clades, tree topology is stable, and phylogenetic
signal is significant. In all analyses, siphonocladalean taxa are intercalated with
Cladophoraspecies, indicating the paraphyletic nature of the genusCladophora. In
parsimony analyses with forced tree topologies, at least seven extra steps, representing
1.2% of the MPT-length (uniformly-weighted) or 1.0% of MPT-lengths (EOR-weighted),
were needed to enforce monophyly of all siphonocladalean taxa excludingCladophoropsis
zollingerii. This means that the "genus"Cladophora, as traditionally conceived, is not
monophyletic, and actually consists of several "genera". This possibility was speculated
upon by van den Hoek (1982, 1984a), based on morphological and developmental
grounds, and was partially confirmed by immunological studies by Olsen-Stojkovich
(1986). In the latter studyCladophora proliferaandMicrodictyon boergesenii(and
Anadyomene) were found to be more related thanC. prolifera andC. vagabunda. Our
results confirm this in thatC. prolifera always groups withC. coelothrixwithin the clade
containingMicrodictyon boergesenii. Cladophora vagabundais part of another stable
clade that is located on a different basal branch.

ErnodesmisandSiphonocladus(clade 4) are always sister genera. However, the position
of this clade is not stable. As stated above, we think thatErnodesmisandSiphonocladus
do not form the most basal branch of our SCC phylogeny, but are a sister group to clade
3. Finally, the traditional notion ofChaetomorphaas the primitive sister-genus to
Cladophorais unsubstantiated.Chaetomorpha, at least our specimen ofChaetomorpha, is
a reduced form, as suggested by van den Hoek (1963, 1982, 1984a).

In their 18S and 26S rRNA trees, Zechman et al. (1990) found a close relationship
betweenC. albida andChaetomorpha linum,andMicrodictyon boergeseniiand
Cladophoropsis membranaceawere sister groups for that clade. Our proposed phylogeny
is congruent with their pattern. Furthermore, Zechman et al. (1990) found Dictyosphaeria
to be the sister group to all SCC taxa in their analysis. Because no otherCladophora
species were included in their study, a further comparison with our data is not possible.

Relationships within Cladophora. Our 18S rRNA gene sequence analyses partially
support the subdivision ofCladophorainto morphological sections (sensuvan den Hoek
1963, 1982, 1984a). Most representatives of the sections Rupestres, Repentes and Longi-
Articulatae indeed group together.C. prolifera andC. rupestris, however, are exceptions.
Van den Hoek (1984a) assignedC. prolifera to section Longi-Articulatae together withC.
pellucidaandC. pellucidoidea. In our analyses,C. prolifera groups withC. coelothrixand
C. socialisin section Repentes. Constraint analysis showed that 18-29 extra steps (3-5% of
total MPT-length) are needed to forceC. prolifera into the section Longi-Articulatae. The
close relationship ofC. prolifera to C. coelothrixis not unexpected from a morphological
point of view because bothC. prolifera andC. coelothrixcan form rhizoids from cells in
the upper part of the plant. For the other sections only a single representative was included
so within-section fidelity cannot be confirmed.

The PacificC. albida is more related to the AtlanticC. sericeathan it is to the Atlantic
C. albida. This is confirmed by sequence data from the internal transcribed spacer of
nuclear rDNA from the same isolates, together with additional biogeographic isolates of
both species and from related species (Bakker et al. 1995a). This contrasts however, with
DNA-DNA hybridization studies (Bot et al. 1991) in which bothC. albida isolates formed
a monophyletic group relative toC. sericea.

Cladophoropsis zollingeriigroups in all analyses withCladophora pellucidaandC.
pellucidoideaand never withCladophoropsis membranacea. The Cladophoropsis-like
branching and the presence of rhizoids high up in the thalli inCladophoropsis zollingerii
distinguish it fromC. pellucidaandC. pellucidoidea. Cladophoropsisis not a
monophyletic genus (Kooistra et al. 1993), and theCladophoropsis-like morphology has
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evolved on two distantly related evolutionary lineages.
Another example of convergence in morphology is the independent acquisition of

"blade-forming" thallus architectures in unrelated lineages within the SCC.Microdictyon,
Anadyomene,andStruveaare examples.MicrodictyonandAnadyomeneare known to be
sister genera based on ITS sequences (unpublished) and immunological data (Olsen-
Stojkovich 1986). Based on ITS sequences, Kooistra et al. (1993) showed thatStruveaand
Boodleaare more closely related toCladophoropsis membranaceathan either of them is
to Chamaedoris peniculum.

Patterns, correlations, and conclusions.Did the Siphonocladales arise as specialized
forms from a set ofCladophoraspecies, or are species ofCladophoraderived from old
siphonocladalean taxa, the majority of which are tropical? Our proposed phylogeny cannot
resolve this question because, in effect, we have a two-taxon statement (Lineages A and
B). Addition of 18S rRNA sequence data fromDictyosphaeria, Valoniaand others might
help to resolve this. Immunological data suggest that these taxa will group with clade 4
(Olsen-Stojkovich 1986).

Based on differences in base chromosome number (x = 5, x = 6, x = 7, x = 8),Kapraun
& Breden (1988), Hinson & Kapraun (1991) and Kapraun (1993) suggested that the
Siphonocladales probably evolved from several genetically diverse sources. This is in
contrast toCladophora, where the most common haploid (2x) chromosome complement is
n = 12.Cladophoraspecies so far investigated consist of polyploid series in which the
basic chromosome number is x = 6. In ourproposed SCC phylogeny, different basic
chromosome numbers have indeed evolved along separate lineages (Fig. 3.5c) from a
group of species all possessing one basic chromosome number (x = 6). Some species have
been suggested to be of introgressed origin (Kapraun & Gargiulo 1987). In any case, the
speculation by Hinson & Kapraun (1991) thatCladophoraspecies would have
independently evolved the same "unique set of karyological features" seems incorrect and
is more likely the result of insufficient sampling of cladophoralean taxa.

In general, the two main lineages (Fig. 3.5c) in our study share common biogeographic
distribution patterns (see Table 3.1) and temperature tolerances (Cambridge et al. 1990b,
1991). Taxa that include temperate representatives in their ranges, occur only within
Lineage A. Lineage B is predominantly tropical to warm-temperate. Van den Hoek
(1984b) and Lüning (1990) state that temperate marine taxa are younger than tropical
marine taxa possibly as a result of an adaptive response to the cooling of oceanic surface-
water on a global scale at the Eocene/Oligocene boundary (around 40 Ma ago) and later.
At the Lineage A and B level of comparison, our 18S rRNA sequence analysis does not
resolve this hypothesis because one ends up with a 2-taxon statement. However, the trend
can be discerned within lineages at the species level of comparison. If we accept the
rooting as shown in Fig 5c, thenC. sericeais the most derived taxon in theC. sericea/C.
albida/C. vagabundaclade.C. sericeahas an exclusively cold-temperate distribution,
whereas the rest of the clade is predominantly tropical to cold-temperate. Likewise, in
Lineage B, in which the most basal clade has tropical representatives, the more cold-
adapted species are more derived. The weaker temperature-adaptational trend observed in
Lineage A as a whole may be due to taxon sampling bias in that the cross-sectional
representation of cold-waterCladophoraspecies is less thorough as compared with
Lineage B, where species sampling is taxonomically far more complete.

In conclusion, neither the Siphonocladales nor the Cladophorales, as traditionally
recognized, form a monophyletic group. Although the morphological sections (sensuvan
den Hoek 1984a) remain basically valid, morphological convergence makes the
identification of morphological synapomorphies nearly impossible. For purposes of field
taxonomy (i.e. identification and grouping of organisms) probably the best way to proceed



5318 S r R N A p h y l o g e n y o f t h eC l a d o p h o r a c o m p l e x

(at least for now) is to continue to recognize genera within the SCC, and not split
Cladophorainto different genera. From a phylogenetic perspective, however, the situation
is more problematic because it forces an acceptance of duality. Phylogenetic classification
must reflect evolutionary history i.e., the recognition of monophyletic groups. To achieve
that in Cladophorawill be a considerable effort from a nomenclatural point of view,
although it will be most useful in the long term. Before undertaking this task, however, we
think that the challenge for now is to further explore the complementarity of phylogeny
and morphology.
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ABSTRACT
Ribosomal DNA ITS sequences were compared among 13 different species and
biogeographic isolates from the monophyletic "albida/sericea clade" in the green algal genus
Cladophora. Six distinct ITS sequence types were found, characterized by multiple insertions
and deletions, and high levels of nucleotide substitution. Conserved domains within the ITS-
regions indicate the presence of ITS secondary structure. Low transition/transversion ratios
among the six types and nearly symmetrical tree length frequency distributions indicate some
saturation, and low phylogenetic signal. Although branching order among five of the six ITS
sequence types could not be resolved, estimates of ITS sequence divergence as compared
with 18S divergence in a subset of the taxa suggests that the origin of the different ITS types
is probably in the mid-Miocene (10-25 Ma ago), but that biogeographic isolates within a single
ITS type (including both Pacific and Atlantic representatives) have probably dispersed on a
timescale of thousands rather than millions of years.

4.1 INTRODUCTION

The Cladophoracomplex is a heterogeneous and cosmopolitan assemblage of benthic
green algal species and genera, most of which are characterized by multinucleate cells,
filamentous branched thalli, and an isomorphic diplohaplontic life cycle. The
morphological taxonomy ofCladophorais problematic, due to age- and environmentally
related morphological plasticity of the plants (reviewed in van den Hoek 1963, 1982), and
because only a few morphologically distinct forms occur.

Large genetic distances within the complex have been found in immunological studies
(Olsen-Stojkovich et al. 1986), single-copy DNA-DNA hybridization (Bot et al. 1989a,
1989b, Bot 1992) and 18S rRNA sequence divergence (Bakker et al. 1994). In particular,
the 18S rRNA analyses have shown thatCladophorais an old complex of paraphyletic
lineages. The combination of evolutionary antiquity and worldwide distribution makes
Cladophoraan interesting group to study with regard to marine phylogeographic history
within the context of the geological history of the world’s oceans.

Nuclear rDNA internal transcribed spacer (ITS) sequences are increasingly being used
for phylogeny reconstruction at and below the species level because they provide suitable
levels of phylogenetic resolution (Baldwin 1992, Kooistra et al. 1992b, 1993, Lee &
Taylor 1992, Pleyte et al. 1992, Soltis & Kuzoff 1993). Although secondary structural
elements in ITS regions are known to play an important role in the processing of the pre-
rRNA molecule (Musters et al. 1990, Baldridge et al. 1992, van der Sande et al. 1992,
Mattaj et al. 1993, van Nues et al. 1994), ITS sequences are believed to have few
evolutionary constraints and thus might be expected to evolve at or near the neutral rate.
Recent work by Schlötterer et al. (1994) confirms this, at least in the case ofDrosophila.
Fast-evolving sequences are thus of potentially great value for investigation of
phylogenetic relationships within clades of closely related species and biogeographic
populations within "old" single species, as is the case here.

Since few algae have left fossils records, rough divergence dating is possible only on
the basis of vicariant events. The mid-Miocene (12 Ma ago) closure of the warm Tethys
Sea was an important marine biogeographic event of this kind which severed the
connection between the evolving Atlantic and Pacific Oceans (Rögl & Steininger 1984).
The closure of the Tethys Sea resulted in a vicariance of the tropical Atlantic and Indo-
West Pacific marine floras and faunas (van den Hoek 1984b, Joosten & van den Hoek
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1986) into the modern-day Atlantic and Indo-West Pacific provinces. Remnants of the
Tethyan divergence are detected by large genetic distances which have been reported
between Atlantic and Pacific representatives of, for example,Dictyosphaeria cavernosa
(Olsen et al. 1987),Cladophora albida(Bot et al. 1989b, Bakker et al. 1994),Cladophora
pellucidaand related species (Bot 1992), andCladophoropsis membranacea(Kooistra et
al. 1992b).

A more recent marine biogeographic event was the trans-Arctic interchange between the
northern Pacific and Atlantic Oceans following the mid-Pliocene (3 Ma ago) opening of
the Bering Strait (Durham & MacNeil 1967, Briggs 1970, van den Hoek 1975, Lüning
1990). Documentation of Pacific invaders into the Atlantic has been demonstrated for
gastropods, mollusks and echinoderms (MacNeil 1965, Strauch 1972, McKenna 1983), as
well as for a relatively small group of benthic seaweeds species (van den Hoek 1975,
1979, 1984b, Joosten & van den Hoek 1986). Stam et al. (1988) hypothesized a Pacific
origin for Atlantic species of the kelpLaminaria, based on single-copy DNA-DNA
hybridizations and van Oppen et al. (1994) reached the same conclusion for the green alga
Acrosiphonia arcta,based on RFLP analysis of the ribosomal IGS region and RAPD
analysis.

Species in the present study include biogeographic isolates in the monophyletic
Cladophora albida/sericeaclade (Bakker et al. 1994) includingCladophora albidaandC.
sericea(occurring in the North Pacific and North Atlantic, and in temperate regions in the
southern hemisphere),C. flexuosaandC. ruchingeri(amphi-Atlantic warm to cold-
temperate) (van den Hoek 1979),C. opaca(restricted to temperate Pacific regions) (Sakai
1964, 1979), andC. capensis(endemic to South Africa) (Papenfuss 1940).

The central biogeographic question of interest was whether or not phylogenetic
relationships among (biogeographic) representatives in theCladophora albida/sericea
clade suggest a Pacific origin for Atlantic species and populations that would predate the
opening of the Bering Strait. If so, the Pacific representatives would be expected to occur
in more basal positions in a rooted tree than more recently radiated Atlantic species. In
order to explore this question we investigate the pattern of ITS sequence evolution in
terms of secondary structure and substitution patterns, and infer a phylogeny for the
Cladophora albida/sericeaclade based on ITS regions including flanking coding regions.
In addition, we estimate a relative divergence rate for the ITS regions by comparison with
substitution rates in 18S rRNA.

4.2 MATERIALS AND METHODS

Taxa used in this study are listed in Table 4.1. ITS sequences of both the Atlantic and
Pacific Cladophora albidaisolates can be found in Bakker et al. (1992). Culturing of the
algae and DNA extraction were performed as described in Bakker et al. (1992). Nucleotide
sequences were determined by direct sequencing of double- and single-stranded PCR
products following Bakker et al. (1994). Sequences thus represent overlapping sequences
from both strands.

Primers. Primers ITS1, ITS2, ITS3, and ITS4 (White et al. 1990) were used for ds-
PCR, ss-PCR and sequencing. Primers FB3, FB4, FB6, FB7, and FB9 are specific for
conserved regions withinCladophora albida/sericeaITS1 and ITS2 regions and were
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designed in our laboratory (Table 4.2).
Alignment. Sequences were aligned using the LINEUP program within the program

package UWGCG (University of Wisconsin Genetics Computer Group software package,
version 6.1, Devereux et al. 1984). Termini of the coding regions were determined by
alignment withChlamydomonas reinhardtiicoding regions (Rausch et al. 1989).
Alignment was done manually, taking into account secondary structure. In order to assess
nucleotide substitution patterns, substitutions were counted in pairwise comparisons among
all sequences using the MEGA analysis program, version 1.0 (Kumar et al. 1993).

Table 4.1. List of taxa, site of collection, nucleotide composition (%-AT) and length of ITS regions, and
ITS sequence type designation of taxa used in this study. Taxa marked with an asterisk represent the ITS
sequence type in parsimony analyses.

SPECIES CODEa SITE OF COLLECTION ITS1 ITS2 TYPE

%-AT lengthb %-AT length

C. albida A83.C Stamford, Connecticut 41.2 541 44.1 304
1

C. albida A83.3* Roscoff, France 41.3 535 44.2 301

C. albida A85.101* West Hokkaido, Japan 44.3 447 43.2 257

2
C. albida CalbSJ Shimoda, Japan 44.4 444 43.0 244

C. albida A85.23 Parker Point, Rottnest,
SW Australia

44.2 446 42.8 257

C. ruchingeri Ru84.24 Corsica 42.2 479 43.8 242

3C. ruchigeri Ru84.60* Bergen, Norway 41.2 478 44.2 242

C. flexuosa S84.82 Bergen, Norway 42.1 477 44.4 243

C. sericea S84.35* Roscoff, France 48.7 429 50.6 241

4C. sericea S82.12 Labrador, NE America 49.3 432 50.8 240

C. sericea S86.10 Salisbury Point, Alaska 49.9 427 50.6 241

C. capensis Cap85.200* South Africa 43.9 453 47.2 248 5

C. opaca CopMJ* Muroran, Hokkaido, Japan 41.3 356 44.5 182 6

AVERAGE (SD) 44.2±3.2 45.6±3.1

C. vagabundac V85.23 Bunbury, SW Australia 40.6 404 39.9 283

aDepartment of Marine Biology (University of Groningen) culture collection reference number.
bLength in nucleotides.
cOutgroup.
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Because the ITS sequences show a distinct pattern of conserved and unconserved regions,
subsets of the alignment were selected for phylogenetic analysis. Character Set 1 consisted of
unambiguously aligned positions among all taxa. This included all double-stranded regions of the
secondary structural model with some additional single-stranded regions, and the rRNA coding
regions. Selected positions were 3-106, 175-205, 225-229, 246-299, 333-378, 439-473, 491-500,
525-536, 569-775, 779-880, 909-952, 986-1069, and 1145-1163 (Fig. 4.1). Character Set 2
consisted of rDNA coding regions and homologous ITS sequence positions between a designated
outgroup and the ingroup.Cladophora vagabundawas selected as outgroup based on 18S rRNA
sequences (Bakker et al. 1994). TheC. vagabunda18S-28S rRNA spacer sequence can be
entried from EMBL under accession number Z38134. A third version, including indels and the
total alignment was used in a gamma-distance analysis.

Table 4.2. List of primers.

PRIMER SEQUENCEa DIRECTIONb POSITIONc

ITS1d TCCGTAGGTGAACCTGCGG forward 61-80

ITS2d GCTGCGTTCTTCATCGATGC reverse 692-711

ITS3d GCATCGATGAAGAACGCAGC forward 692-711

ITS4d TCCTCCGCTTATTGATATGC reverse >1193

FB3 AACCCATCCTTGGCTAGGGC forward 181-200

FB4 CGACGCTGAGGCAGACATGCTCAAGTCC reverse 790-817

FB6 CG(AC)CGTACGACAGCAGCCATCCTC forward 983-1007

FB7e CGACGTGAGACAGCAGCCACTCTCG forward 983-1008

FB9 GGACTTCGAGGTGTCTGCCTCAGCGTCG reverse 790-817

aSequence in 5’→ 3’ direction.
bDirection of sequencing.
cAnnealing position in the alignment in Fig 1.
dFrom White et al. (1990).
eSpecific for ITS sequence type 1 (AtlanticC. albida).

Parsimony analysis.Each Character Set was analyzed under the exhaustive search
option in PAUP, version 3.1.1 (Swofford 1993). Trees within 1% of the most
parsimonious tree (MPT) length were examined andg1-values (Hillis & Huelsenbeck
1992) were scored. Bootstrapping, using the branch and bound search option, was
performed for 500 replicates.

Distance analysis.The Jukes-Cantor (JC) one parameter method (Jukes & Cantor 1969)
was used to construct pairwise distance matrices for both character sets. Based on
selection guidelines set forth by Jin & Nei (1990), we chose the JC method because (1)
distances were in general <0.4, (2) nucleotide frequencies were found to be fairly equal
among nucleotides and taxa, and (3) no transition/transversion-bias was found to be
present. In order to mimimize information loss, gaps and missing data were deleted only
on a pairwise basis as encountered and not down an entire column. Bootstrap analysis,
using neighbor-joining, was performed for 500 replicates using the TREECON package,
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version 3.0 (Van de Peer & De Wachter 1993).
Because considerable length variation is present in the ITS alignment, the effects of

deletions and insertions on evolutionary change of DNA sequences needs to be
investigated. In order to see if additional phylogenetic information could be gleaned from
the indel patterns, we applied a gamma-distance measure as developed by Tajima & Nei
(1984) to thetotal alignment. In this estimation no consideration is given to substitutional
changes in the sequences. Theγ-distance was calculated fromγ = -2logeP, whereP = 2nxy /
(nx+ny), andnxy is the total number of shared nucleotide positions between sequenceX and
sequenceY. nx andny are the number of nucleotide positions in sequenceX andY
respectively. A neighbor-joining (NJ) tree based onγ-distances was constructed using
NEIGHBOR from the PHYLIP package, version 3.4, (Felsenstein 1990).

