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Annotation 
 
Since the human inclination to estimate and trace natural diversity, usable species 

definitions as well as taxonomical systems are required. As a consequence, the first 

proposed classification schemes assigned the filamentous and parenchymatous taxa to 

the green algal order Chaetophorales sensu Wille. The introduction of ultrastructural 

and molecular methods provided novel insight into algal evolution and generated 

taxonomic revisions based on phylogenetic inference. However, until now, the number 

of molecular phylogenetic studies focusing on the Chaetophorales s.s. is surprisingly 

low. To enhance knowledge about phylogenetic relationships among taxa within the 

order, the nuclear–encoded SSU rDNA sequences from 30 strains covering all three 

chaetophoralean families have been investigated. All revealed monophyletic groupings 

were further screened for molecular non-homoplasious synapomorphies within the 

Viridiplantae. To address the question of the correspondence between morphological 

characters traditionally used for taxonomical delimitation of the Chaetophorales and the 

tree topology favored by molecular data, the list of morphological/ 

ultrastructural/ecological characters was elaborated and further analyzed. In addition, to 

obtain a close-up view into the evolution of Compensatory Base Changes (CBCs) of the 

second internal transcribed spacer (ITS2) which is currently often used to delimit 

putative biological species, 86 newly obtained/published sequences of ITS2 for five 

families of the order Ulvales were analyzed. Furthermore, a detailed comparative study 

of all ITS2 substitutions has been done. Subsequently all revealed CBCs and hemi- 

CBCs have been mapped upon the ITS2 phylogenetic tree topology. Finally, 

CBCs/hCBCs taxonomic inference in the Ulvales has been discussed. 
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Introduction 1 
 

1. Introduction 
 
Many new taxa of green algae from various biotopes were first described in the late 

18th, and during the 19th and 20th centuries (e.g. Schrank 1783, Kützing 1843, Kützing 

1845, Rabenhorst 1864, Pascher 1931, Printz 1921, Iyengar 1932, Vischer 1933, Geitler 

1942, Bourrelly 1972). These descriptions were based on morphological features such 

as the type of thallus, the branching pattern, the manner of attachment to the substratum, 

the type of chloroplast, the presence or absence of the pyrenoid/s, etc. Therefore it is not 

surprising that one of the first proposed classification schemes of green algae was 

largely based on the level of organization of the vegetative organism, assuming an 

underlying phylogenetic trend from unicellular  colonial  coenobialto 

filamentous, siphonaceous or thallose taxa (e.g. Blackman 1900, Wille 1901, Pascher 

1914; summarized by Round 1984); (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Fig. 1.:  Traditional view of the green algal evolution based on the level of 

organization, displaying the phylogenetic trend from the simplest 
organisms towards the most complex one. 

Subsequent ultrastructural characterization (e.g. studies of motile cell ultrastructure 

and/or studies of mitosis and cytokinesis) resulted in the recognition of two major 

lineages of green algae, the Chlorophyceae and the Charophyceae (Pickett-Heaps 1975), 

and showed incongruence with the traditional delimitation of many of the previously-

proposed taxonomic entities (e.g. Melkonian 1975, Stewart and Mattox 1975, O´Kelly 

et al. 1994). In the 1990s, the introduction of molecular methods in green algal 

taxonomy provided a fresh data set to enable novel ways of thinking and questioned the 

use of certain traditional morphological and ultrastructural characters and their resulting 

phylogenies. Molecular phylogenetic analyses, mostly based on small subunit ribosomal 

DNA (SSU rDNA) (e.g. Kantz et al. 1990, Buchheim and Chapman 1991, Friedl and 
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Zeltner 1994, Friedl 1996, Nakayama et al. 1996), were largely congruent with 

ultrastructural knowledge. Additionally, sequence comparisons clearly revealed that (1) 

identical forms of thallus morphology evolved independently in different lineages, and 

that (2) members of one clade, i.e. phylogenetically-related organisms, displayed 

diverse levels of thallus organization. For example, taxa with unbranched filaments 

traditionally belonged to the order Ulotrichales sensu Borzi or Chaetophorales sensu 

Wille, but now they are placed in Trebouxiophyceae (Geminella), Ulvophyceae 

(Ulothrix zonata), Chlorophyceae (Uronema) as well as in Streptophyta 

(Klebsormidium); (Fig. 2), and taxa with different levels of organization are to be found 

within a single class; e.g. the Trebouxiophyceae include coccoid (Trebouxia), colonial 