4.3 RESULTS

Complete sequences of ITS1 and ITS2 including the 5.8S rRNA gene and flanking coding
regions were obtained for almost all species (Fig. 4.1). Among the 13 taxa used in this
study, six distinct ITS sequence types were identified. There were no intermediate types.
ITS-length varied between 354 and 539 base pairs for ITS1, and between 181 and 303
base pairs for ITS2. Nucleotide composition ranged between 40%-50% AT among the six
types, but was fairly equal between ITS1 and ITS2 within types (Table 4.3). Seven
conserved domains were found in the ITS1 sequences. In contrast, only two conserved
domains were found in the ITS2 sequences. All domains (numbered 1-9 in Fig. 4.1) are
interspersed with unalignable regions containing extensive sequence- and length-variation,
which is probably caused by slipped-strand mispairing events (Levinson & Gutman 1987).

ITS secondary structure and character sets.Secondary structure proposals for ITS
regions exist for several organisms (Nazar et al. 1987, Thweatt & Lee 1990, Yeh & Lee
1990, Wesson et al. 1992, Schlötterer et al. 1994). Most proposed models are based on
energy-minimization algorithms. Only forSaccharomyces cerevisiaeis the structural
model for ITS regions within the 35S pre-rRNA molecule based on a combination of
computer predicted thermodynamic stability, and both chemical and enzymatic probing
(Yeh & Lee 1991). A consensus secondary structural model for the sixCladophoraITS
sequence types (Fig. 4.2) was constructed, based on the ITS secondary structural model for
Saccharomyces cerevisiae(Yeh & Lee 1991). Secondary structural features of this model
include the formation within both ITS regions of long hairpin structures and
complementarity between the 18S rRNA 3’-region and the ITS1 5’-region, as well as
between the 5.8S rRNA 3’-region and the 28S rRNA 5’-region. The latter features have
also been demonstrated in green algae (Aimi et al. 1992), fungi (Hausner et al. 1993),
higher plants (Venkateswarlu & Nazar 1991, Suh et al. 1992, Ritland & Straus 1993),
echinoderms (Hindenach & Stafford 1983), and several vertebrates (Subrahmanyam et al.
1982, Furlong & Maden 1983) indicating their broad conservation. Most conserved
domains within theCladophoraITS sequences (Fig. 4.2) can form double-stranded
structures congruent with the Yeh & Lee (1991) model, but the positions of hairpin
structures in ITS1 are different. Our model of hairpin structures in theCladophoraITS1 is
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C. vagabunda SW Australia GGC TCCTGAGAAGTTCATTGAACCCTCTCANNNAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCGTA...................................................................... CCTCTCCACCGACCC TCCATGGCTAGGGC
C. albida Connecticut CGTCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCGTATTGATTATTGATTGGCGATCACTCATGGAGTGGTACCGGCGTTGCGTGTTGCGGCTCTCAGCTGCTAGCGCTTGCCCGCCAACCCATCCTTGGCTAGGGC
C. albida Roscoff CGTCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCGTATTGATTATTGATTGGCGATCACTCATGGAGTGGTACCGGCGTTGCGTGTTGCGGCTCTCAGCTGCTAGCGCTTGCCCGCCAACCCATCCTTGGCTAGGGC
C. albida Hokkaido CGT TTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCGTATTGATT GGCGATCACTCTTGGAGTGGTA TGTG GTGTTGCGTGGCGCAAN CNATCATCCGCCAACCCATCCTTGGCTAGGGC
C. albida Shimoda CGTTTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGGTGAA CCTGCGGAGGGATCCATAGCAATCGTATTGATT GGCGATCACTCTTGGAGTGGTA TGTG GTGTTGCGTGGCGCAAN CNATCATCCGCCAACCCATCCTTGGCTAGGGC
C. albida SW Australia CGT TTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCGTATTGATT GGCGATCACTCTTGGAGTGGTA TGTG GTGTTGCGTGGCGCAAN CNATCATCCGCCAACCCATCCTTGGCTAGGGC
C. ruchingeri Corsica CGT TTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAAGCCTGCGGAGGGATCCATAGCAATCGTATTGATT GGCGATCACTCATGGAGTGGTAC TG GTGTTTGCGTAACG AAAGCCCGC ATCATCCGCCAACCCATCCTTGGCTAGGGC
C. ruchingeri Norway CGTTTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGGTGAA CCTGCGGAGGGATCCATAGCAATCGTATTGATT GGCGATCACTCATGGAGNGGTAC TG GTGTTTGCGTAACG AAAGCCCGC ATCATCCGCCAACCCATCCTTGGCTAGGGC
C. flexuosa Norway CGTTTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCGTATTGATT GGCGATCACTCATGGAGTGGTAC TG GTGTTTGCGTAACG AAAGCCCGC ATCATCCGCCAACCCATCCTTGGCTAGGGC
C. sericea Roscoff CGTCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGGTGAA CCTGCGGAGGGATCCATAGCAATCATATTGATCATTG TT GATC GGGAGT ATTGCTTTCCC AC AAAGTAAGCTTACGCTCCTTATCTATCCTTGGCTAGGGC
C. sericea Labrador CGTCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCATATTGATCATTG TT GATC GGGAGT ATTGCTTTCCC AC AAAGTAAGCTTACGCTCCTTATCTATCCTTGGCTAGGGC
C. sericea Alaska NNNNNNNNNNNNNNNNNGAACCCTCTCATCTAGAGGAAGGAGAAG CGTAACAAGGCCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCATATTGATCATTG TT GATC GGGAGT ATTGCTTTCCC AC AAAGTAAGCTTACGCTCCTTATCTATCCTTGGCTAGGGC
C. capensis S Africa CGT TTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCGTATTGATT GGCGATCACTCATGGAGTGGTACCGGTGTT GCGTAGGCGCAAGCCGCAN ATCCGCCAACCCATCCTTGGCTAGGGC
C. opaca Hokkaido CG CCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAG TGAA CCTGCGGAGGGATCCATAGCAATCGTATTGATT GGCGATCACTCTCGGAGT GTGCAGGCTTGCGT TCCGCCAACCCATCCTTGGCTAGGGC
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C. vagabunda SW Australia T GCG........................................ AGACCCAGGCCTCACTGCCACGGTGCCCCCGGAATCA CG........................................................G GGG CGGTCAGG...... .......................................
C. albida Connecticut CAGCGNTCGTCGAAAAGGCGCCG TCGTT GGACCCAGGCCCTACTGCCACGGTGCCCCCGCAAACAGCG ACCCTCGG TGATGTTTGGTGTTGTCGCACCTACAGCAGCAGCGAAGGAGGCCGCGCGGGTGGTACGGGTCGGTGTTT CAGGCCATGCAAGCCCTTT TTGCGCGGTGGTCGC
C. albida Roscoff CAGCGNTCGTCGAAAAGGCGCCG TCGTT GGACCCAGGCCCTACTGCCACGGTGCCCCCGCAAACAGCG ACCCTCGG TGATGTTTGGTGTTGT ACAGCAGCAGCGAAGGAGGCCGCGCGGGTGGTACGGGTCGGTGTTTTCAGGCCACGCAAGCCCTTT TTGCACGGTGGTCGC
C. albida Hokkaido C GGCGT ANTAGCAATAGATTCGTC GGACCCAGGCCTTTCTGCCACGGTGCCCCCGTGATATGCGGACCCTCGG TAAC GGATGCCGTGCGGGTGGTACGGGTCGACGTT CGGGCCATGTTCGGTGACCACCTATGTATGTATTA
C. albida Shimoda CGGCGT ANTAGCAATAGATTCGTC GGACCCAGGCCTTTCTGCCACGGTGCCCCCGTGATATGCGGACCCTCGG TAAC GGATGCGGTGCGGGTGGTACGGGTCGACGTT CGGGCCATGTTCGGTGACCGCCTATGTATGTATTA
C. albida SW Australia C GGCGT ANTAGCAATAGATTCGTC GGACCCAGGCCTTTCTGCCACGGTGCCCCCGTGATATGCGGACCCTCGG TAAC GGATGCCGTGCGGGTGGTACGGGTCGACGTT CGGGCCATGTTCGGTGACCACCTATGTATGTATTA
C. ruchingeri Corsica C GGCGTGTAGGTGTGTCCTGCTATTCGTAGGCGCGCGCTACCGACGGACCCAGGCCTCTCTGCCACGGTGCCCCCGTAATTTGCGGACCCTCTCCTCACAAGGGA G AGGATGCCGTGCGGGTGGTACGGGTCGGTGTTT CAGGCCACACTCGGTT CCATTGTGCGGTGGTT A
C. ruchingeri Norway CGGCGTGTAGGTGTGTCCTGCTATTCGTAGGCGCGCGCTACCGACGGACCCAGGCCTCTCTGCCACGGTGCCCCCGTAATTTGCGGACCCTCTCCTCACAAGGGA G AGGATGCCGTGCGGGTGGTACGGGTCGGTGTTT CAGGCCACACTCGGTT CCATTGTGCGGTGGTT A
C. flexuosa Norway CGGCGTGTAGGTGTGTCCTGCTATTCGTAGGCGCGCGCTACCGACGGACCCAGGCCTCTCTGCCACGGTGCCCCCGTAATTTGCGGACCCTCTCCTCACAAGGGA G AGGATGCCGTGCGGGTGGTACGGGTCGGTGTTT CAGGCCACACTCGGTT CCATTGTGCGGTGGTT A
C. sericea Roscoff CA ACGT AGCAC AGC TCGTTT GGACCCAGGTCT ACTGCCACGGTGCCCCCGCNNNNTACGGAACCTAGC TAATTAGGG TACCGTGCGGGTGGTACGGGTCGACGTTT CAGGCCGCACTTG ATCGC
C. sericea Labrador NA ACGT AGCAC AGC TCGTTT GGACCCAGGTCT ACTGCCACGGTGCCCCCGCAAAATACGGAACCTAGC TAATTAGGG TACCGTGCGGGTGGTACGGGTCGACGTTT CAGGCCGCACTTG ATCGC
C. sericea Alaska CA ACGT AGCAN AGC TCGTTT GGACCCAGGTCT ACTGCCACGGTGCCCCCGCAAAATACGGAACCTAGC TAATTAGGG TACCGTGCGGGTGGTACGGGTCGACGTTT CAGGCCGCACTTG ATCGC
C. capensis S Africa AGCGTT TATAGAAATATA TCGCT GGACCCGGGCCTCACTGCNNNNNN CCCGTATTCAGCGGTCCCTTTTCCCCTCTTCGAGGGTCGA GATGCCGTGCGGGTGGTACGGGTCGGTGTT CAGGCCACGCTCGATCCCG TTGTGCGGTCTACCG
C. opaca Hokkaido GGGGCA T GCT CGACC AGGCTTCCTGCCACGGTGCCCCCGCAACAAGCG ACCCTC TAACA G AGGA GCCGNN GTGGTAC GGTCGTAG CAGGCCACCCTAATACGGGATGGCCCTAC
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C. vagabunda SW Australia ........................................... .................. ........................................................................................................ AAGCCGGGGCTACCAACCAACACCACACAACA
C. albida Connecticut ACATACAACGTGCTACCCACCAACCAATCTGGTCTACGTGAATCTCCTGGCGCCGGCCGGGAGTCCCACGCTCACCCTATCCAGCTTGGAGATTGCCATCT CTTTGGCTGGTGA CGGC GGGCACACATCGTGGGCGTGAGCCTTCGCGCACA CCCCGTTGTGGGGGCTCCCA CA ACCACTATCCTA
C. albida Roscoff ACATACAACGTGCTACCCACCAACCAATCTGGTCTGCGTGAATCTCCTGGCGCCGGCCGGGAGTCCCACGCTCACCCTATCCAGCTTGGAGATTGCCATCT CTTTGGCTGGTGA CGGC GGGCACACATCGTGGGCGTGAGCCTTCGCGCACA CCCCGTTGTGGGGGCTCCCA CA ACCACTATCCTA
C. albida Hokkaido TATATGTGTACATGGG GGG TGATCGGCGTGAACTTCCTGGCGTCGGCCGGGAGTTCCATGCTC CGTTTCCAAGGCACGCTCGC GTGCGTGGGAATGGGCACACAGCG GCTCCATGCCCCGCTGTGGGGACTCCCG CA ACCAATATCCTA
C. albida Shimoda TAT GTATATGGG GGG TGATCGGCGTGAACTTCCTGGCGTCGGCCGGGAGTTCCATGCTC CGTTTCCAAGGCACGCTCGC TG TGGGAATGGGCACACAGCG CGGGCTCCATGTCCCGCTGTGGGGACTCCCG CA ACCAATATCCTA
C. albida SW Australia TATATGTGTACGTGGG GGG TGATCGGCGTGAACTTCCTGGCGTCGGCCGGGAGTTCCATGCTC CGTTTCCAANGCACGCTCGC- GTGCGTGGGAATGGGCACACAGCG GCTCCATGCCCCGCTGTGGGGACTCCCG CA ACCAATATCCTA
C. ruchingeri Corsica TCCATCTCACAGCGGATTTGGG TG TGAACCTCCTGGCTCCGGCCGGGAGCTCCACGCTC CGTTTCCACAGCACTTTGG TGC TCGGCAACGGGCACGCAATGCGG CGCTCTCG CCCGTTGTGGGGGCTCCCA CA ACCACTATCCTA
C. ruchingeri Norway TCCATCTCACAGCGGATTTGGG TG TGAACCTCCTGGCTCCGGCCGGGAGCTCCACGCTC CGTTTCCACAGCACTTTGG TGC TCGGCAACGGGCACGCAATGCGG CGCTCTCG CCCGTTGTGGGGGCTCCCA CA ACCACTATCCTA
C. flexuosa Norway TCCATCTCACAGCGGATTTGGG TG TGAACCTCCTGGCTCCGGCCGGGAGCTCCACGCTC CGTTTCCACAGCACTTTGG TGC TCGGCAACGGGNNCGCAATGCGG CGCTCTCG CCCGTTGTGGGGGCTCCCA CA ACCACTATCCTA
C. sericea Roscoff ATACGGGTGATTTTCATCCAGTATACATCAGTGTGAATCACCTGGCGCCGGCCGGGAGCTCCACGCTC TAGTCTTGC TACCAGTTAGCTGGTTA TAGATTA GGGCACTCATCG CATTCGTTNGCG TGGCGA TGTGGGGGCTCCCG CA ACCACTATCCTA
C. sericea Labrador ATACGGGTGATTTTCATCCAGTATACATCAGTGTGAATCACCTGGCGCCGGCCGGGAGCTCCACGCTC TAGTCTTGC TACCAGTTAGCTGGTTA TAGATTA GGCACTCATCG CATTCGTTCGCG TGGCGA TGTGGGGGCTCCCG CA ACCACTATCCTA
C. sericea Alaska ATACCGGTGATTTTCATCCAGTATACATCAGTGTGAATCACCTGGCGCCGGCCGGGAGCTCCACGCTC TAGTCTTGC TACCAGTTAGCTGGTTA TAGATTA GGGCACTCATCG CATTCGTTCGCN TNGCNA TGTGGGGGNTCNNG CA ANCACTATCCTA
C. capensis S Africa T ACAGCGGGTTTCGG TG TGAACCTCCTGGCATCGGCCGGGAGCTCTACGCTC TGTTCCCATAATACT TC GGTGCAT GGGGAATGGGCACGCAACGCGATTGCTAGCCGCACCANNTATTTGCCNCGCTGTGGGG CTCCCG CA ACAACTATCCTA
C. opaca Hokkaido CGGCGGGGN TCCACGCTT CTCCCCCACCAGCCCGTNGGTTTGTGTGAGGGTT GGCACGTAGTCCGGNCATTCCCG CCCAGCTACGGGAGCTCCCA CCA CAACTATCCTA
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C. vagabunda SW Australia T CAACCTGTATATGTGCCTTGTGCGTCT AGCACGCCAAGCAAACTAACTGATAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGANTCATCGAATTTTTGAACGCACATTGCN TCA AGTCTACGGACTTGAGCA
C. albida Connecticut TATCCTTTTACCTGTGCCATAGCTTGAT CGTCT AGCACGTCGAGCAAATTAAC TTGAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCCCA AGTCCCCGGACTTGAGCA
C. albida Roscoff TATCCTTTTACCTGTGCCATAGCTTGAT CGTCT AGCACGTCGAGCAAATTAAC TTGAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCCCA AGTCCCCGGACTTGAGCA
C. albida Hokkaido CATCCTTTAACCTGTGTAAATGCTTGAT CGTCT AGCACGTCGAGCAAATTAACATAAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGCGCCCA AGTCCTCGGACTTGAGCA
C. albida Shimoda CATCCTTTAACCTGTGTAAATGCTTGAT CGTCTTAGCACGTCGAGCAAATTAACATAAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGN CCCA AGTCCTCGGACTTGAGCA
C. albida SW Australia CATCCTTTAACCTGTGTAAATGCTTGAT CGTCT AGCACGTCGAGCAAATTAACATAAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGCGCCCA AGTCCTCGGACTTGAGCA
C. ruchingeri Corsica CATCCTTTAACCTGTGCAATAGCTTGATTGTCT AGCACGTCGAGCAAAATAACGTTTAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGA GAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGN CCCAGAGTCTCCGGACTTG GCA
C. ruchingeri Norway CATCCTTTAACCTGTGCAATAGCTTGATTGTCT AGCACGTCGAGCAAAATAACGTTTAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAANGCGCGATAGNNNGTGTGANTTGCAGANTTCNGTGAATCATCGAATTTTTGAACGCATATTGCG NCA AGTCTCCGGACTTG GCA
C. flexuosa Norway CATCCTTTAACCTGTGCAATAGCTTGATTGTCT AGCACGTCGAGCAAAATAACGTTTAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGN CCCA AGTCTCCGGACTTG GCA
C. sericea Roscoff TATCCTT CAACCTGTGCAATAGCTTGAT CGTCT AGCACGTCGAGCGAAATAAC TTTAAAAACACTATACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATCNGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGCGCTCA AGTCTTCTGGCTTGAGCA
C. sericea Labrador TATCCTT CAACCTGTGCAATAGCTTGAT CGTCT AGCACGTCGAGCGAAATAAC TTTAAAAACACTATACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCTCA AGTCTTCTGGCTTGAGCA
C. sericea Alaska TATCCTT CAACCTGTGCAATAGCTTGAT CGTCT AGCACGTCGAGCGAAATAAC TTTAAAAACACTATACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGCGCTCA AGTCTTCTGGCTTGAGCA
C. capensis S Africa CATCCTTCAACCTGTGCAATAGCTTGAT CGTCT AGCACGTCGAGTAATTAAC TATAATAACACTGTACAATGGATTTCTTGGCTCCCNCATCGATGAAGAAGC AGCAAAGCGCGATAGGTAGTGTGAATTGCNNNATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCCCA AGTCTCCGGACTTGAGCA
C. opaca Hokkaido TATCCCTT AACCTGTGTGATT CTTGAT GGTCT AGCACCTCAAGC AA TAAC TTGATTAACACTGTACAATGGATTTCTTGGCTCCCAC TCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAATTGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGCGCCCA TGTCTCCGGACTTGGGCA
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C. vagabunda SW Australia GTCTGCCTCAGCGTCGTTTTAAATGGCATGCCGTCCATGACTCTT GCCGCTCCTG AT GGGGGGCATGGGTTCAAGCCGTGTAG.......................................................... GGGCA C
C. albida Connecticut TGTCTGCCTCAGCGTCGTTTTCAATGGCTTGCCGTGCATGGCTCTT GCTGTCTTTGTATCGTCGTC ACTCCGGTGAA TGG CGGGCGGCATGAGCTGAATACTTGCATCATAGACATCGTGCGGTGGCGCGGTCGTTATCGACAACGTCGCAGTACGACGT GAGACAGCAGC
C. albida Roscoff TGTCTGCCTCAGCGTCGTTTTCAATGGCTTGCCGTGCATGGCTCTT GCTGTCTTTGTATCGTCGTC ACTCCGGTGAA TGG CGGGCGGCATGAGCTGAATACTTGCATCATAGACATCGTGCGGTGGCGCGGTCGTTATCGACAACGTTGCAGTACGACGT GAGACAGCAGC
C. albida Hokkaido TGTCTGCCTCAGCGTCGTTTTTAATGGCTCTCCGTTCATGGCACTT GCTGCTTCAGTAAAGTTACC ACAGCGAT AAC CGTCGTTGTTTGGTAGCAGGACAGCATGCGCTCAAGACCTGCCG ACACATCGCGTG GGT CACC ACACGACGTACGACAGCAGC
C. albida Shimoda TGTCTGCCTCAGCGTCGTTTTTAATGGCTCTCCGTTCATGGCACTT GCTGCTTCAGTAAAGTTACC ACAGCGAT AAC CGTCGTTCATTGGTAGCAGGACAGCATGCGCTCAAGACCTGCCG ACACATCGCGTG GGT CACC ACACGACGTACGACAGCAGC
C. albida SW Australia TGTCTGCCTCAGCGTCGTTTTTAATGGCTCTCCGTTCATGGCACTT GCTGCTTCAGTAAAGTTACC ACAGCGAT AAC CGTCGTTGCTTGGTAGCAGGACAGCATGCGCTCAAGACCTGCCG ACACATCGCGTG GGT CACC ACACGACGTACGACAGCAGC
C. ruchingeri Corsica TGTCTGCCTCAGCGTCGTTTTTAATGGCTTGCCGTGCATGGCTCTT GCGGTGTCAGAAAAGTTACCCACAGCGAT AAC TGG AGGCGCGCATGGGCTGAAACATTGCCG ATATATCGAGTG GGT CACC ATTCGACGTACGACAGCAGC
C. ruchingeri Norway TGTCTGCCTCAGCGTCGTTTTTAATGGCTTGCCGTGCATGGCTCTT GCGGTGTCAGAAAAGTTACCCACAGCGAT AAC TGG AGGCGCGCATGGGCTGAAACATTGCCG ATATATCGAGTG GGT CACC ATTCGACGTACGACAGCAGC
C. flexuosa Norway TGTCTGCCTCAGCGTCGTTTTTAATGGCTTGCCGTGCATGGCTCTT GCGGTGTCAGAAAAGTTACCCACAGCGAT AAC TGG AGGCGCGCATGGGCTGAAACATTGCCG ATATATCGAGTG GGT CACC ATTCGACGTACGACAGCAGC
C. sericea Roscoff TGTCTGCCTCAGCGTCGTTTTCAATGGCTTACCGTTAGTGGCTCTT GGGCATTCAGAAAAGTTACC ATAGAAAT AA GGTATCTCGAACCCATGAGCTTAAGCAACGCAT ACGCATCGTGTG GGT AACC ACAC CGTTACGACAGCAGC
C. sericea Labrador TGTCTGCCTCAGCGTCGTTTTCAATGGCTTACCGTTAGTGGCTCTT GGGCATTCAGAAAAGTTACC ATAGAAAT AA GGTATCTCGAACCCATGAGCTTAAGCAACGCAT ACGCATCGTGTG GGT AACC ACAN CGTTACGACAGCAGC
C. sericea Alaska TGTCTGCCTCAGCGTCGTTTTCAATGGCTTACCGTTAGTGGCTCTT GGGCATTCAGAAAAGTTACC ATAGAAAT AA GGTATCTCGAACCCATGAGCTTAAGCAACGCAT ACGCATCGTGTG GGT AACC ACAC CGTTACGACAGCAGC
C. capensis S Africa TGTCTGCCTCAGCGTCGTTTTCAATGGCTTGC GTGCGTGGCTCTTGTGGGGGTGTCAGAAAAGTTAAC ACAGAGATGATGATACATCCCTTCTGTTTTCGTTTTCAAACCCCGCATGAGCTGAAACCTTGCATTCTCTTCGTCTAACGGAGCG ACGACAGCAGC
C. opaca Hokkaido TGTCTGCCTCAGCGTCGTTTTCAATGGCTTGCCGTACATGGCTCTT GCTTAGTCCACTTATTACGTGGCGGGCATGAGCTTAAGCTTTGCCTTTCGTANNCTGCACNNNNGCGCG ACACGA GC