(Dictyosphaerium), unbranched (Geminella), branched (Microthamnion) and foliose 

(Prasiola) forms; (Fig. 3). Moreover, some derived lineages also show evidence of a 

reduction in complexity (e.g. unbranched thalli in the genus Uronema while all other 

members of the Chaetophoraceae are branched). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Fig. 2.:  Independent evolution of unbranched filamentous type of thallus 

within different lineages: the Chlorophyta and the Streptophyta. 
The groups including unbranched taxa are marked in red. 
(modified after Becker and Marin 2009) 
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 Fig. 3:.  The great variability of the thallus organization within the class 
Trebouxiophyceae. The simplified phylogenetic tree demonstrates 
coccoid, colonial, unbranched, branched and foliose/multiseriate 
morphological organization in the main clades of the class. 
(modified after Friedl 1996, Lewis and McCourt 2004, Pröschold 
and Leliaert 2007, http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

In summary, a combination of ultrastructural and molecular evidence has clearly 

revealed that the level of thallus organization and other traditionally-used 

morphological features are not useful characters for phylogenetic inference, and the 

resultant current system is in conflict with many of the original circumscriptions of 

genera and species (summarized by Melkonian and Surek 1995, Lewis and McCourt 

2004, Pröschold and Leliaert 2007). 

 

Especially, the ‘chaetophoralean’ algae provide a good example of a taxon in constant 

flux over the years. The first record of ‘chaetophoralean’ taxa is to be found in the 

Species Plantarum where all green algae were recognized in the ‘class’ Cryptogamia 

(Linnaeus 1753). Later on, with the advent of ‘systematic groupings’, parenchymatous 

and filamentous forms of green algae were separated as a new ‘group’, the 

Confervoideae (Agardh 1817), a group which has subsequently been resurrected and 

even re-named many times (e.g. Kützing 1843, De Bary 1858). Green algae with a 

parenchymatous, or a branched or unbranched filamentous thallus with parietal 

chloroplasts were assigned to the order Chaetophorales sensu Wille (Wille 1901). 

However, some authors (e.g. West and Fritsch 1927) have separated filamentous 
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unbranched taxa into a separate order, the Ulotrichales Borzi, but retained taxa with a 

branched thallus in the Chaetophorales. In 1982, the concept of the Chaetophorales was 

further refined by Silva, based on ultrastructural data. His circumscription included taxa 

(1) with filamentous, or rarely-parenchymatous thalli with uninucleate cells containing 

parietal chloroplasts with pyrenoid/s; (2) with ultrastructural features of the 

Chlorophyceae (presence of a phycoplast and a collapsing telophase spindle; cruciate 

flagellar roots with basal bodies which are more or less clockwise (CW) in 

displacement)); (3) with asexual (zoospores) and/or sexual (gametes/heterogametes) 

reproduction. 

As a result of the ultrastructural studies (summarized in Melkonian 1982, Mattox and 

Stewart 1984) and later molecular phylogenetic analyses (e.g. Friedl and Zeltner 1994, 

Friedl 1995, Friedl 1996, Marin and Melkonian 1999, Sanchez-Puerta and Leonardi 

2006), many taxa of chaetophoralean algae (e.g. Chaetosphaeridium, Coleochaete, 

Klebsormidium, Leptosira, Microthamnion), traditionally restricted to the 

Chaetophorales, were re-classified into different orders or even different classes. 

Currently, the order Chaetophorales comprises an assemblage of (1) mainly-freshwater, 

rarely-terrestrial algae with a parenchymatous, or branched or unbranched filamentous 

thallus and with cells with parietal chloroplasts; (2) algae with a phycoplast associated 

with cell plate formation, with daughter cells kept interconnected by plasmodesmata, 

and with centrioles not involved in cell division (John 1984, Melkonian 1990). The 

order contains three families (Chaetophoraceae, Aphanochaetaceae and 

Schizomeridaceae), and more than 20 described genera (for details see John 1984). 

However, until now, the number of molecular phylogenetic studies focusing on this 

order is surprisingly low. The first molecular study, based on nuclear-encoded SSU 

rDNA sequences included four taxa (Fritschiella, Chaetophora, Stigeoclonium, 

Uronema) of the Chaetophoraceae, and confirmed both the monophyly of this family 

and the position of the Chaetophorales within the Chlorophyceae (Booton et al. 1998). 