------------------------domain 9------------------------------------- 28S rRNA
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C. vagabunda SW Australia C TCCTC................GAGCAAGC ACGCGTTGTCG..................................................................................................TG CGCTGCGCA ACACACCATTCGACCTGAGTTTAGGCAGGGTTACC
C. albida Connecticut CACTCTCGTGCACTGTTCATCGTTAGCAAGCTACCTCGCGTGGCCAACTGCTTTCTCATGGGCATGTGTGTAGTACGAGGGAGT GGGAGCAGCAACAACACGCATAGCATCATCGTATGTATGTGTTTGTCGCCGTCTCCGCGTGGGCTGGC CGTCA ACACCATTCGACCTGAGTTCAGGCAGGGTTACC
C. albida Roscoff CACTCTCGTGCACTGTTCATCGTTAGCAAGCTACCTCGCGTGGCCAACTGCTTTCTCATGGGCATGTGTGTAGTACGAGGGAGT GGGAGCAGCAACAACACNCAT GCATCATCG ATGTATGTGTTTGTCGCCGTCTCCGCGTGGGCTGGC CGTCA ACACCATTCGACCTGAGTTCAGGCAGGGTTACC
C. albida Hokkaido CA TCCTCG GCACTGTTCATCGTAAGCAAGCTACCTCGCGTGGCCACATGCTTTCTCATGGGCAAGTGT ATCAACGGGGCAGCGGCGGCATCTCGGAT GTCTGCTCGTTGTCTGGCTCGTCG ACACCATTCGACCTGAGTTCAGGCAGGGTTACC
C. albida Shimoda CATCCTCG GCACTGTTCATCGTAAGCAAGCTACCTCGCGTGGCCACATGCTTTCTCATGGGCAAGTGT ATCAACGGGGCAGCGGCGGCNNNNNNNNN NNNTGCTCGTTGTCTGGCT GTCG ACACCATTCGACCTGAGTTCAGGCAGG TTACC
C. albida SW Australia CA TCCTCG GCACTGTTCATCGTAAGCAAGCTACCTCGCGTGGCCACATGCTTTCTCATGGGCAAGTGT ATCAACGGGGCAGCGGCGGCATCTCGGAT GTCTGCTCGTTGTCTGGCTCGTCG ACACCATTCGACCTGAGTTCAGGCAGGGTTACC
C. ruchingeri Corsica CA TCCTCG GCACTGCTCATCGTAAGCAAGCTACCACGCGTGGCCGACTGCTTTCTCATGGGCAAGGGA ATCAACGAGGCAGCGGCGGCATCTCGGAT GTCGCATG TTGTCTGGCT GTCAAAA CCATTCGACCTGAGTTCAGGCAGGGTTACC
C. ruchingeri Norway CATCCTCG GCACTGCTCATCGTAAGCAAGCTACCACGCGTGGCCGACTGCTTTCTCATGGGCAAGTGA ATCAACGAGGCAGCGGCGGCATCTCGGAT GTCGCATG TTGTCTGGCT GTCAAAA CCATTCGACCTGAGTTCAGGCAGGGTTACC
C. flexuosa Norway CATCCTCG GCACTGCTCATCGTAAGCAAGCTACCACGCGTGGCCGACTGCTTTCTCATGGGCAAGTGA ATCAACGAGGCAGCGGCGGCATCTCGGAT GTCGCATG TTGTCTGGCT GTCAAAAACCATTCGACCTGAGTTCAGGCAGGGTTACC
C. sericea Roscoff CA TCCTCG GCACTGTTCATCGTAAGCAAGCTACTTCGTGTGGCCCACTGCTTTTCCATGGGCAAGTGT GTAAACGAGGCAGCGACG TATCTTAGATT CCGTATG TTGTCTGGCT GTCG ACACCATTCNNNNNNNNNNNNNNNNNNNNNNNN
C. sericea Labrador CA TCCTCG GCACTGTTCATCGTAAGCAAGCTACTTCGTGTGGCCCACTGCTTTTCCATGGGCAAGTGT GTAAACGAGGCAGCGACG TATCTTAGATT CCGTATG TTGTCTGGCT GTCG ACACCATTCGACCTGAGTTTAGGCAGGGTTACC
C. sericea Alaska CA TCCTCG GCACTGTTCATCGTAAGCAAGCTACTTCGTGTGGCCCACTGCTTTTCCATGGGCAAGTGT GTAAACGAGGCAGCGACG TATCTTAGATT CCGTATG TTGTCTGGCT GTCG ACACCATTCGANNNNNNNNNNNNNNNNNNNNNN
C. capensis S Africa CA TCCTCG GCACTGTTCATCGTAAGCAAGCTACCTCGCGTGGCCTACTGCTTTCTCATGGGCAAGTGT GCTCGAGG AGCAACG GGACGTTTT ACGCTGGCTGGCT GTCA ACNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
C. opaca Hokkaido CA TCCTCG GCACTGTTCATCGTAAGCAAGCTACCTCGCGTGGCCAAAGTCTTTC CATGGGCAGGTGT AACGGGGC TTNNNNGGCTGGCT GTCA ACACCATTCGACCTGAGNNNNNNNNNNNNNNNN

H E L I X 4

Figure 4.1. ITS sequence alignment. Coding regions are indicated with heavy lines. Conserved domains within ITS regions are numbered (1-9). Positions with bold
numbering were selected for Character Set 1. Positions in the outgroup sequence(Cladophora vagabunda)for which sequence is given were selected for Character Set
2, whereas dots indicate positions for which no homology could be found in the ingroup. Gaps are represented by blanks, missing data by ’N’. Boldface indicates
nucleotides that differ from ITS-type 1. The shaded area (position 776-778) could not be determined unambiguously, and was excluded from all analyses. Helices within
ITS 1 and 2 that can be formed in all taxa are indicated, with double lines corresponding to base-paired regions, single lines to single stranded regions, and =====
indicating unresolved secondary structure.
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supported by the presence of five compensatory substitution pairs (positions 193/255,
202/229, 203/228, 444/463, and 630/641).
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Figure 4.2. Secondary structure model ofCladophoraITS sequences based on the 35S pre-rRNA structural
model ofSaccharomyces cerevisiae(Yeh & Lee 1991).Cladophorasequence is shown for conserved regions
among all ingroup taxa. ITS-type 1 was taken when types differed within conserved regions. Coding regions
are in boldface, helices (1-4) correspond to the numbering in the alignment (Fig. 4.1), and double asterisks
indicate coding region termini. Dots indicate variable secondary structure among ITS-types. For domains
used in character sets, reference Fig. 4.1.
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The CladophoraITS secondary structural model was used to improve the alignment and to
aid in refined character selection. The total alignment (including unalignable regions)
contains 1193 positions of which 458 are variable. Character Set 1 contains 748 positions
of which 65 are potentially phylogenetically informative. Character Set 2 contains 550
positions of which 47 were phylogenetically informative. Only short stretches of ITS
sequence, together with coding regions, fromC. vagabundacould be aligned to the
ingroup sequences as indicated in Fig 1.

Substitution pattern. Pairwise comparisons among all types were made for both
character sets in order to determine substitution patterns. Average transition/transversion
ratios (ts/tv-ratios) are 0.95 (equivalent to 48.7% transitions) for Character Set 1 and 0.85
(equivalent to 46.0% transitions) for Character Set 2 (Table 4.3). This indicates an excess
of transversions and some saturation.

Table 4.3. Transition/transversion ratios among six related ITS sequence types plusC.
vagabundaas outgroup. Upper-right panel: values calculated for Character Set 1. Lower-left
panel: values calculated for Character Set 2.

ITS TYPE 1. 2. 3. 4. 5. 6.

1. C. albida (Atlantic) - 1.095 0.708 0.981 0.686 0.902

2. C. albida (Pacific) 1.043 - 0.969 1.065 0.857 1.263

3. C. flexuosa 0.680 0.636 - 1.146 0.771 0.872

4. C. sericea(Atl. and Pac.) 0.879 0.844 1.261 - 0.941 1.000

5. C. capensis 0.667 0.581 0.632 0.926 - 1.000

6. C. opaca 0.773 1.182 0.950 1.033 1.143 -

7. C. vagabunda 0.854 0.952 0.630 0.843 0.681 0.605

Parsimony analysis. The six ITS-types were substituted for the individual taxa based
on the fact that JC distances within ITS types (calculated for all positions) were on
average 0.0027 which is approximately ten percent of the standard deviation for JC
distances among types (Table 4.5). All parsimony analyses were performed treating gaps
as "missing". When gaps were treated as "fifth base", no significantly different results
were obtained. Only bootstrap values were lower (not shown). Parsimony analysis on
Character Set 1 (Fig. 4.3) yielded 1 MPT of 297 steps long (consistency index = 0.825),
and 18 MPTs within 1% of MPT-length. The 50% majority-rule consensus tree of these 18
near MPTs is much less resolved than the single MPT. Bootstrap values for Character Set
1 are all below 50% (and thus not shown in Fig 3a). Analysis of Character Set 2 yielded 4
MPTs of 220 steps long (consistency index = 0.827), and 11 MPTs within 1% of MPT-
length (Fig. 4.3c,d). No change in tree topology was observed when MPTs and near-MPTs
were compared. Bootstrap values were somewhat higher (71%-75%) for Character Set 2
but still on the low side. Tree length distributions were found to be nearly symmetrical in
exhaustive searches for both character sets (g1 = +0.631 for Character Set 1 andg1 =
-0.115 for Character Set 2). This was also the case when transversion parsimony was
done. This result indicates that phylogenetic signal in both character sets is very low [see
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Hillis & Huelsenbeck (1992) for critical values ofg1]. However, other factors also affect
tree length distribution symmetry (Källersjö et al. 1992) so that the skewness criterion
alone is not always reliable. A summary of all parsimony analyses is given in Table 4.4.

Distance analysis.Jukes-Cantor distances calculated for character Sets 1 and 2 (Table
4.5) and Gamma distances (Table 4.6) were used to calculate NJ distance trees (Fig. 4.4).
Although all three trees are similar, they are not identical. Short internodes cause the
instability of the branching order. Type 1 (AtlanticC. albida) is consistently well
separated from types 2 (PacificC. albida), 3, 4 and 5 in all analyses. Type 6 groups with
the outgroup when Character Set 2 is used, whereas it is more related to Type 1 (C.
opaca) when Character Set 1 is used.

Table 4.4. Parsimony scores for exhaustive searches on Character Set 1 and 2.

CHARACTER SET 1a CHARACTER SET 2a

characters 753 555

informative characters 66 48

MPTsb 1 4

treelength 297 220

CI/RCc 0.825/0.275 0.827/0.320

g1 +0.631 -0.115

MPTs within 1%d 18 11

aSee text for the selection of both character sets.
bNumber of most parsimonious trees found.
cConsistency Index/ Rescaled Consistency Index.
dMPTs found within 1% of MPT-length.

4.4 Discussion
Six ITS types were identified within theC. albida/sericeaclade but phylogenetic
relationships among the types remains unclear with several competing topologies. While a
fair amount of resolution appears to be present in the parsimony analyses based on a
sufficient number of phylogenetically informative characters, low homoplasy, and a low
number of MPTs (Table 4.4, Fig. 4.3b,c), low bootstrap values and poorg1 values for tree
length frequency distributions paradoxically suggest that there is minimal phylogenetic
signal. Although Källersjö et al. (1992) have noted that symmetry of tree length
distribution is not necessarily indicative of low phylogenetic signal, short internodes,
especially in the NJ trees, do suggest that low signal is responsible. We also investigated
whether phylogenetic signal could be enhanced by the inclusion of indel-patterns in a
separate data set usingγ-distances. This produced a slightly different but no better-
resolved tree topology. These results led us to further investigate the pattern and rate of
ITS evolution inCladophora.

Pattern of ITS sequence evolution in theC. albida/sericeaclade.The Cladophora
complex presents a different and sometimes confusing ITS picture as compared with other
green algae studied in our laboratory (Bakker et al. 1992, Kooistra et al. 1993, Van Oppen
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types have been found to be more "genus-related" with "within-type" sequence variation
ranging between 0.5-6.7%, and relatively easy alignability (Kooistra et al. 1993, van
Oppen 1994). This strongly suggests that our concept of comparative taxonomic rank is
artificial and thatCladophorais a taxon with a long history in which the effects of
concerted evolution have had sufficient time to smooth out variation.

Nucleotide substitution rate in the C. albida/sericeaclade.Pairwise comparisons
among the six ITS sequence types inCladophoraindicate that the ts/tv-ratio is slightly
below 1, i.e. on average more transversions have occurred than transitions. In general, the
fraction of transitions found between diverging DNA sequences is known to decrease with
increasing divergence time (Brown & Simpson 1982, DeSalle et al. 1987, Mindell &
Honeycutt 1990). Characteristic of recently diverged sequences, the ts/tv-ratio is usually
2.0 or more (equivalent to 66.6% or more transitions). Holmquist (1983) showed that the
fraction of transitions is theoretically expected to decrease to an asymptotic value of
roughly 33%, assuming random substitution and equal base frequencies. Bias in the pattern
of substitution can result in a slightly higher value, as has been found in pseudogenes
(Gojobori et al. 1982, Li et al. 1984). In a recent study by Schlötterer et al. (1994),
ribosomal ITS sequences of different species ofDrosophilahad an average ts/tv-ratio of
0.5, which is equivalent to a transitional fraction of 33%. By using divergence times based
on the geological history of the Hawaiian archipelago they calculated that a major fraction
of the ITS regions inDrosophilaevolves with a substitution rate "close to the neutral rate
of sequence evolution inDrosophila".

In Cladophorathe expected value for the fraction of transitions under saturation for
both character Sets 1 and 2 was 33% according to Holmquist’s (1983) method. The
observed fractions of transitions were 45% and 48% respectively for Character Set 1 and
2, which suggests some saturation (or, alternatively, the asymptotic value of saturation is
higher due to nonrandom mutation). In order to estimate a relative divergence rate we
compared substitution rates in the ITS regions and 18S rRNA inCladophora. Jukes-Cantor
distances among 1460 positions of 18S rRNA sequence inCladophora sericea(Roscoff),

Table 4.5. Jukes-Cantor 1-parameter distances with standard errors. Upper-right panel: values
calculated for Character Set 1. Lower-left panel: values calculated for Character Set 2.
Numbering on rows and columns refer to ITS types: 1 =C. albida(Atlantic); 2 = C. albida
(Pacific); 3 = C. flexuosa; 4 = C. sericea(Atl. and Pac.); 5 =C. capensis; 6 = C. opaca; 7 =
C. vagabunda.

ITS TYPE 1. 2. 3. 4. 5. 6.

1. - 0.1318±.0144 0.1239±.0140 0.1661±.0166 0.1327±.0147 0.1323±.0154

2. 0.0925±.0137 - 0.0933±.0119 0.1453±.0153 0.1397±.0152 0.1476±.0164

3. 0.0839±.0131 0.0712±.0120 - 0.1353±.0148 0.0931±.0122 0.1254±.0150

4. 0.1264±.0164 0.1195±.0159 0.1062±.0150 - 0.1575±.0163 0.1697±.0179

5. 0.0812±.0130 0.1005±.0146 0.0631±.0115 0.1084±.0153 - 0.1445±.0164

6. 0.0810±.0132 0.1008±.0148 0.0825±.0134 0.1323±.0174 0.0980±.0149 -

7. 0.1647±.0195 0.1790±.0205 0.1651±.0197 0.2125±.0229 0.1794±.0209 0.1574±.0195
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the AtlanticC. albida, and the PacificC. albida (Bakker et al. 1994) were calculated and
compared with Jukes-Cantor distances among the alignable portions of the ITS regions
(i.e. Character Set 1,excludingcoding regions) of the same taxa (Table 4.7). The number
of substitutions per site in ITS regions was between 20 and 50 times higher than in 18S
rRNA when the AtlanticC. albida was compared with the PacificC. albida or with C.
sericea. (Note: An insufficient number of substitutions was found between the 18S rRNA
sequences of the PacificC. albida andC. sericeato make an accurate estimate). For
comparison, Savard et al. (1993) found that the divergence rate in ITS regions of birches
and alders was 10 times higher than in 18S rRNA (1400 positions). In green algae (Olsen
et al. 1994) and higher plants (Ochman & Wilson 1987), 18S rRNA has been estimated to
accumulate substitutions at a rate of 0.2 substitutions per site per 109 year (1% per 25
Ma). Given that rate and assuming that our estimate is crudely accurate (though an
underestimate due to some saturation), we calculate a divergence rate forCladophoraITS
sequences of 4-10 substitutions per site per 109 year (equivalent to 0.8-2% per Ma). If a
constant rate is assumed, then the observed distances among the different ITS types
(roughly 20%) (Table 4.7) would suggest thattype formation took place more than 10-25
Ma ago (mid-Miocene), i.e. within a Tethyan time frame; and the lack of "within-type"
divergence suggests great recency, i.e., not older than 800,000 to two million years (and
probably even more recently).

Table 4.6. Estimates of evolutionary distances (γ) due to deletions and insertions among six
related ITS sequence types. Upper-right panel: numbers of positions shared (nxy) between the
two sequences compared (the total number of positions compared minus the number of
positions in the gaps). Lower-left panel:γ-distances (Tajima & Nei 1984); diagonal: numbers
of positions in the sequence concerned (nx or ny).

ITS TYPE 1. 2. 3. 4. 5. 6.

1. C. albida (Atlantic) (1105) 941 946 893 892 765

2. C. albida (Pacific) 0.198 (973) 922 865 866 762

3. C. flexuosa 0.195 0.116 (981) 859 862 747

4. C. sericea(Atl. and Pac.) 0.248 0.175 0.197 (915) 828 713

5. C. capensis 0.268 0.194 0.211 0.222 (935) 734

6. C. opaca 0.429 0.292 0.341 0.359 0.324 (791)

Table 4.7. Comparison between sequence divergence in 18S rRNA and ITS-regions in
Cladophora. Upper-right panel: Jukes-Cantor distances for 18S rRNA (1460 bp). Lower-left
panel: Jukes-Cantor distances for ITS-regions (Character Set 1, excluding coding regions).
Standard errors are in parentheses.

ISOLATE 1. 2. 3.

1. C. albida (Atl.) - 0.0063±.0021 0.0077±.0023

2. C. albida (Pac.) 0.1965±.0223 - 0.0028±.0014

3. C. sericea(Roscoff) 0.2459±.0259 0.2112±.0235 -
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this branch may have compromised rooting of the tree (see Wheeler (1990b) for problems
associated with long outgroup branches). A more closely related outgroup, however, is
unknown.

The absence of sequence divergencewithin ITS sequence types inCladophora,
however, suggests that present-day distributions are definitely more recent than the
formation of the different types. ForC. sericea(type 4), which has representatives in the
Pacific and Atlantic Ocean, we would expect roughly 2.4-6.0% sequence divergence
between Atlantic and Pacific representatives if we used the opening of the Bering Strait (3
Ma ago) as a dating point. Divergence is essentially zero, which suggests a recent
exchange between both oceans. Palumbi & Kessing (1991) dated the trans-Arctic exchange
between Pacific and Atlantic sea urchins as more recent than mid-Pliocene (at most
90,000-150,000 years ago) based on mtDNA divergence. Bot et al. (1989a) could not
detect any DNA divergence among Atlantic isolates ofC. sericeaas measured with single-
copy DNA-DNA hybridizations. Cambridge et al. (1990b) showed that these same isolates
had identical temperature survival limits and growth potentials, and suggested that
exchange across the North Atlantic Ocean must have occurred between 60,000 and 10,000
years ago. In general, extinctions followed by a reinvasion scenario from the Pacific or the
Arctic Ocean after the Pliocene and Pleistocene glaciations, accounts well for most
present-day distributions since the Pliocene and Pleistocene glaciations are known to have
been an ecological bottleneck for almost all North Atlantic marine life (Briggs 1970,
Dunton 1992).

Conclusions.The mix of old and young lineages within species complexes such as
Cladophorawas not obvious until broader phylogenetic studies were undertaken (Bakker
et al. 1994). This presents a problem ina priori estimation of how useful ITS sequences
are likely to be in resolving a particular phylogenetic question. Here, six ITS types were
easily identified within theCladophora albida/sericeaclade, but branching order is
unclear. We also wish to emphasize that our substitution rate estimates are crude and
probably do underestimate the actual divergence time. One of the most important things
we have learned from this work is the need to critically examine both the amount of
divergence and the strength of phylogenetic signal. While this applies to all sequence
analysis, it applies doubly to fast-evolving spacer sequences such as the rDNA ITS.
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ABSTRACT
Phylogeographic relationships were inferred from nuclear rDNA ITS sequences among ten
biogeographic isolates of the cosmopolitan green alga Cladophora vagabunda from the
Atlantic and Pacific Oceans as well as the Red Sea and SW Australia. Representatives of the
closely related C. albida/sericea clade were used as outgroup and root, based on previous
studies using 18S rDNA. High bootstrap values and negative g1-statistics revealed a strong
phylogenetic signal regardless of assumption sets that included or excluded alignment-gaps
in the analyses. The two main lineages found within the C. vagabunda complex are
hypothesized to have shared a common Pacific ancestor, based on the basal position of
Indo-West Pacific isolates relative to the outgroup. It is concluded that C. vagabunda
represents the predicted intermediate case between ancient tropical species that exhibit
strong vicariance imprints and recent, cold-temperate to boreal lineages that do not.

5.1 INTRODUCTION

Molecular phylogenetic studies based on comparative 18S rDNA sequences (Bakker et al.
1994) have revealed a combination of evolutionary antiquity and youth among different
lineages within the broader Cladophorales complex and within and among 12 species of
Cladophora. The worldwide distributions of several of theseCladophoraspecies have
provided a number of interesting test cases for exploring the evolutionary history of the
group in general (compare van den Hoek [1963] with Bakker et al. [1994]) and for
exploring the factors that structure marine phylogeographic patterns within closely related
species or species complexes.

The first of these factors is climatic. Experimental determination of thermal tolerance in
relation to growth and survival, and of requirements for completion of the life history have
been documented for more than 60 species of benthic marine algae (Joosten & van den
Hoek 1986, Breeman 1988, Breeman & Pakker 1994). This has led to the generalisation
that the most important structuring influence on worldwide distribution patterns of benthic
algae is sea surface temperature fluctuation through time. The second factor has been that
seaweeds are not particularly good dispersers, either over short or long distances. Over the
past 50 years a wide range of studies on gametes, propagules and fragmentation has
generally supported the poor disperser model (reviewed in Norton 1992). But recent
studies, particularly those utilising molecular data, have challenged this generalisation (van
den Hoek 1987, van Oppen et al. 1993, 1994). Successful long-distance dispersal, though
perhaps relatively uncommon, does occur regularly enough to influence distribution
patterns to a much greater extent than previously recognized. While there is no doubt that
temperature boundaries and dispersal limitations are critical in shaping distribution
patterns, it is also clear that some species have managed to defy dispersal barriers, and, in
case of changing climates, to overcome temperature boundaries. (Semi)cosmopolitan
species, especially those showing provincial disjunctions, are generally considered to be
old taxa, the distribution patterns of which have been significantly affected by a third
factor, i.e., vicariant events such as closure of the Tethys Sea, opening of the Atlantic
Ocean and ice ages. By definition, such widespread species have members spanning
different temperature provinces. If dispersal has been minimal or absent, temperature
ecotypes corresponding to biogeographic or vicariant populations (Breeman & Pakker
1994) can be recovered using an historical ecological approach (Brooks & McLennan
1991), in which phylogenetic hypotheses are compared with temperature responses.
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Alternatively, cosmopolitanism can be promoted if particular species have wide thermal
tolerances and/orgood dispersal capability. In such examples, the evolutionary antiquity or
youth of the species may well be reflected in the phylogeny, but would not be reflected in
the biogeographic distribution.

Work in our laboratory has shown that both situations exist and can be identified. The
vicariant mode has been shown to play an important role in the evolutionarily older
lineages such as the tropical to subtropicalCladophoropsis membranacea(Hofman Bang
ex C. Agardh) Boergesen (Kooistra et al. 1992b). In contrast, dispersal has been shown to
play a major role in the evolutionarily younger lineages such asAcrosiphonia arcta
(Dillwyn) J.G. Agardh (van Oppen et al. 1993, 1994) and species within theCladophora
albida/sericea(Hudson) Kützing complex (Bakker et al. 1995a), both of which lineages
are temperate to boreal in their distribution.

Table 5.1. List of taxa and length and nucleotide composition of ITS regions.

SPECIES CODEa SITE OF COLLECTION ITS1 ITS2

%-AT lengthb %-AT lengthb

Cladophora vagabunda V84.2 Santa Manta, Curaçao 37.8 407 41.2 226

" V83.17 Roscoff, France 37.8 407 41.2 226

" V84.34 Corsica 38.1 406 40.8 228

" VagPH Punta del Hidalgo, Canary Isles 39.8 404 41.6 281

" V85.23 Bunbury, SW Australia 40.6 402 39.4 289

" VagSJ Tsumeki-zaki, Shimoda-1 40.6 396 40.4 299

" LtSj Ebisu-jima, Shimoda-2 42.0 462 40.6 283

" VagOJ Kin, East Okinawa 41.1 482 40.4 240

" VagFil Negros Isles, Philippines 39.1 415 35.8 187

Cladophora dalmatica DalRZ Sharm el Naga, Egypt, Red Sea 39.3 413 36.5 189

AVERAGE (SD) 39.6±1.5 39.8±2.0

Cladophora albidac A83.3 Roscoff, France 41.3 535 44.2 301

Cladophora albidac CalbSJ Shimoda 44.4 444 43.0 244

Cladophora opacac CopMJ Muroran, Hokkaido 41.3 356 44.5 182

aDepartment of Marine Biology (University of Groningen) culture collection reference number.
bLength in nucleotides.
cOutgroup.

The above examples present extreme cases with respect to relative evolutionary age and
geography. For a more intermediate example, however,Cladophora vagabunda(L.) van
den Hoek provides a perfect test case. It has a predominantly warm-temperate distribution,
having been recorded from both sides of the Atlantic Ocean (Lawson & John 1982, van
den Hoek 1982), tropical to warm temperate Australia (van den Hoek & Womersley
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1984), and (mostly asC. fascicularis(Mertensex Agardh) (Kützing) throughout the Indian
and Pacific Oceans (van den Hoek 1982). It also exhibits a eurythemal temperature
response with survival temperatures in various isolates (many of which are included in our
study) ranging from 0°C to above 30°C, but with lower growth limits at ca. 10°C
(Cambridge et al. 1990b, Hatta & Breeman 1992). Thermal barriers are therefore expected
to exist forC. vagabundain the Arctic Ocean, around southern South America, and
probably around southern South Africa despite its eurythermal temperature response.
Finally, C. vagabundais believed to be a single biogeographic species (discussed later) in
contrast to theCladophora albida/sericeacomplex of closely related species (Bakker et al.
1995a). The combination of these factors allows us to focus on the phylogenetic topology
within C. vagabunda, and on the influence of vicariance.

Molecular data are the most appropriate data for addressing phylogeographic questions
(Avise 1994). For plant studies at and below the species level, nuclear rDNA ITS
sequences offer the best resolution potential (e.g., Baldwin 1992, Kooistra et al. 1992,
1993, Pleyte et al. 1992, Soltis & Kuzoff 1993, Bakker et al. 1995a), as compared with
slowly evolving chloroplast DNA sequences, or the structurally variable mitochondrial
genomes (Clegg & Zurawski 1992, Palmer 1992). ITS sequences are believed to have few
evolutionary constraints, despite the fact that secondary structural elements in both ITS
regions are known to play an important role in the processing of the pre-rRNA molecule
(Mattaj et al. 1993, van Nues et al. 1994). Indeed, Schlötterer et al. (1994) showed that in
the alignable portions of theDrosophila ITS, ∼60% of the sequence is free to diverge, the
rest being constrained probably by secondary structure. The unconstrained fraction was
found to evolve at a high divergence rate (2.4% per Ma), which is similar to the
divergence rate estimate in alignable portions ofCladophoraITS sequences (0.8-2.0% per
Ma) by Bakker et al. (1995a). These divergence rates provide the right level of resolution
for phylogeographic studies in the range of 1-25 Ma, which fits well with major Miocene
and Pleistocene paleoclimatic events that have shaped most present-day marine benthic
provinces.

5.2 Materials and Methods
Isolates ofC. vagabundaused in this study are listed in Table 5.1. Laboratory culture of
the algae and DNA-extraction were as described in Bakker et al. (1992). PCR
amplification, and direct sequencing of double- and single-stranded PCR fragments
amplified from both strands, were performed following Bakker et al. (1994).

Primers. Primers ITS1, ITS2, ITS3, and ITS4 (White et al. 1990) were used for ds-
PCR, ss-PCR and sequencing. Primers FB3 and FB4 are specific for conserved regions
within ITS1 and ITS2 of several species ofCladophora(Bakker et al. 1995a). Primers
FB11, FB12, and FB14 are specific for conserved regions within ITS1 and ITS2 ofC.
vagabunda. All FB primers (Table 5.2) were designed in our laboratory.

Alignment. Sequences were aligned using the LINEUP program within the program
package UWGCG (University of Wisconsin Genetics Computer Group software package,
version 6.1, Devereux et al. 1984). Termini of the coding regions were determined by
alignment withChlamydomonas reinhardtii(Dangeard) coding regions (Gunderson et al.
1987) andVolvox carteri(Stein) (Rausch et al. 1989). Final alignment adjustments were
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done manually. In order to assess nucleotide substitution patterns, substitutions were
counted in pairwise comparisons among all sequences using the MEGA v. 1.0 analysis
program (Kumar et al. 1993).

Outgroups. Cladophora albidaandC. sericeawere found to be the sister groups to the
C. vagabundaclade based on 18S rDNA analysis which included many members of the
larger complex (Bakker et al. 1994). On the basis of 18S-28S rRNA spacer sequences, the
Atlantic C. albida and JapaneseC. opaca(Sakai 1964) were found to be most closely
related toC. vagabunda(SW Australia) within theC. albida/sericeaclade (Bakker et al.
1995a). Therefore, 18S-28S rRNA spacer sequences from both Pacific and AtlanticC.
albida, as well as fromC. opaca(Bakker et al. 1995a), were used as outgroups.

Parsimony analysis.Phylogenetic relationships among the sequences were determined
using PAUP, v. 3.1.1, under the branch and bound search option (Swofford 1993). Trees
within 1% of the most parsimonious tree (MPT) length were examined andg1-values,
measuring skewness of tree length distribution (Hillis & Huelsenbeck 1992), were scored.
Bootstrapping, using the branch and bound search option, was performed for 500
replicates.

Distance analysis.The Jukes-Cantor (JC) one-parameter method (Jukes & Cantor 1969)
was used to construct a pairwise distance matrix (see Jin & Nei [1990] for method
selection guidelines). In order to mimimize information loss, gaps and missing data were
deleted only on a pairwise basis and not down an entire column.

Table 5.2. List of primers used.

PRIMER SEQUENCEa DIRECTIONb POSITIONc

ITS1c TCCGTAGGTGAACCTGCGG forward 77-94

ITS2c GCTGCGTTCTTCATCGATGC reverse 657-677

ITS3c GCATCGATGAAGAACGCAGC forward 657-677

FB3 AACCCATCCTTGGCTAGGGC forward 176-193

FB4 CGACGCTGAGGCAGACATGCTCAAGTCC reverse 756-782

FB11 ACGCACATTGCCTCAAGTCT forward 732-752

FB12 GCACGACGTGCCGGACTACAC reverse 850-870

FB14 GGGCATGGGTT(ACT)AAGCCGTG forward 833-852

aSequence in 5’→ 3’ direction.
bDirection of sequencing.
cAnnealing position in the alignment in Fig 1.
cFrom White et al. (1990).

5.3 RESULTS

Complete sequences of ITS1 and ITS2 including the 5.8S rRNA gene and flanking coding
regions were obtained for most isolates (Fig. 5.1). In some isolates band compression
artefacts prevented the unambiguous determination of nucleotides at alignment positions
760-767 (even when 7-deaza dGTP analogues were used). For the Curaçao, Roscoff, and
Corsica isolates, sequences could not be unambiguously determined for nucleotides



75r D N A I T S p h y l o g e n y o fC . v a g a b u n d a

following alignment position 1037 (Fig. 5.1). These positions were excluded from
subsequent phylogenetic analysis.

Properties of the ITS in Cladophora vagabunda.ITS-length ranged between 396 and
482 base pairs for ITS1, and between 187 and 299 base pairs for ITS2. Nucleotide
composition, averaged over all isolates, was approximately 40%-AT in both ITS1 and
ITS2 (Table 5.1). In some regions, short repetitive motifs were found. These motifs are
thought to be caused by slipped-strand mispairing events (Levinson & Gutman 1987) and
are a general feature of most ITS sequences, as they have been found throughout a range
of organisms (e.g. Gonzalez et al. 1990, Lee & Taylor 1992, Vogler & DeSalle 1994).

The alignment. Three distinct and unalignable regions were identified in the Shimoda-2
and Okinawa isolates (positions 376-572), and in the Red Sea and Philippines isolates
(positions 201-241 and 274-386) (Fig. 5.1, shaded regions). Unalignable regions such as
these are usually deleted fromall taxa prior to phylogenetic analysis (e.g. Berbee &
Taylor 1992, Lee & Taylor 1992). In our alignment this would have resulted in a
reduction of total alignment positions by 33%, and exclusion of 67 (out of 151) variable
sites from phylogenetic analysis. In order to minimize information loss, the three
unalignable regions were not excluded but coded as "missing data" (Bruns & Szaro 1992).
The final ingroup alignment including the three coded regions contained 1028 positions, of
which 151 were variable and 48 phylogenetically informative.

Outgroup ITS sequences were (predictably) only partially alignable with theC.
vagabundaITS sequences. Five hundred unambiguous positions were found: 19-149, 163-
195, 210-214, 242-293, 573-759, 768-814, 830-854, and 974-993. These included 128
variable positions and 32 phylogenetically informative ones.

Substitution pattern was determined on a pairwise basis for all isolates excluding the
outgroup (Table 5.3). Average transition/transversion-ratio (ts/tv-ratio) was 1.0 ± 0.18
(equivalent to 50% transitions). The ts/tv-ratio is expected to decrease with increasing
sequence distance because transversions erase the record of the more frequent transitions
(Holmquist 1983). A ts/tv-ratio of 1.0 generally indicates some saturation.