The addition of sequences from Aphanochaete and Schizomeris, to provide a ‘complete’ 

order, increasing the sequences to include nuclear-encoded SSU + partial large subunit 

ribosomal DNA (LSU rDNA), led to the clear elucidation of the relationship between 

the Chaetophorales and the Chaetopeltidales (Buchheim et al. 2001). Recent 

phylogenetic analyses based on partial and complete chloroplast genomes of six 

members of the Chlorophyceae: Chlamydomonas reinhardtii, C. moewusii 

(Chlamydomonadales), Scenedesmus obliquus (Sphaeropleales), Oedogonium 

cardiacum (Oedogoniales), Stigeoclonium helveticum (Chaetophorales), and Floydiella 

terrestris (Chaetopeltidales) resulted in relationships among Chaetophorales, 

Chaetopeltidales and Oedogoniales (Brouard et al. 2008, Turmel et al. 2008, Turmel et 

al. 2009). 
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Generally, many of the discrepancies leading to misunderstandings or conflicts in 

taxonomy, might be a consequence of impoverished original diagnoses which only 

consider characters like the colour of the alga, the season when the alga was collected, 

and the statement that the life history was unclear or unknown. Furthermore, many 

features have been derived from observations on cultured material under non-specified 

conditions (mostly soil algae, see in Chodat 1894, Deason and Bold 1960, Brown and 

Bold 1964, Deason 1969; but also some freshwater taxa, for example Stigeoclonium 

helveticum described by Vischer 1933) or even on dried or fixed specimens (see 

Helicodictyon in Whitford 1960) which can severely impact on the recognition of viable 

diagnostic characters. Another reason might be that characters (e.g. formation of a 

distinct type of thallus, the presence or absence of pyrenoid/s or spines/bristles on the 

cell wall) commonly considered diagnostic for taxonomy are plastic under variable 

conditions (light or dark, type of medium, grazer effect, bacterial contamination), see 

e.g. Uspenskaja 1930, Trainor et al. 1971, Provasoli and Pintner 1972, Provasoli and 

Pintner 1980, Johnstone 1978, Nozaki et al. 1998, Luo et al. 2005, Luo et al. 2006. This 

has resulted in the formulation of a large number of ambiguous (homoplasious) 

characters which easily can be applied to more than one taxon, and thus can cause 

confusion in taxonomy. 

To clearly distinguish one taxonomic unit from another, it is necessary to search for 

unique, shared derived trait/s ═ Non-Homoplasious Synapomorphies (NHS). These 

signatures, i.e. characters without known parallels in other taxa, are considered to be 

essential tools in taxonomy; they are used for taxonomic diagnosis of the various taxa. 

As NHSs can be defined as morphological traits (e.g. the presence of frustule in 

diatoms; Round and Crawford 1990), ultrastructural characters (e.g. the suite of 

characters - the limunoid scale morphology, double eyspots etc. - in subgenus 

Pyramimonas; McFadden et al. 1986), pigment compositions (e.g. chlorophyll d as a 

major pigment in the cyanobacterial genus Acaryochloris; Miyashita et al. 2003) as well 

as molecular features (e.g. the second base pair of Helix 41 in the plastid-encoded 16S 

rRNA [H1086: bp 1088/1097] is U-A instead of G-C in the green algal order, 

Monomastigales; Marin and Melkonian 2010). In the ideal scenario, the newly 

established or emended taxon may have more than one unique synapomorphy which 

support its monophyly (e.g. the genus Monomorphina can be defined within the 

Euglenophyceae by a combination of two types of NHS: (1) the peculiar type of pellicle 

built by hyaline keels associated with the pellicle strips which create a ‘relief-like’ 

appearance, and (2) the nuclear-encoded SSU rRNA molecule has a U as the third 

nucleotide in the terminal loop of Helix 27, and has C as the third nucleotide in the 

spacer helices 45-47 (Marin et al. 2003)); Fig. 4. However, to detect these unique 

features often requires a detailed knowledge, not only of the taxon in question, but also 

of its relatives. To identify all types of NHS, adequate taxon sampling is demanded. The 

uniqueness of the morphological/molecular/ultrastructural characters may end up being 

tested against a few or hundreds or thousands of homologous features of taxa, 
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depending on the taxonomic rank at which one wishes to detect the NHS. However, at 

least one general rule will come into effect: The number of NHSs will probably 

decrease with a greater sample of taxa within the dataset. This means, if an NHS 

synapomorphy search is to be performed, for example, for a genus in the Ulvales, 

Chlorophyta (e.g. Acrochaete), the highest number of the unique signatures, 

morphological or molecular, would most likely be found within the Ulvaceae than at 

higher taxonomical levels (i.e. within the Ulvales, the Ulvophyceae or the Chlorophyta 

or even within the Viridiplantae). In other words, the delimitation of the taxon level 

within which the synapomorphy search is performed is probably the most important 

factor. 

 
Fig. 4.:  Non Homoplasious Synapomorphies (NHS) of the genus Monomorphina (Euglenophyceae). 

 1) NHS morphological synapomorphy – pellicle – demonstrated for different species of 
Monomorphina: A) Monomorphina striata (CCAP 1261/9), B) M. ovata (SAG 1244-5), C) M. 
reeuwykiana (M 1768), D) M. pyrum (UTEX 2354). All scale bars ═ 10 μm. 2) One of the NHS 
molecular synapomorphies in the SSU rRNA. Monomorphina spp. (in alignment) as well as C 
(the third nucleotide in the spacer helices 45-47, in alignment and in secondary structure 
diagram) are in bold. Note that unique synapomorphies were defined within Euglenophyceae, 
and that the secondary structure is based on Monomorphina pyrum. (simplified according to 
Marin et al. 2003) 

More than 20 years have passed since the first molecular approaches had been 

introduced in algal taxonomy and the conflict between the phenetic system (groupings 

of organisms based on mutual similarity of phenotypic characters) and the phylogenetic 

system (groups of organisms based on shared evolutionary heritage) became more and 

more obvious. 
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Many phylogenetic markers, such as the SSU and LSU (18S rRNA and 5.8S +28S 

rRNA), including the internal transcribed spacers (ITS) region, of the nuclear-encoded 

ribosomal operon; the SSU and LSU (16S rRNA and 23S rRNA) plastid-encoded 

ribosomal operon; and several chloroplast (rbcL, atpB), mitochondrial (coxI) or nuclear, 

protein-coding genes (e.g. actin), have been employed for studies at various taxonomic 

levels (e.g. Watanabe et al. 1998, Coleman 2009, Del Campo et al. 2010, Marin and 

Melkonian 2010, O’Kelly et al. 2010). However, the small subunit nuclear ribosomal 

operon (SSU rRNA) remains probably to be one of the most frequently-used molecular 

markers of all (Ouvrard et al. 2000, Meyer et al. 2010) In fact, there are various good 

reasons for this practice: the existence of (1) a large database, (2) universal primers (3) 

an appropriate number of nucleotide positions for alignment and over which to perform 

analyses, and (4), as yet, no evidence for lateral gene transfer within this region in 

eukaryotes. 

Various studies indicate that the nuclear-encoded ribosomal operon (Fig. 5), which 

shows a mosaic of conserved and divergent regions, has become a popular tool in green 

algal phylogeny (e.g. Buchheim et al. 2001, Gontcharov et al. 2004, Buchheim et al. 

2005).  

 

Fig 5.  Nuclear-encoded ribosomal operon consisting of three rRNA genes (18S, 5.8S, 28S) and two 
internal transcribed spacers (ITS1 and ITS2). The small subunit ribosomal DNA (SSU rDNA) 
and the large subunit ribosomal DNA (LSU rDNA) are indicated by pink and blue color, 
respectively. (modified after Coleman 2003) 

Generally, it is assumed that the slowly-evolving SSU rRNA (18S rRNA) is a marker 

suitable for evolutionary studies at higher taxonomical levels (e.g. family, order, class). 

However, the suitability of SSU rRNA to taxonomic classification is highly dependent 

on the evolutionary rate of sequences investigated. 

Many studies also evaluate the utility of the LSU rRNA (28S rRNA) as a potential 

marker for identification at the various taxonomic levels (e.g. Medina et al. 2001, 

Sonnenberg et al. 2007). The conservative segments of LSU rRNA are alignable across 

kingdoms and have probably a comparable potential of resolution as the SSU rRNA 

gene (Kuzoff et al. 1998). In contrast, the variable segments (e.g. the C domain) evolved 

more rapidly and thus might be more informative at the lower taxonomic levels, 

especially at the species level (e.g. Ellegaard et al. 2008, Howard et al. 2009). 