Parsimony analysis.Branch and bound searches were performed under two different
assumption sets, one in which gaps were coded as "missing data" and one in which gaps
were counted as a "fifth base". Comparisons of these analyses are summarised in Table
5.4. Where gaps were treated as missing, a single MPT of L = 189 steps was found (Fig.
5.2a), which was congruent with results from analysis of the ingroup alignment. Bootstrap
values were reasonably high. There were 13 trees within 1% of the MPT (i.e. 2 steps
longer), the 50% majority-rule consensus tree of which maintained the same topology (Fig.
5.2d). When gaps were treated as a "fifth base" in the ingroup plus outgroup analysis,

→ Figure 5.1. ITS-sequence alignment for ten biogeographic isolates ofCladophora vagabundaand three
outgroups(C. albidaRoscoff,C. albidaShimoda, andC. opacaHokkaido). Gaps are represented by
blanks, missing data by "N", and boldface indicates nucleotides that differ from the first three sequences.
Coding regions are boxed, lowercase nucleotides indicate positions excluded from the analysis. Asterisks
(*) mark substitutions that are phylogenetically informative within the ingroup. Unalignable regions
within the ingroup are shaded. Positions, used as "outgroup alignment" in phylogenetic analysis, are
indicated with bold numbering. Dotted lines indicate outgroup sequence for which no homology with the
ingroup sequences could be found.
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Curaçao NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCCTGCGGAGGGAT
Roscoff AGCCTTTCCGTAAGGAGGCTCCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
Corsica AGCCTTTCCGTAAGGAGGCTCCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
Canary Isles NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAGTGAACCTGCGGAGGGAT
SW-Australia AGCCTTTCCGTAAGGAGGCTCCTGAGAAGTTCATTGAACCCTCTCANNNAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
Shimoda-1 AGCCTTTCCGTAAGGAGGCTCCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
Shimoda-2 AGCCTTTCCGTAAGGAGGCCCCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
Okinawa AGCCTTTCCGTAAGGAGGCCCCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
Red Sea NNNNTTTCCGTAAGGAGGCCCCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
Philippines AGCCTTTCCGTAAGGAGGCCCCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
C. albida Roscoff NNNNNNNNNNNNNNNNNNCGTCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
C. albida Shimoda NNNNNNNNNNNNNNNNNNCGTTTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
C. opaca Hokkaido NNNNNNNNNNNNNNNNNNCGCCTGAGAAGTTCATTGAACCCTCTCATCTAGAGGAAGGAGAAGTCGTAACAAGGTCTCCGTAGTGAACCTGCGGAGGGAT
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Curaçao CCATAGCAATCGTAAAC AACATGT CGGTCA CAAAA GCGAGAGGGGG CGCTCTCTCCACCG ACCCTCCTTGGCTAGGGCTGCGCGT
Roscoff CCATAGCAATCGTAAAC AACATGT CGGTCA CAAAA GCGAGAGGGGG CGCTCTCTCCACCG ACCCTCCTTGGCTAGGGCTGCGCGT
Corsica CCATAGCAATCGTAAAC AAACATGT CGGTCA CAAAA GCGAGAGGGGG CGCTCTCTCCACCG ACCCTCCTTGGCTAGGGCTGCGCGT
Canary Isles CCATAGCAATCGTAAAC AAACATGT CGGTCA CAAAA GCGAGAGGGGG CGCTCTCTCCACCG ACCCTCCTTGGCTAGGGCTGCGCGT
SW-Australia CCATAGCAATCGTAAAC AAAC TGT CGGTCAATTAAA GCGAGAGGGGG CGCCCTCTCCACCG ACCCTCCATGGCTAGGGCTGCGCGT
Shimoda-1 CCATAGCAATCGTAAAC AAAC TGT CGGTCAATTAAA GCGAGAGGGGG CGCCCTCTCCACCG ACCCTCCATGGCTAGGGCTGCGCGT
Shimoda-2 CCATAGCATTCGTAAAC AAACATGT CGGTCAAAAAAAAAAGC AGGGGGGA CGCCCTCTNNNNNN NNNNNNNNNNNNNAGGGCTGCGCTG
Okinawa CCATAGCATTCGTAAAC AAACATGT CGGTCAAAAAAAAAAGCNAGGGGGGA CGCCCTCTCCACCG ACCCTCCTTGGCCAGGGCTGCGCTG
Red Sea CCATAGCATTCGTAAACACAAACATGT GTCGGTCAAATAAA GCGAGGTGGGAGTTCTCCCCCTCCGCCGACACCCTCCTTGGCTAGGGCTGCGCGC
Philippines CCATAGCA TTCGTAAACACAAACATGTGGTCGGTCAAATAAA GCGAGGTGGGAGTTCTCCCCCTCCGCCGACACCCTCCTTGGCTAGGGCTGCGCGC
C. albida Roscoff CCATAGCAATCGTATTGATTATTGATTGG CGATCACTCATGGAGTGGT.......... TAGCGCTTGCCCGCCAACCCACCTTGGCTAGGGCCA.....
C. albida Shimoda CCATAGCAATCGTATTGATT GG CGATCACTCTTGGAGTGGT.............CN ATCATCCGCCAACCCACCTTGGCTAGGGCCG.....
C. opaca Hokkaido CCATAGCAATCGTATTGATT GG CGATCACTCTCGGAGTGTG................... TCCGCCAACCCACCTTGGCTAGGGCGG.....
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Curaçao CCCA GCGTCGCC AGACCCAGGCCTCACTGCCACGGTGCCGTGTGCCCTGCCACCCCCGGAATAACGTTGTT
Roscoff CCCA GCGTCGCC AGACCCAGGCCTCACTGCCACGGTGCCGTGTGCCCTGCCACCCCCGGAATAACGTTGTT
Corsica CCCA GCGTCGCC AGACCCAGGCCTCACTGCCACGGTGCCGTGTGCCCTGCCACCCCCGGAATAACGTTGTT
Canary Isles CCCA GCGTCGCC AGACCCAGGCCTCACTGCCACGGTGCCGTGTGCCCTGCCACCCCCGGAATAACGTTGTT
SW-Australia CCC T GCGGCGCC AGACCCAGGCCTCACTGCCACGGTATCGCGTGCCCTGTCGCCCCCGGAATCACGTCGTT
Shimoda-1 CCC T GCGGCGCC AGACCCAGGCCTCACTGCCACGGTATCGCGTGCCCTGTCGCCCCCGGAATCACGTCGTT
Shimoda-2 CCA CCAGCGGCGCT AGACCCAGGCCTTCTTGCCATGGTACCTCGTGCTCTGTCGC CCCGGAATAACGTTGTT
Okinawa CCACCAACGGCGCT AGACCCAGGCCTTCTTGCCATGGTACCTCGTGCTCTGTCGC CCCGGAATAACGTTGTT
Red Sea GTGCACCACCTTTACCCACCCAGTGGGGGGGCTGCTCCGCCAGACCCAGGCCTTTTTGCCAAGGTGCCGCGCG CGCCGTTCGTGTGCCCGTGGTTGGTA
Philippines GTGCACCACCTTTACCCACCCAGTGGGGGGGCTGCTCCGCCAGACCCAGGCCTTTTTGCCAAGGTGCCGCGCGGCGCGCTTCGTGTGCCCGTGGTTGGTA
C. albida Roscoff .........TCG TT GGACCCAGGCCCTACTGCCACGGTGCC CCCGCAAACA.......
C. albida Shimoda .........TCG TC GGACCCAGGCCTTTCTGCCACGGTGCC CCCGTGATAT.......
C. opaca Hokkaido .........T GC T CGACC AGGC TTCCTGCCACGGTGCC CCCGCAACAA.......
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Curaçao CCACCAGGGGCGGTCAGGATGCAAGCACGCGGTACGGGCTTACGGCCGGAAGGTGGCGCGCCCTTGGCACCTGTGGCCAAGCGTGCGTGACCTTTCGGTC
Roscoff CCACCAGGGGCGGTCAGGATGCAAGCACGCGGTACGGGCTTACGGCCGGAAGGTGGCGCGCCCTTGGCACCTGTGGCCAAGCGTGCGTGACCTTTCGGTC
Corsica CCACCAGGGGCGGTCAGGATGCAAGCACGCGGTACGGGCTTACGGCCGGAAGGTGGCGCGCCCTTGGCACCTGTGGCCAAGCGTGCGTGACCTTTCGGTC
Canary Isles CCACCAGGGGCGGTCAGAATGCAAGCACACGGTACGGGCTTACGGCCGGAAGGTGGCGCGCCCTTGGCATCTG AGCCAAGCGTGCGTGACCTTTCGGTC
SW-Australia CCAC TTGGGGCGGTCAGGAAGCAAGCACCCGGTAC GCTTACGGCCGGACGGTCGTGCATCCTA GCACCTGTGTGTGCGGGTGTGTCAACGTTCGGTC
Shimoda-1 CCACTTGGGGCGGTCAGGAAGCAAGCACCCGGTAC GCTTACGGCCGGACGGTCGTGCATCCTA GCACCTGTGTGTGCGGGTGTGTCAACGTTCGGTC
Shimoda-2 CCA ATTGGGGCGTTCAGGACCCAAGCACCTGGTACGGGCTTTCGGCCGGACGGACGCGCA CACCTCTGCCCGCTGCTGCTCTGCTGTGCTGCA
Okinawa CCAATTGGGGCGTTCAGGACCCAAGCACCTGGTACGGGCTTTCGGCCGGACGGACGCGCA CACCTCTGCCCGCTGCTGCTCTGCTGTGCTGCA
Red Sea CGGGCTTACAGCCAGACGGACGCACGCCGTGCTGTGCCACCCTCCATCGCTGGAAAGGGGCGCCGTCGTCGTCGTCCTCTGGGTGC
Philippines CGGGCTTACAGCCAGACGGACGCACGCCGTGCTGTGCCACCCTCCATCGCTGGAAAGGGGCGCCGTCGTCGTCGTCCTCTGGGTGC
C. albida Roscoff ....................................................................................................
C. albida Shimoda ....................................................................................................
C. opaca Hokkaido ....................................................................................................

* *
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Curaçao GGAAGCCGGGGCTGCCTGCCCTCCAGC AGCTCGCTGCTGGGCGGGTCGGGTGTGCTCCCCAACCGTCATACTACATACCAACACCAACCCAACA
Roscoff GGAAGCCGGGGCTGCCTGCCCTCCAGC AGCTCGCTGCTGGGCGGGTCGGGTGTGCTCCCCAACCGTCATACTACATACCAACACCAACCCAACA
Corsica GGAAGCCGGGGCTGCCTG CCTCCAGC AGCTCGCT CTGGGCGGGTCGGGTGTGCTCCCCAACCGTCATACTACATACCAACACCAACCCAACA
Canary Isles GGAAGCCGGGGCT TCTG CCTCCAGC AGCTCGCT CTGGGCGGGTCGGATGTGCTCCCCAACCGTCATACTACATACCATAACCAACCCAACA
SW-Australia GGAAGCCGGGGCTACCAG CCACCAGC AGCTTGCTGCTGGGTCTGGGTCTGGTGCTCCCCAATGCTATACTACATACCAACACC ACACAACA
Shimoda-1 GGAAGCCGGGGCTACCAG CCACCAGC AGCTTGCTGCTGGGTCTG GTGCTCCCCAATGCTATACTACATACCAACACC ACACAACA
Shimoda-2 CCATCAAGTGTATGTATACAGACATCACGGCAGCNGGTGCGCGCAGCCCGTTCCGGTCGGGAGTTTGTGGGCGCTCTCCACAGCCCACCAGAGCAGCACC
Okinawa CCATCAAGTGTATGTATACAGACATCGCGGCAGCCGGTGCGCGCACGCCGTTCCGGTCGGGAGTTTGTGGGCGCTCTCCACAGCCCACCAGAGCAGCACC
Red Sea AAGCCGGGGCT CCTCCAACCAGCT TGGGGT CGCCCCGCAACCGTCATACTACATACCAACCAATACCATCCAGAA
Philippines AAGCCGGGGCT CCTCCAACCAGCT TGGGGT CGCCCCGCAACCGTCATACTACATACCAACCAATACCATCCAGAA
C. albida Roscoff ....................................................................................................
C. albida Shimoda ....................................................................................................
C. opaca Hokkaido ....................................................................................................

* *
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Curaçao TCAACCTGTATATGTGCCTTGCGCGTCT
Roscoff TCAACCTGTATATGTGCCTTGCGCGTCT
Corsica TCAACCTGTATATGTGCCTTGCGCGTCT
Canary Isles TCAACCTGTATATGTGCCTTGCGCGTCT
SW-Australia TCAACCTGTATATGTGCCTTGTGCGTCT
Shimoda-1 TCAACCTGTATATGTGCCTTGTGCGTCT
Shimoda-2 ACGCTGCATCCTGGTGGGTCACTGGGGCCCCGCAACGGTACACCTCATACGATTGACAACACATCTTAGCAATCAACCTGTGAATGTGCCTTTAGCGTCT
Okinawa ACGCTGCATCCTGGTGGGTCACTGGGGCCCCGCAACGGTACACCTCATACGATTGACAACACATCCTAGCAATCAACCTGTNAATGTGCCTTGAGCGTCT
Red Sea TCAACCTGTGTATGTGCCTTGAGCGTCT
Philippines TCAACCTGTGTATGTGCCTTGAGCGTCT
C. albida Roscoff ........................................................................T TTACCTGTGCCATAGC TTGATCGTCT
C. albida Shimoda ........................................................................T TAACCTGTGTAAATGC TTGATCGTCT
C. opaca Hokkaido ........................................................................T TAACCTGTGT GATTCTTGATGGTCT
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Curaçao AGCACGCCAAGCAAACTAACTGATAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
Roscoff AGCACGCCAAGCAAACTAACTGATAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
Corsica AGCACGCCAAGCAAACTAACTGATAGTAACACTGTACAATGGATTTCTTGGCTCCCGCATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
Canary Isles AGCACGCCAAGCAAACTAACTGATAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
SW-Australia AGCACGCCAAGCAAACTAACTGATAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
Shimoda-1 AGCACGCCAAGCAAACTAACTGATAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
Shimoda-2 AGCACGCCAAGCAAACTAACC ATAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACCGCAGCAAAGCGCGATAGGTAGTGTGAAT
Okinawa AGCACGCCAAGCAAACTAACTGATAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
Red Sea AGCACGCCAAGCAAGCTAACTGAAAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
Philippines AGCACGCCAAGCAAGCTAACTGAAAGTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
C. albida Roscoff AGCACGTCGAGCAAATTAACTT GAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
C. albida Shimoda AGCACGTCGAGCAAATTAACAT AAATAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAAC GCAGCAAAGCGCGATAGGTAGTGTGAAT
C. opaca Hokkaido AGCACCTCAAGCAA TAACTT GATTAACACTGTACAATGGATTTCTTGGCTCCCACATCGATGAAGAACGCAGCAAAGCGCGATAGGTAGTGTGAAT

* ←5.8S rRNA | ITS2→
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Curaçao TGCAGAATTCCGTGAANNNTCGAATTTTTGAACGCACATTGCGCTCAAGTCTCCGGACTtgagcatgTCTGCCTCAGCGTCGTTTTAAATGGCATGCCGT
Roscoff TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCTCAAGTCTCCGGACTtgagcatgTCTGCCTCAGCGTCGTTTTAAATGGCATGCCGT
Corsica TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCTCAAGTCTCCGGACTtgagcatgTCTGCCTCAGCGTCGTTTTAAATGGCATGCCGT
Canary Isles TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCTCAAGTCTCCGGACTtgagcatgTCTGCCTCAGCGTCGTTTTAAATGGCATGCCGT
SW-Australia TGCAGAATTCCGTGANTCATCGAATTTTTGAACGCACATTGCGCTCAAGTCTACGGACTtgagcatgTCTGCCTCAGCGTCGTTTTAAATGGCATGCCGT
Shimoda-1 TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATNGCGCTCAAGTCTACGGACTtgaggannTCTGCCTCAGCNTCGTTTTAAATGGCATGCCGT
Shimoda-2 TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCTCAAGTCTACGGACTngagcatgTCTGCCTCAGCGTCGTTTTAAATGGCATGCCGT
Okinawa TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCTCAAGTCTACGGACTtgagcatgTCTGCCTCAGCGTCGTTTTAAATGGCATGCCGT
Red Sea TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCTCAAGTCTGCGGACTtnnnnntgTCTGCCTCAGCGTCGTTTTAAATGGCTTGCCGT
Philippines TGCAGAATTCNNNNNNNNNNNNNATTTTTGAACGCACATTGNNCTCAAGTCTGCGGACTctnntangTCTGCCTCAGCGTCGTTTTAAATGGCTTGC GT
C. albida Roscoff TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCACATTGCGCCCAAGTCCCCGGACTtgagcatgTCTGCCTCAGCGTCGTTTTCAATGGCTTGCCGT
C. albida Shimoda TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGN CCCAAGTCCTCGGACTtgagcatgTCTGCCTCAGCGTCGTTTTTAATGGCTCTCCGT
C. opaca Hokkaido TGCAGAATTCCGTGAATCATCGAATTTTTGAACGCATATTGCGCCCATGTCTCCGGACTtgggcatgTCTGCCTCAGCGTCGTTTTCAATGGCTTGCCGT

* *** * * * ** *
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Curaçao CCATGACTCTTGCCGCTCCTGAC GGGGGGCATGGGTTAAAGCCGTGTAGTCCGGCACGTCGTCGAC GTTAGGTCTTTGCCGACCAAAGCCTG
Roscoff CCATGACTCTTGCCGCTCCTGAC GGGGGGCATGGGTTAAAGCCGTGTAGTCCGGCACGTCGTCGAC GTTAGGTCTTTGCCGACCAAAGCCTG
Corsica CCATGACTCTTGCCGCTCCTGAC GGGGGGCATGGGTTAAAGCCGTGTAGTCCGGCACGTCGTCGAC GTTAGGTCTTTGCCGACCAAAGCCTG
Canary Isles CCATGACTCTTGCCGCTCCTGAC GGGGGGCATGGGTTAAAGCCGTGTAGTCCTGCACGTCGTCGAC ATTAGTCGTTTGCCGACCAAAGCCGG
SW-Australia CCATGACTCTTGCCGCTCCTGAT GGGGGGCATGGGTTCAAGCCGTGTAGTCCGGCACGTCGTCGAC GTTGTTGGTTTGCCGACCAGAGCCGG
Shimoda-1 CCATGACTCTTGCCGCTCCTGAT GGGGGGCATGGGTTCAAGCCGTGTAGTCCGGCACGTCGTCGAC GTTGTTGGTTTGCCGACCAGAGCCGG
Shimoda-2 CC GTGACTCTTGCTGCTCTTCCC AGAGGGCATGGGTTCAAGCCGTGTAGTCCAGTACGTCGTCGGTGTGTTGGCCGTTTGCCGACCAAGGGCCG
Okinawa CCGTGACTCTTGCTGCTCTTCCC AGAGG CATGGGTTCAAGCCGTGTAGTCCAGTACGTCGTCGGTGTGTTGGCCGTTTGCCGACGAAATACCG
Red Sea CCGTGACCCTTGCCACTCCTCCTCACTCTGGAGGGCATGGGTTTAAGCCGTGAACTCCGGCACGTCGT
Philippines CC GTGACCCTTGCCACTCCTCCTCACTCTGGAGGGCATGGGTTTAAGCCGTGAACTCCGGCACGTCGT
C. albida Roscoff GCATG GCTCTTGCT..............CGGG CGGCATGAGCTGAATACTTGCA..............................................
C. albida Shimoda TCATGGCACTTGCT..............AGG ACAGCATGCGCTCAAGACCTGCC..............................................
C. opaca Hokkaido ACATG GCTCTTGCT..............TGG CGGGCATGAGCTTAAGCTTTGCC..............................................

** *** * 1
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Curaçao GTTGTTCGCAA CTAGTTTTGGGCACCTTTCTTGGGTTGTGCGCTCTCACCAGTGCTCTCCCA AGAACCACCGAGCAAGCGTGCGTTATGGTTGGCGA
Roscoff GTTGTTCGCAA CTAGTTTTGGGCACCTTTCTTGGGTTGTGCGCTCTCACCAGTGCTCTCCCA AGAACCACCGAGCAAGCGTGCGTTATGGTTGGCGA
Corsica GTTGTTCGCAA CTAGTTTTGGGCACC TTCTTGGGTTGTGCGCTCTCACCAGTGCTCTCCCA AGAACCACCGAGCAAGCGTGCGTTATGGTTGGCGA
Canary Isles GTTGTTCGCAA CTAGTTTTGGGCACC TTCTTGGGTTGTGCGCTCTCACCAGTGTTCTCCCA AGAACCACCGAGCAAGCGTGCGTCCTCGTTGGCGA
SW-Australia GTTGTTCGCAACCT GGTTTTGGGCACC TCCTTGGG ATGCGCTCTCACCAGTG CGCCCA ATGACCACCGAGCAAGCACGCGTTGTCGTTGGCGA
Shimoda-1 GTTGTTCGCAATCTGGTTTTGGGCACC TCCTTGGG ATGCGCTCTCACCAGTG CGCCCA AGGACCACCGAGCAAGCACGCGTTGTCGTTGGCGA
Shimoda-2 TTTGTATG AA C GCCTTGGGTAC GT CTCCCACGAGAAATACCGAGCAAACACCCGTCAGCCTTGGCGA
Okinawa AGCAAACACCCGTCAGCCTTGGCGA
Red Sea CCACCTGGGCGA
Philippines CCACCTGGGCG
C. albida Roscoff ......................................................................... TTAGCAAGCTCGCGTGGCCA.......
C. albida Shimoda ......................................................................... TAAGCAAGCTCGCGTGGCCA.......
C. opaca Hokkaido ......................................................................... TAAGCAAGCTC................

**
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Curaçao CGTGCGGCANG CCTTCGCGGCAC TGCTCATTnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
Roscoff CGTGCGGCANG CCTTCGCGGCAC TGCTCATTnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
Corsica CGTGCGGCANGCAGCCTTCGCGGCAC TGCTCATTnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
Canary Isles CGTGCGGCA GCAGCCTTCGCGGCAC TGCTCATTgtaggcacaggttacctcgcgtagctacagtttacnnnnnnnnnnnnnnnnnnnnnnn gc
SW-Australia CGTGCGGCA GCAGCCTTCGCGGCAC TGCTCATTgtaggcacaggttacctcgcgtagctacagtttactatgggaagcnnnnnnnnt gc
Shimoda-1 CGTGCGGCA G GCCTTCGCGGCAC TGCTCATTgtaggcacaggttacctcgcgtagctacagtttactatgggaagcc tttgcgaaattt gc
Shimoda-2 CGTGCTACA GCAGCCTTCGTGGCACGCTGCTCAATgtatgcacacgttacccagcgtaact cagcgtactgtgggtggccgtcccgcggaacctacgt
Okinawa CGTGCTACA GCAGCCTTCGTGGCACGCTGCTCAATgtatgcacacgttacccagcgtaact cagcgtactgtgggtggccgtcccgcggaaccttcgt
Red Sea CGTGCT A GCAGCCTTTCCGGCACACTGCTCATCgta agcatgccacctcgcgtgacagccacttgccatgggccaggcgctcg ga
Philippines GCGG ACA GCAGCCTTTCCGGCACACTGCTCATCgta agcatgccacctcgcgtgacagccacttgccatgggccaggcgctcg ga
C. albida Roscoff ...........................................................................................tccgcgtgg
C. albida Shimoda ...........................................................................................tgctcgttg
C. opaca Hokkaido .............................................................................................ttnnnng

←ITS2 | 26S rRNA→
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Curaçao nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
Roscoff nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
Corsica nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
Canary Isles gctgtgca acacaccattcgacctagattnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
SW-Australia gctgcgca acacaccattcgacctgagtttaggcagggttacc gctgaacttaagcatatcaataagcggaggnnnnnnnnnnnnnnnnnnnnnnnnn
Shimoda-1 gctgcgca acacaccattcgacctgagtttaggcagggttacccgctgaacttaagcatatcaataagcggaggnnnnnnnnnnnnnnnnnnnnnnnnn
Shimoda-2 gctgcgaccacacaccattcgacctgagtttaggcagggttacc gctgaacttaagcatnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
Okinawa gctgcgcacacacaccattcgacctgagtttaggcagggttacccgctgaacttaagcatatcaataagcggaggnnnnnnnnnnnnnnnnnnnnnnnnn
Red Sea gctgcgggaacacaccattcgacctgagtttaggcagggttacccgctgaacttaagcatatcaataagcggnnnnnnnnnnnnnnnnnnnnnnnnnnnn
Philippines gctgcgggaacacaccattcgacctgagtttaggcagggttacccgctgaacttaagcatatcaataagcggaggnnnnnnnnnnnnnnnnnnnnnnnnn
C. albida Roscoff gctggccgtcaacaccattcgacctgagttcaggcagggttaccnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
C. albida Shimoda tctggctgtcgacaccattcgacctgagttcaggcaggttaccnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
C. opaca Hokkaido gctggctgtcaacaccattcgacctgagnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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two MPTs of L = 268 steps were recovered (Fig. 5.2b), the consensus of these two trees
being shown in Fig. 5.2c. There were 44 trees within 1% of the MPTs (Fig. 5.2e), in
which the basic topology holds. In all trees, the Pacific isolates are basal with respect to
the Atlantic isolates. Neighbor-joining trees (not shown) based on the distance matrix in
Table 5.3 and on a distance matrix including the outgroup (not shown) yielded the same
topologies as the parsimony trees in Fig. 5.2.

5.4 Discussion
Quality of data and trees.The effects of coding the three unalignable regions as

"missing data" were to remove 145 "false" autapomorphies and 28 "false"
synapomorphies. The result of this exercise was a slight increase in bootstrap values, but
no change in tree topology. Moreover, the gain in phylogenetic information that would
otherwise be excluded was only marginal. For the rooted parsimony analysis (500
alignment positions), only 2 phylogenetically informative characters (positions 213 and
288) were "saved" by the recoding approach. For the unrooted parsimony analysis (1034
alignment positions), no phylogenetically informative substitutions were "saved" by this
approach. This is because the unrootedC. vagabundaITS tree consists of four terminal
clades with virtually no within-clade variation (see below). Thus, coding a
phylogenetically informative character as "missing" for one of these four clades effectively
makes it an autapomorphy, and thus uninformative with respect to the remaining three
clades, which themselves share no synapomorphies. The conclusion from this alignment is
that length variations did not have much effect on the final outcome of the analyses.

Intra-individual ITS variation has been found in some insects (Wesson et al. 1992,
Vogler & DeSalle 1994), parthenogenetic lizards (Hillis et al. 1991), angiosperms (Ritland
et al. 1993), and in some species of red algae (Goff & Zuccarello, pers. comm., authors’
unpublished data). The cause of this variation is hypothesized to be an imbalance between
mutation rate and rate of homogenisation among rDNA repeats (Vogler & DeSalle 1994).
Differences among intra-individual ITS types are generally minor (not usually detected as
length variations in PCR fragments), but nevertheless create a risk of making paralogous
comparisons. Detection of intra-individual variation will only be discovered by sequencing
several clones, and then only if the frequencies of the different types are relatively even.
In directly sequenced PCR templates, intra-individual ITS difference is expected to cause
shadow bands or duplicate bands in the sequence ladders (as though one had loaded two
reactions in the same set of lanes). In the many ITS studies on green algae in our
laboratory, we have not encountered this. We note, however, that in the present data set,
duplicated bands appeared in sequence ladders for some isolates following alignment
position 1037. This may reflect intra-individual sequence variation of at least one
nucleotide. However, as these heterogeneities are easily recognized, they can also easily be
excluded from phylogenetic analysis, as was the case here. Positions prior to position 1037
in the isolates concerned are invariant and do not affect the analysis. We therefore have no
reason to believe that paralogous comparisons have been made.

What other factors might affect ITS evolution? One possibility is secondary structure.
In a previous study involving theCladophora albida/sericeacomplex (Bakker et al.
1995a), conserved regions within both ITS1 and ITS2 were found to correlate with double-
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stranded regions in the ITS secondary structure (within the pre-rRNA molecule). Van Nues
et al. (1994) demonstrated that distinct conserved structures within yeast ITS1 direct
processing of pre-rRNA. No such clear secondary structural elements, however, could be
found in theC. vagabundaITS sequences. As another factor, ITS sequence variability has
been shown to be strongly correlated with sexual isolation in the Volvocacean algae
Pandorinum morum(Bory) andGonium pectorale(Mueller) (Coleman et al. 1994).
Representatives within a breeding group (syngen) were found to have almost identical ITS
sequences, whereas distinct ITS sequence types were found between syngens. A single
syngen in these algae can be worldwide. Since little is known about reproductive patterns
or sexual isolation inC. vagabunda, we do not know whether a similar generalisation
applies to ITS classes in this species.

Table 5.4. Parsimony scores (branch & bound search) of ingroup and outgroup alignments with gaps
treated as "missing" or as "fifth base". Unalignable regions were counted as "missing" for the taxa
involved (see text).

GAPSa AS "MISSING" GAPSa AS "FIFTH BASE"

ingroup ingroup+
outgroup

ingroup ingroup+
outgroup

characters (= nucleotides) 1028 500 1028 500

variable characters 151 128 200 160

phylogenetically informative characters 48 32 51 42

MPTsb 1 1 1 2

treelength 195 189 433 268

CI/RCc 0.974/0.953 0.884/0.790 0.945/0.902 0.884/0.792

g1
d -1.029231 -1.170962e -1.377898 -1.077541e

MPTs found within 1% of MPT-length 1 13 1 44

aA gap is counted as a single event, irrespective of gap-length.
bNumber of most parsimonious trees found.
cCI = Consistency Index / RC = Rescaled Consistency Index.
dmeasure of tree length distribution skewness (Hillis & Huelsenbeck 1992).
eThree outgroup taxa and five ingroup taxa used.

What we do know is thata priori assessment of ITS sequence divergence based on
taxonomic rank is difficult to make for most algae studied in our laboratory. Unalignable
regions within ITS regions are species-related or related to biogeography inCladophora,
whereas in the tropical to subtropical generaCladophoropsis, Chamaedoris,andStruvea,
they appear to be genus-related. In the cold-temperate to boreal orders Acrosiphoniales and
some Ulvales, however, unalignable regions within ITS appear in comparsons on the
ordinal level (van Oppen, pers. comm.). ITS sequence divergence must be evaluated on a
case-by-case basis, and comparison of ITS sequence divergence with distantly related
groups remains untenable.
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In conclusion, we are confident about the data, the alignment and the trees pertaining to
the C. vagabundacomplex. Although the average ts/tv-ratio of 1.0 is indicative of some
saturation, the phylogenetic signal is high, as judged by skewness of tree length frequency
distributions, high bootstrap values and a high rescaled consistency index (RC, Table 5.4).
In the C. albida/sericeaclade (Bakker et al. 1995a), the information content was
considerably lower. In that study, Jukes-Cantor distances and average ts/tv-ratios among
ITS sequences were similar to theC. vagabundasequences, but phylogenetic signal was
low, as assessed by nearly symmetric tree length distributions, low bootstrap values, and a
RC of 0.275. Our interpretation of these two different outcomes lies in the patterns of
radiation among the taxa. Low phylogenetic signal and low RC values are characteristic of
"bushy" trees (Farris 1989) and fast radiations. This was clearly the pattern for theC.
albida/sericeastudy where we found short internodes, long terminal branches and distinct
ITS sequence types, which themselves scarcely varied little internally (i.e.,
intraspecifically). In contrast, terminals and internodes of theC. vagabundatree have
approximately equal lengths (Fig. 5.2a), indicating a more regular splitting order.
Moreover, no distinct ITS sequence types were found.

Biogeography.We now turn to an evaluation of the relative roles of vicariance,
temperature boundaries, and dispersal as the three structuring factors of biogeographic
distribution inC. vagabunda. The topology and level of divergence expressed in the trees
(Figs 2a-f) is consistent with a relatively old species in which the Atlantic isolates are of
more recent origin. The most general biogeographic conclusion that can be drawn from the
consistently more basal position of the Pacific isolates relative to the outgroup, is one of a
Pacific origin. A weak Tethyan vicariance imprint is thus preserved (see below). An
assessment of dispersal is somewhat more difficult because dispersal can always be
invoked as a rejection of (the null hypothesis of) vicariance. Thus a more conservative
interpretation is warranted. If vicariance events and thermal barriers had not been relevant,
one would have predicted no correlation between biogeographic distribution and tree
topology; the correlation seen indicates that both factors have played a role. Dispersal is
most evident within all tip-clades, as judged by the near-absence of sequence variation
within each clade. Given the relatively fast rate of ITS evolution (estimated as 0.8-2% per
Ma in the closely relatedC. albida/sericeaclade) and low observed divergence within tip-
clades (<0.1%), vicariance is not the best explanation consistent with such large
biogeographic areas as the eastern and western N Atlantic or the Red Sea and Philippines.

From this point onward in the discussion we extend the speculative aspects with
additional paleoclimatic, paleoceanographic and floristic information. An important
paleoceanographic event was the closure of the warm Tethys Sea at around 12 Ma ago,
thus "pinching off" the major Pacific and Atlantic domains, and the subsequent further
division of the eastern and western Atlantic marine floras (van den Hoek 1984b, Joosten &
van den Hoek 1986). Tethyan divergence has been suggested for other green algae in
which large genetic distances have been found e.g.Dictyosphaeria cavernosa(Forssk.)
Boergesen (Olsen et al. 1987),Cladophora albida(Bot et al. 1989b, Bakker et al. 1994,
1995a),Cladophora pellucida(Hudson) and related species (Bot et al. 1991) and
Cladophoropsis membranacea(Kooistra et al. 1992b). InC. vagabundathe observed
average divergence between both main lineages (the primary divergence), based on the
total combined ITS regionsexcluding coding regions and with unalignable regions
recoded as "missing", is∼18%. Applying the ITS divergence rate estimate of 0.8-2.0% per
Ma from the closely relatedC. albida/sericeaclade, the primary divergence withinC.
vagabundais estimated to have occurred 9-22 Ma ago. The secondary divergence
(between the Atlantic clade and the SW Australia/Shimoda-1 clade) would then be on
average 6-15 Ma ago. Given the large uncertainties about the divergence times, the
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estimates are useful as a qualitative pre- or post-Tethys closure divergence estimate at
most. We interpret the primary divergence as predating the Tethys closure whereas the
secondary divergence could have been the result of it. The primary divergence is probably
driven by fluctuations in both seawater-level and -temperature which are known to have
played an important role in the Miocene Pacific Ocean (around 26 Ma ago) (Kennett 1982,
Crowley & North 1991).

More recently, the effects of the Pleistocene ice ages (2.5 Ma to 18,000 years ago) are
known to have compressed floras towards the equator. Tropical taxa were largely
unaffected, while temperate floras were forced south or became extinct depending on how
well they were (pre)adaptated towards eurythermy. Retreat of the ice sheets meant a mass
reintrusion into the middle and north Atlantic (and Mediterranean) of taxa whose
distribution patterns follow isotherms rather than latitude (MacIntyre et al. 1981). We
interpret the compressed phylogenetic topology in the Atlantic clade, superimposed on the
huge area represented, as being due to dispersal. Based on scDNA/DNA-hybridization
studies, the same conclusion was reached by Bot et al. (1990) for the Mediterranean and
Atlantic isolates ofC. vagabunda. The Canary Islands isolate represents a separate lineage,
older than the other Atlantic isolates. This is congruent with general evidence from
biogeographic and floristic studies (van den Hoek 1975, Humphries 1979, Prud’homme
van Reine & van den Hoek 1988).

Phylogenetic topology in Indo-West Pacific clades exhibits geographically widely
separated populations in the same clade (e.g. Red Sea and Philippines). This pattern can be
interpreted as caused by chance dispersal events at different moments in geological
history. Because glaciations had a much smaller influence on seawater temperature in the
Pacific Ocean than in the Atlantic Ocean, and because the uninterrupted, rocky, Pacific
coastlines did not contain migration barrieres for benthic organisms, no extinction and
recolonization of Pacific biota occurred (van den Hoek 1979), and chance dispersal events
could found new populations in a relatively stable climatic environment.

Cladophora vagabunda, one species or many?Despite morphological plasticity (van
den Hoek 1963, 1982),C. vagabundais recognized around the world as one species,
although sometimes attributed toC. fascicularis(van den Hoek 1982). Forms range from
slender long tufts, to thick and spongy spherical masses. Van den Hoek (1979) has
distinguished an "open coast form" and a "quiet water form", the latter extending further
north in its distribution. Although these observations point to different adaptations at some
level, the fluidity of the morphological characters makes them useless either in
phylogenetic reconstruction or for consistently reliable identification.

At the molecular level, the view is different because biogeographic populations can be
recognized by sequence differences and synapomorphies, i.e., monophyletic groups, and
these are the criteria for recognizing phylogenetic species. In our studies we are making
the assumption that ITS sequences are conservative enough to identify discrete
biogeographic populations (which is reasonable, based on the large body of supporting
literature), and that the geographical scale at which we are working is large enough to
maintain hierarchical structure. The problem with recognizing monophyletic groups below
the "species" level has to do with establishing criteria beyond operational monophyly
alone. Biogeographic clusters of a single widespread species may be partially reticulate,
thus violating assumptions necessary for phylogenetic analysis.
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Figure 5.3. Phylogenetic relationships withinC. vagabundabased on rDNA ITS sequences. Differentially
shaded branches denote alternative monophyletic groups. Depending on which branching point is taken
C. vagabunda can be interpreted as a single or multiple species (see text). Scale bar indicates a
branchlength of 10 nucleotide substitutions.

Based on the ITS trees presented here, we can say thatC. vagabundais a monophyletic
group. But we could also split the clade and recognize two or more species (Fig. 5.3)
while still maintaining monophyly. Disregarding the ensuing taxonomic chaos, such a
decision would have little effect in this case on our biogeographic interpretations of a
Pacific origin, maintenance of eurythermal adaptations and a relatively recent radiation
within the four tip-clades. What it would do is reconcile the relationship of the two
Shimoda isolates as separate species with some morphological differences (van den Hoek,
personal communication) which is clearly justified. In that case, each clade could be
recognised as a separate new species. However, apart from the fact that more than one ITS
type would then be expected (Bakker et al. 1995a), additional studies on reproductive
patterns and sexual isolation between both clades are needed to support such a decision. If
multiple species are recognized within theC. vagabundacomplex, however, the lineage
that contains some strict tropical isolates could then be interpreted as a sister lineage that
apparently did not succeed in spreading out to the western (Atlantic) parts of the Tethys
Sea before its closure, or, alternatively, did succeed but later became extinct. Conditions
for tropical biota in the Atlantic after the disappearance of the Tethys Sea are believed to
have been much more adverse than in the Indo-W Pacific (Joosten & van den Hoek 1986),
because of the open connection with the Arctic Ocean and the stronger influence of
Pleistocene temperature drops (McCoy & Heck 1976).

In conclusion,C. vagabundais identified as a monophyletic group with a Pacific origin.
Identification of a single ITS class and a well resolved tree among the broad set of
isolates is consistent with a moderately old, eurythermal lineage, exhibiting traces of
vicariance in the overall tree and marked dispersal within the tip-clades.
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ABSTRACT
Sequence divergences among nuclear rDNA internal transcribed spacer (ITS) sequences and
single-copy DNA-DNA hybridization data (Normalized Percentage of Hybridization [NPH] and
thermostability reduction of reassociated hybrid DNA [∆Tm]) were compared among the same
set of individuals, all of which are representatives of the closely related genera Cladophora
and Cladophoropsis (Siphonocladales/Cladophorales-Complex, Chlorophyta).

NPH varies linearly with rDNA ITS sequence divergence (DITS) over the full observed
range of DITS. In contrast, scDNA sequence divergence based on ∆Tm values, varies only
linearly with DITS over a range of 0-4% DITS. Within this latter range, the scDNA sequence
divergence rate is 60% or 90% of the DITS rate, such depending on the factor used to convert
∆Tm values into scDNA sequence dissimilarities. The rate of evolution of scDNA in
Cladophora and Cladophoropsis is comparable with the relatively high rate estimated for
Drosophila.

6.1 INTRODUCTION

From the technical repertoire available to the present-day molecular systematist, single-
copy (sc) DNA-DNA hybridization is the only method which estimates genetic distance
based on thetotal single-copy genome. Aside from the intrinsic desirability of a total
comparison, variance due to small sample size is thus avoided. Unfortunately, high
sensitivity to experimental error (Werman et al. 1990a, Bleiweiss & Kirsch 1993a,b), and
the non-cumulative nature of the data are serious drawbacks of the method. As DNA
sequence data have superseded scDNA-DNA hybridization data, it is still of interest to
asses the relation between both types of data.

In algae and land plants relatively few scDNA-DNA hybridization studies exist (e.g.
Flavell 1982, Huss et al. 1986, Olsen et al. 1987, Antonov 1988, Stam et al. 1988, Bot et
al. 1989a,b, 1990, 1991; Kooistra et al. 1992a). In our laboratory, phylogenetic
relationships have been investigated in a number of green algal species using both scDNA-
DNA hybridization data and nuclear rDNA ITS sequences (Bot et al. 1989a,b, 1990, 1991;
Kooistra et al. 1992a,b; Bakker et al. 1995a,b). This allows us to compare scDNA
sequence divergences, based on normalized percentages of hybridization (NPH) and on
thermostability reduction of reassociated hybrids (∆Tm), with rDNA ITS sequence
divergences (DITS) within the same pairs of isolates.

Nuclear rDNA cistrons are arranged in tandem arrays, located on one or more
chromosomes (Maggini et al. 1991). Copy number per genome varies from several
hundred in mammals and insects to many thousands in plants (Long & Dawid 1980). The
cistrons are separated from each other by intergenic spacers, and are transcribed into a
precursor rRNA (pre-rRNA), which includes two internal transcribed spacers (ITS1 and
ITS2). Processing of pre-rRNA into the different mature rRNAs involves excision and
removal of both ITS regions, a condition which results in low evolutionary constraint in
these sequences. Indeed, high evolutionary rates have been found in ITS regions from
insects (Schlötterer et al. 1994), angiosperms (Ritland et al. 1994, Savard et al. 1993), and
green algae (Bakker et al. 1995a). The fact that rDNA cistrons occur in high copy
numbers makes them likely to be a constituent of the mid-repetitive DNA, and therefore,
divergence estimates based on scDNA and rDNA ITS sequences represent different
genomic fractions. In scDNA-DNA hybridizations∆Tm is theoretically expected to increase
linearly with increasing divergence over short evolutionary time (Werman et al. 1990a, p
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241), but the curve levels off when longer evolutionary time is considered. Such
compressed evolutionary divergence estimates will lead to misinterpretations of
evolutionary relationships, and, at those levels of divergence,T50H or NPH will be better
measures of evolutionary divergence (Werman et al. 1990a).

In order to investigate the relationship between∆Tm and evolutionary divergence, two
independent data sets from the same individuals, one with sequence divergence estimates
derived from∆Tm values and one with estimates from individual gene regions, should be
compared, under the assumption that sequence divergence in this gene region is
stochastically linear with time. Caccone & Powell (1990) compared∆Tm based scDNA
sequence divergence with sequence divergence in ADH genes in the same individuals of
Drosophila. The scDNA divergence rate was found to be only slightly lower than the
silent substitution rate in ADH genes. The authors suggested (but did not test) a linear
relationship between both rates over a range up to 5% sequence divergence.