 

In addition, the internal transcribed spacer (ITS), especially ITS2, is a favourite marker 

in taxonomy. The ITS2 is a fast-evolving part of the nuclear rRNA operon localized 

between the 5.8S and 28S rRNA genes. Although the primary sequence of ITS2 is 

highly variable, the typical secondary structure, which comprises four helices (Fig. 6), is 
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displayed among many eukaryotic organisms (Coleman and Mai 1997, Joseph et al. 

1999, Coleman 2007). Of these four helices, Helix 1 and Helix 4 show a degree of 

variability both in sequence and in length. In contrast Helix 2 and Helix 3 contain 

motifs that are essential during the excision process of ITS2 (e.g. Thomson and 

Tollervey 2010) and therefore these two helices are more conserved (Coleman 2007). 

 

Because of the combination of (1) the rapid evolution of the ITS2 region and (2) the 

presence of conserved regions within it (Helix 2 with at least one pyrimidine-pyrimidine 

mismatch and Helix 3 with its YGGY motif), it was assumed that the ITS2 might be a 

highly appropriate marker for taxonomy (Hershkovitz and Lewis 1996, Hershkovitz and 

Zimmer 1996, Schultz et al. 2005, Coleman 2007, Coleman 2009), and especially useful 

to differentiate among closely related organisms i.e. to delimit ‘biological species’ (e.g. 

Coleman 2000). 

 

 
Fig. 6.: Typical secondary structure of ITS2 consisting of four helices (Helix 1 – 4). The important 

regions for species delimitation (pink colour in Helix 2 and 3) and the conservative motifs 
(pyrimidin-pyrimidin mismatch in Helix 2 and YGGY in Helix 3) are highlighted. (modified 
after Mai and Coleman 1997) 
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As mentioned above, many of the ‘traditionally’ described genera in algae are either 

paraphyletic or polyphyletic. Since systematics deals with a cladistic approach, and the 

clade is restricted to a monophyletic group of organisms, all these non-monophyletic 

genera have to be revised. This begs other questions concerning species delimitation. 

What is a species and how can different species be defined? 

 

Species, organisms divided into the smallest distinct units, are considered as one of the 

basic entities of biological classification. Each species is placed within a single genus, 

and consequently is assumed that the species is more closely-related to other species 

within its genus than to species of other genera. 

To estimate the natural diversity, usable species definitions are required. In the 

following paragraphs consideration is given to four of the most commonly-known 

species concepts.  

 

The oldest one is the morphological species concept, which characterizes sexual, as 

well as asexual, species based on differences in structural (morphological) features of 

the body. Despite the fact that the definition relies on subjective criteria, the 

morphological species concept is still frequently used in taxonomy (e.g. Johansen and 

Lowe 2007, Mareš 2010, Siler et al. 2010). 

 

Probably the most widely-accepted species concept among biologists until now is the 

biological species concept, which has been circumscribed by Ernst Mayr in 1942. The 

biological species is defined as “groups of actually- or potentially- interbreeding natural 

populations which are reproductively isolated from other such groups” (Mayr 1942). 

In summary the biological species concept is highly reproducible but (1) time-

consuming mating experiments are required and (2) the biological species is solely-

restricted to sexually-reproducing groups of organisms. 

 

The phylogenetic species concept employs different molecular markers to determine a 

smallest group of related taxa as a separate species. The advantage of this species 

concept is its applicability to sexual as well as asexual organisms. On the other hand, 

the phylogenetic species concept is based on groupings of organisms that share the same 

character/s. This approach may divide organisms into many small groups of species 

which do not have any biological relevance, i.e. into units which do not correspond with 

biological species. In practice, some groups of phylogenetic ‘species’ can theoretically 

still sexually cross with each other and therefore may not be ‘permanent’ species. 
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The CBC species concept, introduced by Coleman and co-workers, is based on the 

presence of a Compensatory Base Change (CBC; double sided change which still 

retains pairing ability, e.g. C-G  A-U) in the conservative regions of the secondary 

structure of the second Internal Transcriber Spacer (ITS2). Based on crossing 

experiments in several organisms, it has been revealed that the presence/absence of even 

a single CBC in Helix 2 or 3 corresponds to incompatibility/inability to sexually cross 

and thus determines the limit between biological species (Fabry et al. 1999, Coleman 

2000). In contrast, the presence of a hemi-compensatory base change (hCBC; single 

sided change which retains pairing ability, e.g. C-G  U-G) in conservative parts of 

ITS2 theoretically still allows mating, and therefore is not useful in resolving species 

differences. In other words, the CBC species concept is based on the comparison of the 

secondary structures of ITS2 between two taxa, and when at least one CBC in the 

conserved parts of the helices is found, these two taxa are considered to be two different 

species. The ITS2 region has now become a widely-utilized DNA marker for algae, 

fungi, plants, and also animals to distinguish among ‘biological species’ (e.g. Coleman 

2005, Coleman and van Oppen 2008, Ahvenniemi et al. 2009, Coleman 2009, 

Agnarsson 2010, Fawley et al. 2011). Furthermore, according to Müller et al. (2007) 

‘the correlation between the presence of CBCs and the species concept occurs 

independently of reproduction and mating affinities’, i.e. it can be used to distinguish 

species whether they exhibit sexual reproduction or not. 

Although, many different theoretical and practical ‘species concepts’ have been 

established (summarized in Mayden 1997, Wheeler and Meier 2000) until now, no 

completely-satisfactory, general definition of the species concept exists. 
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2. Summary 
 
The introduction of ultrastructural and molecular methods clearly revealed that the 

original circumscription of the order Chaetophorales based on morphological characters 

is artificial. Many ‘chaetophoralean algae’ fall into various lineages within the 

Chlorophyta, often forming paraphyletic or polyphyletic assemblages of the originally-

established taxa. 

A more refined ordinal concept for the Chaetophorales is defined based on 

morphological/ultrastructural and molecular characters. Recent studies elucidated the 

affiliation of the Chaetophorales with the Chlorophyceae, and have also shown its 

phylogenetic position within this class. Nevertheless, these phylogenetic studies only 

dealt with one or two representatives of six chaetophoralean genera. Therefore the 

relationships among the three described families (Schizomeridaceae, Aphanochaetaceae 

and Chaetophoraceae) remain unknown. The same lack of knowledge holds true for the 

phylogenetic status of the species-rich genera (Chaetophora, Draparnaldia and 

Stigeoclonium) of the Chaetophoraceae. 

Since most described species (including chaetophoralean algae) have been established 

solely on the basis of morphological characters, many phycologists are now asking the 

question: What is the relation between morphospecies, biological species and their 

phylogenetic position inferred from molecular data? As already recognized, no general 

rule can be applied. 

Nevertheless, phylogenetic studies and crossing experiments revealed that observed 

CBC-type substitutions in conserved ITS2 regions are linked to an inability to cross and 

thus may serve as some measure of the limits between biological species. Therefore the 

CBC ITS2 species concept has become widely applied in algal taxonomy. 

However, until now, neither a comparative study of the ITS2 secondary structure nor a 

relation between CBC ITS2 - clades and the taxonomic level of organisms have been 

performed in the green algal order Ulvales. Moreover, the mechanistics by which CBCs 

evolve in pairs in the ITS2 region have never been interrogated, nor has the taxonomic 

value of non-homoplasious vs. homoplasious CBCs in ITS2 ever been considered. Since 

there are many ITS2 sequences available for Ulvalean algae, data from crossing 

experiments, and morphologically-diverse taxa (previously assigned to the 

Chaetophorales) from various habitats, the Ulvales was selected as a suitable taxon to 

test the questions posed above. 
 



 12 
 

3. Objectives of the thesis 
 

This study has following main aims: 

 
 
 
 
 
(1) To analyze the relationships among traditionally established families within the 
order Chaetophorales, and to test the monophyly of species-rich genera. (Paper 1)  
 
 
 

(2) To test the relation between CBC ITS2 - clades and the taxonomic level of 

organisms in the green algal order Ulvales. (Paper 2) 
 
 
 
(3) To study the way in which CBCs evolve and to analyze the non-homoplasious 
and homoplasious history of CBCs and hCBCs-type substitutions. (Paper 2) 
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4. Outline of the thesis 
To address the question of the relationships among the chaetophoralean families, as well 

as to investigate the monophyly of the species-rich genera, the nuclear–encoded SSU 

rDNA sequences from 30 strains covering all three described families in the 

Chaetophorales have been obtained. Subsequently-performed phylogenetic analyses 

indicate (1) a basal phylogenetic position for the Schizomeridaceae and the weakly-

supported Aphanochaetaceae, and (2) that the species-rich genera Chaetophora and 

Stigeoclonium are polyphyletic. Moreover, the revealed polyphyly of Chaetophora and 

Stigeoclonium has been clearly supported also by NHS synapomorphies in the SSU 

rRNA secondary structure.  