For the calculation of sequence divergence from∆Tm values, an accurately determined
conversion factor which relates∆Tm with percent base pair mismatch is crucial. Based on
thermal stability properties of cloned DNA fragments of known sequence, a linear
relationship between∆Tm and percent base pair mismatch is usually observed (Kohne
1970, Caccone et al. 1988b, Springer et al. 1992), leading to the generalization that 1°∆Tm

equals 1.0% mismatch (Bonner et al. 1973). Other investigators, however, have suggested
that higher values may be more appropriate. Caccone et al. (1988b) based their conversion
factor of 1.7% mismatch/°∆Tm on rRNA genes. Unfortunately, evolutionary constraints on
rRNA gene sequences are not typical for scDNA, which is considered to be noncoding for
>90% and evolving predominantly by random drift (Britten 1986, Werman et al. 1990b).
To alleviate this problem, Springer et al. (1992) based their conversion factor (1.2%
mismatch/°∆Tm) on η-globin pseudogene fragments (7.1 kb), rightfully arguing that this
region is likely to be more representative of the single-copy genome.

In the present study we compare both NPH values and scDNA sequence divergence
(based on∆Tm) with rDNA ITS sequence divergence for 33 pairs of individuals, all of
which are representatives of the closely related green algal generaCladophoraand
Cladophoropsis(Siphonocladales/Cladophorales-Complex, Chlorophyta). An estimate is
made of the average divergence rate of the single-copy genome.

6.2 MATERIALS AND METHODS

Single-copy DNA-DNA hybridization data forCladophora albida, C. sericea, C. flexuosa,
C. ruchingeri, andC. vagabundaare from Bot et al. (1989a, 1989b, 1990), and for
Cladophoropsis membranaceafrom Kooistra et al. (1992a). Data are available for a subset
of all pairwise comparisons among the strains used. All hybridizations were performed
using the hydroxy-apatite (HAP) elution method, and were carried out at a standard
criterion of Tm-25°C. (Bot et al. 1989a, Kooistra et al. 1992a). Nuclear rDNA ITS
sequences forCladophora sericea, C. ruchingeri, C. albida, andC. vagabundaare from
Bakker et al (1995a,b), and forCladophoropsis membranaceafrom Kooistra et al.
(1992b). Percent sequence divergence (with Jukes-Cantor correction) for the total
combined ITS1 and ITS2 regions (DITS) among all taxa were calculated using the program
MEGA (version 1.0, Kumar et al. 1993). Unalignable regions were included and gaps and
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missing data were deleted on a pairwise basis (i.e. not down the entire column of the
alignment).

In order to correct for different substitution rates and levels of saturation in scDNA,
∆Tm values were converted into total single-copy DNA sequence divergences (Dsc) prior to
comparison with ITS sequence divergences (Springer & Krajewski 1989, Werman et al.
1990a). For this purpose,∆Tm values were first expressed as proportion mismatches of
single-copy sequences,psc:

with a conversion factorc of 1.2 (Springer et al. 1992). Next,psc values were converted

(1)psc

∆Tm c

100

into divergence valuesDsc using the Jukes-Cantor correction for multiple substitutions
(Jukes & Cantor 1969):

Dsc values, expressed as percentage sequence divergence, were plotted againstDITS values,

(2)Dsc

3
4

ln (1 4
3

psc)

and, in order to achieve a proportional representation of all data points, curve fitting was
performed with each scDNA-DNA hybridization data point weighted inversely
proportional to its Student’s T 95% probability range.

6.3 RESULTS

Hybridization data, and the calculated values forDsc andDITS are summarized in Table 6.1.
When the NPH andDsc values are plotted againstDITS (Figs 1 and 2, respectively), three
main clusters of data points can be discerned. The first cluster (DITS < 1%) consists of
comparisons between individuals from the same or adjacent populations. The second
cluster (DITS = 1-4%) consists of comparisons between individuals from disjunct
populations, whereas the third cluster (DITS = 28-33%) consists mostly of interspecific
comparisons.

The NPH is linearly related withDITS (regression coefficient r2 = 0.89) over the full
observed range ofDITS, with a decrease of 2.9 NPH for each percent ITS sequence
divergence (Fig. 6.1).Dsc increases non-linearly with increasingDITS, and reaches a
"plateau" value of 8% atDITS values > 15%. Interestingly, atDsc = 1%, ITS sequences
have not yet diverged (Fig. 6.2). In Fig. 6.3 only the points from the first and second
cluster from Fig. 6.2 were plotted, i.e.DITS < 4%. In one of the comparisonsDITS = 0%
andDsc = 3.44% (CvRosc/CvCura, Table 6.1). This point is clearly outside the range of all
other comparisons atDITS = 0% (Fig. 6.2). When this point is omitted from the regression,
the relation betweenDsc andDITS fits the linear regression:

(r2 = 0.71) as drawn in Fig. 6.3. (When the outlying point is included in the regression, r2

(3)Dsc 0.67 DITS 0.6

becomes 0.50, and the slope is 0.59).



TRACER/DRIVER NPH(±T)a ∆TM(±T)a DSC
b(±T)a DITS

c(±SE)

CmCIT2/Cmcif 96.4 (±5.1) 0.0 (±0.7) 0.00 (±0.85) 0.00 (±0.00)

CmCIT2/CmCIT1 97.0 (±3.0) 0.3 (±1.1) 0.36 (±1.35) 0.00 (±0.00)

CmCIT2/CmRS 81.3 (±2.8) 2.4 (±0.9) 2.94 (±1.14) 2.13 (±0.55)

CmCIT2/CmMau 78.8 (±2.9) 2.1 (±0.8) 2.56 (±1.00) 3.59 (±0.72)

CmCIT2/CmStX2 80.2 (±3.0) 2.5 (±0.5) 3.06 (±0.63) 3.44 (±0.71)

CmMau/CmCIT2 85.1 (±2.8) 2.3 (±0.7) 2.81 (±0.30) 3.59 (±0.72)

CmMau/CmRS 86.1 (±2.8) 1.7 (±0.7) 2.07 (±0.87) 2.56 (±0.61)

CmMau/CmBon 92.5 (±2.5) 0.0 (±0.4) 0.00 (±0.24) 0.42 (±0.24)

CmMau/CmStX1 90.3 (±2.8) 0.2 (±0.6) 0.24 (±0.73) 0.14 (±0.14)

CmMau/CmStX2 90.6 (±2.1) 0.4 (±0.8) 0.48 (±1.00) 0.14 (±0.14)

CmStX2/CmCIT2 83.4 (±2.7) 2.7 (±0.8) 3.31 (±1.40) 3.44 (±0.71)

CmStX2/CmRS 91.8 (±4.4) 1.3 (±0.8) 1.58 (±0.99) 2.42 (±0.59)

CmStX2/CmMau 92.1 (±2.6) 0.4 (±0.9) 0.48 (±1.10) 0.14 (±0.14)

CmStX2/CmBon 88.5 (±1.0) 0.8 (±0.7) 0.97 (±0.86) 0.28 (±0.20)

CmStX2/CmStX1 90.8 (±2.9) 0.7 (±0.8) 0.84 (±0.98) 0.00 (±0.00)

CaRosc/CaConn 92.4 (±3.4) 0.8 (±0.4) 0.97 (±0.49) 0.48 (±0.24)

CaRosc/CaHokk 28.2 (±6.2) 5.8 (±0.8) 7.30 (±1.07) 33.09 (±2.66)

CaRosc/CaAust 24.6 (±6.9) 5.9 (±0.8) 7.44 (±1.07) 32.69 (±2.64)

CaHokk/CaAust 85.8 (±6.2) 1.7 (±0.6) 2.07 (±0.75) 0.29 (±0.20)

CaAust/CaConn 29.1 (±6.2) 5.3 (±0.6) 6.65 (±0.80) 32.63 (±2.63)

CaAust/CaRosc 27.5 (±6.9) 5.6 (±1.0) 7.04 (±1.34) 32.69 (±2.64)

CaAust/CaHokk 79.1 (±3.6) 1.8 (±0.6) 2.19 (±0.75) 0.29 (±0.20)

CsRosc/CfNorw 71.0 (±3.6) 3.7 (±1.2) 4.58 (±1.56) 28.50 (±2.50)

CsRosc/CrNorw 33.0 (±2.6) 5.8 (±0.8) 7.30 (±1.07) 28.50 (±2.50)

CsRosc/CaConn 6 - - 42.71 (±3.25)

CsRosc/CaRosc 7 - - 41.80 (±3.21)

CsRosc/CaHokk 5 - - 30.77 (±2.63)

CsRosc/CaAust 8 - - 30.35 (±2.34)

CsRosc/CrCors 31.0 (±4.6) 5.2 (±1.0) 6.51 (±1.33) 28.68 (±2.51)

CsRosc/CsLabr 99.6 (±1.4) 0.1 (±0.8) 0.12 (±0.97) 0.00 (±0.00)

CvRosc/CvCura 64.7 (±7.5) 2.8 (±0.8) 3.44 (±1.02) 0.00 (±0.00)

CvRosc/CvCors 98.7 (±4.2) 0.2 (±1.2) 0.24 (±1.47) 0.00 (±0.00)

CvRosc/CvAust 60.7 (±5.6) 4.8 (±0.4) 5.99 (±0.52) 12.21 (±1.49)

aStudent’s T 95% probability range.
btotal scDNA sequence divergence (%)
crDNA ITS sequence divergence (%)
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In summary, for ITS sequence divergences <4%, the scDNA sequence divergence rate in
CladophoraandCladophoropsisappears to be approximately 60% of the rDNA ITS
sequence divergence rate (or 90% when a conversion factorc = 1.7 is applied, Caccone et
al. 1988b).

6.4 DISCUSSION

In CladophoraandCladophoropsisboth NPH and scDNA sequence divergence based on
∆Tm (Dsc) are linearly related with rDNA ITS sequence divergence (DITS) over the range of
DITS = 0-4%. At higherDITS values, NPH continues to increase linearly, butDsc reaches a
"plateau" value, as is theoretically expected (see Introduction). (Note that ITS sequence
divergence is much stronger correlated with NPH than with scDNA divergence based on
∆Tm.) ∆Tm values > 6°C (Dsc > 7.6%) were not found (Table 6.1). Caccone et al. (1988a)
found a similar maximum∆Tm value forDrosophila, whereas∆Tm values > 10°C have
been found in herons (Sheldon & Kinnarney 1993) and marsupials (Springer et al. 1990).
Since all studies used the same (standard) criterion conditions, the observed differences in
limits of effective resolution must therefore be related to group-specific patterns of scDNA
evolution.

Genome evolution can indeed not be generalized over broad evolutionary groups
(Britten 1986, Li et al. 1985, Li & Tanimura 1987). Not only 5- to 10-fold differences in
sequence divergence rate, but also significant differences in NPH reduction with increasing
∆Tm have been found among insects, mammals, birds and angiosperms - with insect and
angiosperm single-copy genomes evolving fastest (Caccone et al. 1988a). NPH reduction
with increasing∆Tm in Cladophorawas found to be even higher than in angiosperms and
Drosophila (Bot 1992). Such high levels of genomic ’macromutations’ and DNA turnover
(Dover 1982) have been suggested to be characteristic of species with large genomes, such
as plants (Flavell 1982), possibly as an adaptive response to environmental change
(Walbot & Cullis 1985).

An interesting feature of the plot in Fig. 6.1 is that rDNA ITS sequence divergence
does not start after NPH is reduced by ca 10%. Taking into account the relatively high

← Table 6.1. Single-copy DNA-DNA hybridization data and rDNA ITS sequence divergences among
biogeographic isolates of Cladophoropsis membranacea, Cladophora albida, C. sericea, C. flexuosa, C.
ruchingeri, and C. vagabunda. Hybridization data and sequence data were obtained from the same isolate
pairs. ∆Tm values were converted to percent base pair mismatch using the conversion factor 1.2% base
pair mismatch/°∆Tm (Springer et al. 1992). Single-copy DNA sequence divergences (Dsc) were obtained
after Jukes-Cantor correction for multiple substitutions. rDNA ITS sequence divergences (DITS) were
calculated for the combined ITS1 and ITS2 regions (with Jukes-Cantor correction). DNA hybridization
data are from Bot et al. (1989a,b) and Kooistra et al. (1992a). Sequence data are from Kooistra et al.
(1992b) and Bakker et al. (1994a,b). Cmcif = Cladophoropsis membranacea (Fuerteventura, Canary Is.),
CmCIT1 and CmCIT2 = C. membranacea (Tenerife, Canary Is.), CmRS = C. membranacea (Red Sea),
CmMau = C. membranacea (Mauritania), CmBon = C. membranacea (Bonaire), CmStX1 and CmStX2 =
C. membranacea (St Croix, Virgin Is.). CaConn = Cladophora albida (Connecticut), CaRosc = C. albida
(Roscoff, France), CaHokk = C. albida (Hokkaido), CaAust = C. albida (SW-Australia), CrCors = C.
ruchingeri (Corsica), CrNorw = C. ruchingeri (Norway), CfNorw = C. flexuosa (Norway), CsRosc = C.
sericea (Roscoff, France), CsLabr = C. sericea (Labrador). CvCura = Cladophora vagabunda (Curaçao),
CvRosc = C. vagabunda (Curaçao), CvCors = C. vagabunda (Corsica), CvAust = C. vagabunda (SW-
Australia).
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Evolutionary rates in Cladophoraand Cladophoropsis. The scDNA fraction is
believed to be noncoding for more than 90%, evolving predominantly by drift and
randomly distributed nucleotide substitutions (Britten 1986). Based on several independent
reports from the literature, Caccone & Powell (1990) estimated the average nuclear
scDNA divergence rate forDrosophilaand cave crickets to be about 1% per Ma, which is
comparable to the silent substitution rate in ADH genes inDrosophila. Rate estimates in
CladophoraandCladophoropsisare hampered by the absence of a fossil record, a
situation which is generally encountered in green algae. An 18S rRNA molecular clock
calibration for the Dasycladales (sister-order to the Siphonocladales/Cladophorales-
Complex) for which a good fossil record is available, yielded 1% per 25 Ma (Olsen et al.
1994), which is comparable to estimates in land plants (Ochman & Wilson 1987). Based
on this clock, and on 18S rRNA sequence divergence inCladophora, Bakker et al.
(1995a) calculated a rDNA ITS sequence divergence rate of 0.8-2.0% per Ma for the
Cladophora albida/sericeaclade. From our estimate of a 0.6 fold difference in sequence
divergence rate between scDNA and rDNA ITS sequences, we infer that the scDNA
fraction in CladophoraandCladophoropsisevolves at a rate of 0.5-1.2% per Ma (or 0.7-
1.8% per Ma when applying the less preferable conversion factorc = 1.7). This estimate is
similar to theDrosophilaestimate (Caccone & Powell 1990) and suggests that single-copy
genomes ofCladophoraandCladophoropsisare among the fastest evolving known.
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7.1 PHYLOGENETIC STRUCTURE WITHIN THE CLADOPHORA COMPLEX

Phylogenetic structure within theCladophoracomplex reflects a wide range of
biogeographic and evolutionary timespans. Biogeographically old lineages (e.g., the
Cladophoropsis membranaceaclade) are mostly tropical, and characterized by both
morphological specialization and retainment of simple architectures. Old (Tethys)
vicariance imprints, which indicate formerly uninterrupted distributions, can be recovered
from rDNA ITS sequences. In contrast, biogeographically young lineages (e.g., species
within the Cladophora albida/sericeaclade) have mostly cold temperate to boreal
distributions, lack morphological specializations, and no vicariance imprint can be
recovered from rDNA ITS sequences. Here, low ITS sequence diversity indicates dispersal
as a major structuring factor of biogeographic distribution. Intermediate lineages, as
represented by the eurythermal, cosmopolitan distributedCladophora vagabunda, show
both vicariance imprints in the overall structure of the ITS tree, and dispersal in the tip-
clades, i.e., biogeography is partially reflected in phylogenetic structure.

At the species level, marked differences in phylogenetic structure exist within the
variousCladophoraclades. Contrasting ITS phylogenies were found within sister clades of
the overall 18S rRNA tree as exemplified by theC. albida/sericeaclade and theC.
vagabundaclade (Fig. 7.1). ITS tree stability and phylogenetic signal is high within theC.
vagabundaclade, whereas branching order within theC. albida/sericeaclade cannot be
resolved with confidence. Within theC. vagabundaclade one ITS type was found whereas
6 distinct types were found within theC. albida/sericeaclade (Chapter 4 and 5). Both
clades are hypothesized to have proliferated in the mid-Miocene Pacific Ocean (Chapter 4
and 5) in which speciation conditions for seaweeds were probably favourable, due to
climatic changes and extensive fluctuations in sea level (Kennett 1982, Lüning 1990,
Crowley & North 1991). The fast speciation and long terminal branches of theC.
albida/sericeaclade reflects a sudden radiation, possibly in response to changing
environmental conditions. In contrast, theC. vagabundaclade with its symmetry in length
of internodes and terminal branches does not contain fast radiations, and exhibits a more
regular, vicariant mode of speciation.

An alternative explanation for these contrasting ITS sequence evolution patterns is that
rates of ITS sequence evolution differ between the above clades. In order to investigate
this a relative rate test would have to be conducted for which a third clade apart from the
C. albida/sericeaand theC. vagabundaclades is needed and was not available. A third
(group of) species has to be found for which ITS sequences can be aligned to both theC.
albida/sericeaclade and theC. vagabundaclade.C. laetevirensis probably a suitable
candidate, based on its presumed close relation withC. vagabunda(van den Hoek 1982).

Finally, phylogenetic structure as found within theCladophoracomplex exemplifies the
need for a nomenclatural system that allows representation of para- and polyphyletic
relationships. The Linnean system of biological nomenclature that has been in use for the
last 200 years cannot fulfill this need. For example, given the paraphyly ofCladophora
species and the polyphyly of siphonocladalean genera (Fig. 3.5c), "lumping" the
Cladophoracomplex to the family level or "splitting" it into different genera would result
in enormous nomenclatural chaos but would still not bring taxonomy in accordance with
phylogeny. As an alternative, De Queiroz & Gauthier (1992, 1994) have proposed a
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7.2 MORPHOLOGY

Maximum 18S rRNA sequence diversity within theCladophoracomplex (e.g.C. albida
vs. C. coelothrix) is ∼6% (Chapter 3). For comparison, 18S rRNA sequence diversity (for
the homologous 1460 positions as used in Chapter 3) is 5% betweenHomo sapiensand
Xenopus laevis,2% among monocots (Oryza sativa vs. Zea mays), or 5% between
monocots and dicots (Oryza sativaandZea mays vs. Glycine max). Radiation of the
Cladophoracomplex is estimated to have occurred at least∼160 Ma ago, which is based
on limited fossil evidence (Schopf 1970, Tappan 1980), but application of a green algal
18S rRNA molecular clock (1% sequence divergence per 25 Ma) (Olsen et al. 1994)
yields a roughly congruent estimate. Clearly, theCladophoracomplex has morphologically
remained under evolutionary stasis with only minor variations to its basic architectural
groundplan, i.e, stringy, branched filaments (van den Hoek 1984a). Within the complex,
lineage A taxa (see the 18S rRNA tree, Fig. 3.5c) exhibit this morphology whereas lineage
B is morphologically more differentiated. The presence of rhizoids, a feature found only in
lineage B taxa, allows development of elaborate, compact forms which are possibly an
adaptive response to grazing. Another feature of lineage B taxa is segregative cell division
(see Section 1.2) which so far has not been found in lineage A taxa. Wounding reactions
in several cladophoralean genera were found to resemble segregative cell division in
varying extends (LaClair 1982, Van den Hoek 1984a). If both processes are indeed linked,
then the evolution of segregative cell division might possibly also be interpreted as an
adaptive response to grazing. Grazing is, in general, considered to be more intense in
tropical regions which lends additional support for these adaptational hypotheses because
most tropically distributed lineages occur in lineage B.

Another example of adaptive morphology in theCladophoracomplex is the
development of two-dimensial structures (blades), probably in response to low-light
conditions, in the independent lineagesMicrodictyonandStruvea(lineage B), which at the
same time provides an example of morphological convergence. The occurrence of the
(typical) Cladophoropsis-morphology in the distantly relatedCladophoropsis zollingerii
andCladophoropsis membranaceais another example. Apparently, similar variations on a
basic architecture have occurred independently throughout theCladophoracomplex. As an
alternative to the adaptationist explanation, explanations based on self-organizational
processes (which involve dynamic pattern formation theory) can contribute significantly to
our understanding of morphological development, as has been demonstrated in
Acetabularia(Goodwin 1990). Here, minor changes in physiological parameters were
found to have large effects on cell architecture.