The results clearly indicate that traditional morphological criteria for defining genera 

and species of the order Chaetophorales are either homoplasious or plesiomorphic and 

need to be re-evaluated (Paper 1 – Polyphyly of Chaetophora and Stigeoclonium 

within the Chaetophorales (Chlorophyceae), revealed by sequence comparisons of 

nuclear-encoded SSU rRNA genes). 

 

To test the relation between CBC – clades of ITS2 and the taxonomic level of 

organisms in the green algal order Ulvales, the ITS2 sequences of 86 taxa covering five 

families were investigated. Most sequences are conservative in length and facilitated the 

generation of a consensus model for the ITS2 secondary structure and allowed the 

establishment of a new numbering system of ITS2 to unambiguously describe and 

locate base pairs, CBCs and hCBCs. By mapping CBC and hCBC – type substitutions 

on the tree topology the following results were obtained: (1) In the Ulvales, the presence 

of CBCs is not restricted to a particular taxonomic level. (2) Most CBC ‘clades’ sensu 

Coleman are paraphyletic and should thus be named CBC ‘grades’. (3) The phenetic 

approach of species delimitation can be misleading, therefore all CBCs and hCBCs 

should be mapped on the phylogenetic tree. (4) Hemi-CBCs do not represent an 

intermediate step in the evolution of CBCs, both CBCs and hCBCs evolved 

independently (Paper 2 – Close up view on ITS2 evolution and speciation – a case 

study in the Ulvophyceae (Chlorophyta, Viridiplantae) ). 
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Abstract  
 
Previously published molecular phylogenetic analyses of the Chaetophorales 
(Chlorophyceae) suffered from limited taxon sampling (six genera with only a single 
species per genus). To test the monophyly of species-rich genera, and to analyze the 
phylogenetic relationships among families and genera in the Chaetophorales, we 
determined nuclear-encoded SSU rDNA sequences from 30 strains of Chaetophorales, 
performed phylogenetic analyses using various methods, and screened clades for 
support by unique molecular synapomorphies in the SSU rRNA secondary structure. 
The Schizomeridaceae and the weakly supported Aphanochaetaceae were recovered as 
basal lineages. The derived family Chaetophoraceae diverged into two clades: the 
‘Uronema-clade’ containing unbranched filaments, and a sister clade designated as 
‘branched Chaetophoraceae’ comprising Chaetophora, Stigeoclonium, Draparnaldia, 
Caespitella, and Fritschiella. Although some terminal clades corresponded to genera 
described, e.g. Caespitella and Draparnaldia, other clades were in conflict with 
traditional taxonomic designations. Especially, the genera Stigeoclonium and 
Chaetophora were shown to be polyphyletic. The globose species Chaetophora elegans 
was unrelated to lobate Chaetophora spp., e.g. C. lobata. Since the original description 
of Chaetophora referred to a lobate thallus organization, the latter clade represented 
Chaetophora sensu stricto. In consequence, C. lobata was designated as lectotype of 
Chaetophora. Two Stigeoclonium species, S. farctum and S. ‘Longipilus’, diverged 
independently from the type species of Stigeoclonium, S. tenue. These results indicated 
that some commonly used taxonomic characters are either homoplasious or 
plesiomorphic, and call for a re-evaluation of the systematics of the Chaetophorales 
using novel morphological and molecular approaches. 
 
Translation into Czech language: 

Doposud publikované molekulárně-fylogenetické analýzy řádu Chaetophorales 

(Chlorophyceae) obsahovaly limitovaný počet taxonů (pouze po jednom zástupci ze 

šesti rodů). Abychom otestovali monofylii druhově bohatých rodů a fylogenetické 

vztahy mezi popsanými čeleděmi a rody řádu Chaetophorales, sekvenovali jsme 18S 

rDNA gen ze 30 kmenů řádu Chatophorales. Získané sekvence byly analyzovány 

pomocí různých fylogenetických metod. Monofyletické skupiny organismů byly dále 

testovány, zda jsou charakteristické, tzn. odlišné od ostatních taxonů, přítomností 

unikátních molekulárních znaků v 18S rRNA sekundární struktuře. Čeleď 

Schizomeridaceae a slabě podpořená čeleď Aphanochaetaceae byly situovány na bázi 

fylogenetického stromu. Odvozená čeleď Chaetophoraceae byla rozdělena do dvou 

monofyletických skupin: “Uronema clade” (zahrnující něvetvené stélky) a “branched 