7.3 EVOLUTION AND UTILITY OF rDNA ITS SEQUENCES (AS SOURCE OF

PHYLOGENETIC CHARACTERS ) FOR CLADOPHORA

A marked characteristic of ITS sequence evolution in some lineages of theCladophora
complex is the presence of discrete ITS sequence types and the absence of intermediate
forms. Six ITS types were found in theC. albida/sericeaclade, four of which exhibited
virtually no within-type sequence divergence (Chapter 4). In the cosmopolitanC.
vagabundaclade one ITS type was found in which within-type sequence diversity was
∼18% (Chapter 5). Another example isCladophoropsisin which two ITS types were
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found with ∼17% within-type sequence divergence in theCladophoropsis/Struvea
anastomosanstype, and∼20% (excluding unalignable regions) for the
Chamaedoris/Struvea eleganstype (Kooistra et al. 1993). The conclusion can be drawn
that within theCladophoracomplex, ITS types are generally species related or genus
related. In contrast, in the cold-temperate to boreal green algal orders Acrosiphoniales and
Ulvales, ITS alignability appears to be order related (van Oppen, pers. comm.). This is in
congruence with the presumed younger age of these orders based on morphology and
biogeographic distribution (Vinogradova 1984). For a comparison in angiosperms, three
ITS types (with 1-2% within-type sequence divergence) among eight species within the
Mimulus guttatusspecies complex were found. Multiple ITS types were found
intraspecifically, and two of the three types were found to span species boundaries which
indicates that ITS type formation took place before the complex radiated (Ritland et al.
1993). In the mosquito tribe Aedini, two to three ITS types were found intraspecifically
(Wesson et al. 1992).

As outlined in Section 1.9, the development of intra-individual multiple ITS types is
probably 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. The time required for fixation of different ITS types
ranges from a few generations in parthenogenetic lizards (Hillis et al. 1991) to periods of
time that allow differentiation of morphologically distinct subspecies in tiger beetles
(Vogler and DeSalle 1994). As these authors suggest, the short fixation time in the
parthenogenetic system is probably atypical and not applicable to sexual species.
Parthenogenetic systems are also known for severalCladophoraspecies (van den Hoek
pers. com.) and asexual lineages are known forCladophora albidaandC. sericea(asvar.
biflagellata) (van den Hoek 1963, Wik-Sjöstedt 1970) but not for theC. vagabundaclade.
It would be interesting to know whether or not the distribution of ITS types and
phylogenetic signal among them, is related to the occurrence of asexual lineages in both
clades. For example, Hillis et al. (1991) found in parthenogenetic lizards the fixation time
of different ITS types to be only a few generations, whereas fixation times in sexually
reproducing species of tiger beetles were significantly longer (Vogler & DeSalle 1994). If
asexual lineages within theCladophoracomplex do have shorter rDNA repeat fixation
times this might explain why the phylogenetic signal has been "wiped out" among ITS
types due to saturation with substitutions in theC. albida/sericeaclade (Chapter 4).

7.3 TOWARDS A PHYLOGENETIC SPECIES CONCEPT IN CLADOPHORA

Species concepts have been the subject of intensive debate (see Avise 1994, p 252+). The
most widely used concept, the biological species concept (BSC) (Dobzhansky 1937), is
based onprocessessuch as reproductive isolation, whereas the more recentphylogenetic
species concept(PSC) (Cracraft 1983) is based onpatternsof phylogenetic history of
populations. This is an important distinction because, apart from the intrinsic desirability
to recognize species based on their evolutionary history, for organisms such asCladophora
patterns are better understood than processes. For instance, knowledge of reproductive
strategies ofCladophoraspecies in nature is lacking, although both asexual and
parthenogenetically reproducing varieties are known for several sexualCladophoraspecies
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(van den Hoek 1964, Wik-Sjöstedt 1970). ForCladophora,a PSC is therefore likely to be
more appropriate than a BSC. However, since the PSC includes the BSC, it provides a
more comprehensive defenition of species concept in general.

Cracraft (1983) defined a phylogenetic species as :"A monophyletic group composed of
the smallest diagnosable cluster of individual organisms within which there is a parental
pattern of ancestry and descent."This definition has been criticized (Nixon and Wheeler
1990) because it is not clear how monophyly among individual organisms is defined. The
reason for this is that organismal descent relationships can be eitherphylogenetic(i.e.,
hierarchical, among separated evolutionary lineages) ortokogenetic(i.e., reticulate, among
interbreeding or recombining lineages) (Fig. 7.2). Hennig (1966) proposed two basic
conditions with which ancestral relationships must agree in order to be appropriate for
phylogenetic reconstruction using cladistic methods, and thus for the identification of
monophyletic groups: (1) hierarchical organization, i.e., descendants must have arisen by
subdivision or replication of previously existing ancestors. When tokogenetic rather than
phylogenetic relationships are analyzed cladistically, the resulting tree will give a false
impression of true relationships); and (2) phylogenetic characters that identify clades must
be retained in all individuals considered, i.e., characters that have been "lost" in some
individuals (= traits, see Fig. 7.2) cannot be used.

In order to bring the PSC operationally in accordance with cladistic methods, Nixon and
Wheeler (1990) define a phylogenetic species as"the smallest aggregation of populations
(sexual) or lineages (asexual) diagnosable by a unique combination of character states in
comparable individuals."A phylogenetic species is thus considered the least inclusive unit
for which it can be demonstrated that both Hennig’s rules apply (Davis and Nixon 1992).

PHYLOGENY HIGHER TAXA CHARACTERS (CONSTANT) MONOPHYLETIC GROUPS

Species
PHYLOGENETICALLY

INDIVISIBLE ELEMENTS

TOKOGENY POPULATIONS TRAITS (VARIABLE) PHENETIC CLUSTERS

Figure 7.2. Relationships of various terms and concepts given a phylogenetic species concept (from
Nixon and Wheeler [1990]).

With the advent of molecular data in phylogenetic reconstruction, knowledge of
phylogenetic, but also tokogenetic relationships in many groups has increased dramatically.
For instance, techniques such as DNA fingerprinting allow distinction of individuals within
sexually reproducing species with high-resolution. As a consequence, the idea has arisen
that relationships of organismal descent below some arbitrary threshold should be ignored
for the grouping of individuals into phylogenetic species. For this purpose,population
aggregation analysis(Davis and Nixon 1992) aims at identifying the (geographical) level
below which descent relationships are tokogenetic, and thus allows recognition of
phylogenetic species (Vogler and DeSalle 1994). The basic idea is that diagnostic
characters that distinguishall individuals in a group of populations from other such groups
are considered sufficient evidence for the recognition of a phylogenetic species. In



102 C h a p t e r 7

contrast, differences that distinguishsomeindividuals within a (group of) population(s) or
lineage(s) from other such groups (=traits) cannot delineate a phylogenetic species and
are not appropriate for use in Hennigean cladistics.Within a phylogenetic species further
hierarchical relationships may exist but cannot be resolved cladistically because, by
definition, such relationships are reflected intraits. Application of population aggregation
analysis depends critically on the ability to identify individuals and populations. Further,
knowledge of reproductive strategies is important because asexual lineages are more likely
to conform to Hennig’s rules mentioned above than sexual ones.

In Cladophora, recognition of individuals and populations is not clear. Also, knowledge
of reproductive strategies ofCladophoraspecies in nature is lacking. Frequent asexual
reproduction alongside sexual reproduction is likely to be common inCladophora, as in
seaweeds in general (Santelices 1990). However, interspecific hybridization combined with
parthenogenetic reproduction has been suggested to occur in cladophoralean and
siphonocladalean species (Bodenbender & Schnetter 1990, Kooistra et al. 1993), and if
introgression has occurred, non-hierarchical descent relationships will be the result. If one
or more of these events has taken place, then the boundary between phylogeny and
tokogeny will be very difficult to establish.

rDNA ITS sequence data can be used for identification of phylogenetic species within
the Cladophoracomplex. However, in order to identify the transition zone between
phylogenetic species and introgression events mentioned above, sampling-density of
"populations" and "individuals" would have to be higher than in the present studies. For
example, a population aggregation analysis of the combinedCladophoraITS data (Fig.
7.1) identifies each clade as a phylogenetic species because for each clade characters can
be found that distinguishall individuals (= biogeographic isolates) in a group of
populations (= one clade) from other such groups. However, since sampling density is
very small, such a conclusion is risky. At higher sampling densities, intermediate ITS
types might be discovered that could down-grade characters into traits, and subsequently
prevent recognition of phylogenetic species in the sense of Nixon & Wheeler (1990) (Fig.
7.2). Sampling must be performed as a series of increasingly inclusive groups (nested sets)
in order to obtain a good impression of the pattern of ITS sequence diversity for the
establishment of a phylogenetic species.

In conclusion, rDNA ITS sequence data provide significant contributions to a better
understanding of what a (phylogenetic) species is in a group such as theCladophora
complex.
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8.1 SUMMARY

In this study, phylogenetic relationships among genera, species and biogeographic
representatives of single Cladophora species within the Cladophorales were analyzed using
rDNA gene and spacer sequences. Based on phylogenetic analysis of 18S rRNA gene
sequences, the Cladophora complex is shown to be paraphyletic with respect to Cladophora
species and includes several genera which were traditionally ascribed to the Siphonocladales
(Chapter 3). These genera do not form a monophyletic group within the Cladophora complex,
but consist of three separate lineages. The complex consists of lineages exhibiting old
vicariance imprints (e.g., Cladophoropsis membranacea), interspersed with lineages having a
more recent biogeographic history (e.g., species within the Cladophora albida/sericea clade)
in which dispersal is more important as structuring factor of biogeographic distributions
(Chapter 4). Intermediate lineages are represented by the cosmopolitan Cladophora
vagabunda, in which both vicariance and dispersal have played an important role (Chapter 5).
This complex pattern is consistent with a worldwide distribution of an evolutionarily old
complex. Phylogenetic structure within the Cladophora complex therefore reflects a wide
range of biogeographic and evolutionary timespans.

rDNA ITS sequence evolution in some lineages of the Cladophora complex is
characterized by the presence of discrete ITS sequence types without intermediary forms. Six
ITS types were found in the C. albida/sericea clade, four of which exhibited virtually no
within-type sequence divergence (Chapter 4). In the cosmopolitan C. vagabunda clade one
ITS type was found in which within-type sequence diversity was ~18% (Chapter 5). Within
the Cladophora complex, ITS types are in general species- or genus-related. As this is not the
case for green (macro)algae in general, the utility of ITS sequences as a source of
phylogenetic characters has to be evaluated on a case-by-case basis. This can present a
problem in a priori estimation of how useful ITS sequences are likely to be in resolving a
particular phylogenetic question.

rDNA ITS sequence divergence rates are calculated to be 0.8-2.0% per Ma in Cladophora
(Chapter 4), as compared against 18S rRNA molecular clocks in the same class. This rate is
comparable to the sequence divergence rate in noncoding single-copy DNA (Chapter 6) and
therefore provides good phylogenetic resolution for mid-Miocene to Pleistocene timeframes,
i.e., within-ITS type sequence divergence of 0-20%. Therefore rDNA ITS regions have great
potention as a source of characters in green algal phylogenetic and phylogeographic studies.
Caution must be taken, however, when extensive sequence divergence and high levels of
indels and repeat motifs are encountered. Here alignment of ITS sequences becomes even
more critical. Optimalization of the ITS sequence alignment should be based on secondary
structure in order to warrant reliable homology assignment of characters (Chapter 1, section
1.7). Subsequent phylogenetic analysis should be based on conserved regions within the ITS
regions, whereas fast evolving regions (often consisting of simple repeat motifs) are useful for
delineating biogeographic groupings (Chapter 2). In conclusion, the patterns of ITS sequence
evolution observed in the Cladophora complex provide a range of pathways attesting to the
complexity of spacer evolution.
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8.2 SAMENVATTING

Cladophora is één van de meest voorkomende benthische groenwier-geslachten op aarde. Het
is verspreid van arctische tot tropische zones en kent zowel zoetwater-taxa als mariene
vertegenwoordigers. Naast de belangrijke ecologische rol die Cladophora speelt in zijn
habitat, is het de evolutionaire ouderdom, de kosmopolitische verspreiding en het grote aantal
onderscheiden soorten, die Cladophora tot een aantrekkelijke keuze maken voor het
bestuderen van evolutionaire diversificatie op mondiale schaal. Momenteel worden ongeveer
100 mariene Cladophora-soorten onderscheiden, waarvan echter de onderlinge fylogenetische
(evolutionaire) verwantschappen, maar ook die met andere genera binnen de Cladophorales,
onduidelijk zijn. Om hier duidelijkheid in te verschaffen, werd divergentie in nucleair
ribosomaal DNA (het 18S rRNA gen en de internal transcribed spacers ITS1 en ITS2)
bepaald, waarbij ook aspecten van functie en secundaire structuur werden betrokken.
Aannemende dat de hoeveelheid divergentie in homologe DNA sequenties een weerspiegeling
is van de evolutionaire verwantschap tussen taxa, werden met deze benadering in dit
proefschrift de volgende vragen bestudeerd: Wat zijn de fylogenetische verwantschappen
binnen het Cladophora-complex, zowel tussen genera en soorten, als tussen biogeografische
isolaten van één soort? Welke soorten zijn ouder en welke van meer recente oorsprong? Wat
is de rol van vicariantie-gebeurtenissen (het openbreken van voormalig coninue
verspreidingsgebieden) uit de geologische en (paleo)klimatologische geschiedenis in het
totstandkomen van biogeografische verspreidingen, en wat is de rol van dispersie
(verspreiding) hierin? Tenslotte, wat hebben we geleerd over de evolutie van het nucleaire
rDNA cistron in zo'n divers complex als Cladophora?

De maximale 18S rRNA sequentie-divergentie binnen het Cladophora-complex (tussen
Cladophora albida en C. coelothrix) is ~6% (hoofdstuk 3). Ter vergelijking, van de homologe
posities is ~5% divergent tussen Homo sapiens en Xenopus laevis, of ~2% tussen
monocotylen onderling, of ~5% tussen mono- en dicotylen. Op basis van fylogenetische
analyse van 18S rRNA-sequenties kan worden gekonkludeerd dat het Cladophora-complex
parafyletisch is met betrekking tot Cladophora soorten, d.w.z. dat niet alle afstammelingen
van de gemeenschappelijke voorouder van Cladophora als zodanig worden herkend, maar dat
het Cladophora-complex een aantal genera bevat die traditioneel tot de orde Siphonocladales
werden gerekend. Deze genera vormen tezamen geen monofyletische groep binnen het
Cladophora-complex, maar komen voort uit drie verschillende evolutionaire lijnen. Binnen het
Cladophora-complex kunnen, aan de hand van het evolutie-patroon van rDNA ITS
sequenties, zowel lijnen met sporen van een biogeografisch oude vicariantie, als ook lijnen met
een biogeografisch recenter historie worden onderscheiden. Een voorbeeld van een
biogeografisch oude lijn is de (tropisch verspreide) Cladophoropsis membranacea-tak, terwijl
jonge lijnen gerepresenteerd worden door soorten uit de Cladophora albida/sericea-tak, die
meestal een koud gematigde tot boreale verspreiding kennen. Dispersie lijkt hier een meer
belangrijke strukturerende faktor van biogeografische verspreiding dan vicariantie.
Cladophora vagabunda, als representant van een intermediaire lijn, is kosmopolitisch
verspreid en heeft een brede temperatuur-tolerantie. rDNA ITS sequentie-divergentie binnen
deze tak duidt op een vicariante "imprint" op de basale struktuur van de tak, en op dispersie in
de eind-takken. Anders gezegd, de biogeografie is slechts gedeeltelijk weerspiegeld in de
fylogenie. Kort samengevat, de fylogenetische struktuur binnen het Cladophora complex
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omvat een grote range aan evolutionaire en biogeografische timespans.
Een opvallende eigenschap van rDNA ITS-evolutie in de onderzochte lijnen van het

Cladophora-complex is de aanwezigheid van diskrete ITS sequentie-typen zonder
intermediaire vormen. In de C. albida/sericea tak werden zes ITS-typen gevonden, waarbij de
"within-type" sequentie-divergentie voor vier van deze zes typen vrijwel nul was (hoofdstuk
4). In de C. vagabunda tak werd één ITS-type gevonden met ~18% "within-type" sequentie-
divergentie (hoofdstuk 4). ITS-typen binnen het Cladophora complex zijn voornamelijk
gerelateerd aan soorten of genera. Omdat dit niet opgaat voor groenwieren in het algemeen,
moet de bruikbaarheid van rDNA ITS sequenties als bron van fylogenetische kenmerken per
groep worden vastgesteld. Dit is een potentieel probleem voor de a priori inschatting van het
nut van ITS-sequenties voor het oplossen van een bepaalde fylogenetische vraagstelling.

Divergentie-snelheid van rDNA ITS sequenties in Cladophora is berekend op 0,8 tot 2,0%
per miljoen jaar, gebaseerd op vergelijking met een 18S-rRNA-molekulaire klok in dezelfde
klasse (hoofdstuk 4). Deze snelheid is vergelijkbaar met de snelheid van sequentie-divergentie
in niet-coderend single-copy DNA (hoofdstuk 6), en biedt daardoor een goede fylogenetische
resolutie voor midden-Miocene tot Pleistocene perioden (met "within-ITS type" sequentie-
divergenties van 0-20%). rDNA ITS regio's vormen dus potentieel een belangrijke bron van
kenmerken voor fylogenetisch en fylogeografisch onderzoek in zeewieren. Voorzichtigheid is
echter geboden bij hoge ITS sequentie-divergentie, vaak gecombineerd met veel lengte-
variatie. Het alignen van ITS sequenties wordt dan kritiek, en om een betrouwbare
homologiebepaling tussen kenmerken te garanderen, moet optimalisatie van het alignment
gebaseerd zijn op de secundaire struktuur van de ITS (indien bekend). Fylogenetische analyse
kan dan het best gebaseerd worden op evolutionair gekonserveerde gebieden van ITS-
sequenties. Snel evoluerende gebieden van ITS-sequenties bestaan meestal uit simpele "repeat
motifs" en zijn bruikbaar voor het afbakenen van biogeografische groepen (hoofdstuk 2). De
konklusie is daarom dat rDNA ITS sequentie-evolutie patronen, zoals gevonden in het
Cladophora complex, vormen een belangrijke bijdrage tot nieuw inzicht in de complexiteit van
spacer evolutie.
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STELLINGEN
behorende bij het proefschrift

TIME SPANS AND SPACERS: Molecular phylogenetic explorations in theCladophora
complex (Chlorophyta) from the perspective of rDNA gene and spacer sequences

door Frederik Theodoor Bakker.

1. Cladophorabestaat niet.
(dit proefschrift)

2. In hun pleidooi voor de acceptatie van "onopgeloste" fylogenetische hypothesen als
biologische realiteit gaan Hoelzer & Melnick voorbij aan de mogelijkheid van
character (state) weightingvoor het onderdrukken van "fylogenetische ruis" in
DNA-sequentie data.

Hoelzer & Melnick (1994) TREE 9: 104-107

3. Het niet vermelden van sub-optimale oplossingen van fylogenetische analyses kan
misleidend zijn.

4. Bij het combineren van verschillende (typen) datasets voor fylogenetische analyse
moet men er rekening mee houden dat per data-type verschillende functionele
constraints het fylogenetisch signaal hebben beïnvloed.

5. Dat de rol van natuurlijke selectie bij het ontstaan van de basenvolgordevan een
gen niet moet worden overdreven wordt duidelijk wanneer men in gedachte houdt
dat het gehele aardoppervlak zou moeten worden bedekt met een 1cm dikke laag
van een 1mg/ml DNA-oplossing waarin gedurende 1 miljard jaar elk afzonderlijk
DNA-molekuul slechts 1 seconde mag bestaan om alle mogelijke varianten van een
DNA-sequentie van 1000 basenparen te realiseren.

(Manfred Eigen,Stufen zum Leben.1987)

6. Gelukkig is is de wil tot behoud van biodiversiteit uiteindelijk overwegend
gebaseerd op niet-rationele overwegingen.

7. Om tegemoet te komen aan de overweldigende informatie-voorziening die de
huidige samenleving kent is het wenselijk om naast de gescheiden inzameling van
groot, grof, klein chemisch, groente- fruit- en tuinafval, een aparte container te
introduceren voor geestelijk afval.

8. Gezien het toenemend aantal "sportieve" automobilisten wordt het te fiets en te
voet deelnemen aan het verkeer aanmerkelijk prettiger wanneer auto’s ook aan de
voorkant van remlichten worden voorzien.

9. Er moet meer aandacht komen voor de kwaliteit van podium- en zaalgeluid bij het
uitvoeren van elektrisch versterkte muziek.