Chaetophoraceae” (zahrnující rody Chaetophora, Stigeoclonium, Draparnaldia, 

Caespitella, a Fritschiella). Ačkoli některé terminální monofyletické skupiny 

odpovídaly popsaným rodům (např. Caespitella a Draparnaldia), jiné monofyletické 

skupiny ukázaly jasný rozpor s tradičně vymezenými rody. Rody Stigeoclonium a 

Chaetophora se ukázaly být polyfyletické. Druh s kulovitou morfologií 

makroskopických kolonií – Chaetophora elegans – nebyl fylogeneticky příbuzný s 

Chaetophora spp. s lalokovitým tvarem kolonií, např. Chaetophora lobata. Protože 
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lalokovitý tvar kolonií je součástí originálního popisu rodu Chaetophora, clade 

obsahující taxony s lalokovitými koloniemi byl označen jako Chaetophora sensu stricto. 

Následně C. lobata byla designována jako lektotyp rodu Chaetophora. Dva druhy rodu 

Stigeoclonium, Stigeoclonium farctum Berthold a Stigeoclonium ‘Longipilus’, jsou 

vzdáleně příbuzní typovému druhu rodu Stigeoclonium, Stigeoclonium tenue (C. 

Agardh) Kütz. Získané výsledky jasně ukazují, že některé běžně užívané morfologické 

znaky v taxonomii těchto řas jsou homoplasizické nebo plesiomorfické, a že k 

přehodnocení taxonomické situace v řádu Chaetophorales je nutná studie širšího spektra 

morfologických znaků za jasně stanovených podmínek stejně tak sekvenace více genů. 
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Abstract  
 
Background 

The second Internal Transcriber Spacer (ITS2) is a fast evolving part of the nuclear-

encoded rRNA operon located between the 5.8S and 28S rRNA genes. Based on 

crossing experiments it has been proposed that even a single Compensatory Base 

Change (CBC) in Helices 2 and 3 of ITS2 indicates sexual incompatibility and thus the 

limit between biological species. Taxa without any CBC in these ITS2 regions were 

designated ‘CBC-clade’. However, in depth comparative analyses of ITS2 secondary 

structures, ITS2 evolution, the origin of CBCs, and their relationship to biological 

species have rarely been performed. To gain ‘close-up’ insights into ITS2 evolution, (1) 

86 sequences of ITS2 including secondary structures have been investigated in the 

green algal order Ulvales (Chlorophyta, Viridiplantae), (2) after recording all existing 

substitutions, CBCs and hemi-CBCs (hCBCs) have been mapped upon the ITS2 

phylogeny, rather than merely comparing ITS2 characters among pairs of taxa, and (3) 

the relation between CBCs, hCBCs, CBC-clades, and the taxonomic level of organisms 

was investigated in detail. 

 

Results 

High sequence and length conservation allowed the generation of an ITS2 consensus 

secondary structure, and introduction of a novel numbering system of ITS2 nucleotides 

and base pairs. Alignments and analyses were based on this structural information, 

leading to the following results: (1) in the Ulvales, the origin of a CBC is not linked to 

any taxonomic level, (2) most CBC ‘clades’ sensu Coleman are paraphyletic, and must 

correctly be named CBC grades. (3) the phenetic approach of pairwise comparison of 

sequences can be misleading, and thus, CBCs/hCBCs should be investigated in their 

evolutionary context, including homoplasy events (4) CBCs and hCBCs in ITS2 helices 

evolved independently, and we found no example for a CBC that originated via two-

fold hCBC substitution.  

 

Conclusions 

Our case study revealed several discrepancies between ITS2 evolution in the Ulvales 

and generally accepted assumptions underlying ITS2 evolution as e.g. the CBC-clade 

concept. Therefore, we developed a suite of methods providing a critical ‘close-up’ 

view into ITS2 evolution by directly tracing the evolutionary history of individual 

positions, and we caution against a non-critical use of the ITS2 CBC-clade concept for 

species delimitation.  
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Translation into Czech language: 

Úvod: ITS2 je rychle se vyvíjející část jaderného rRNA operonu, nacházející se mezi 

5.8S a 28S rRNA geny. Na základě výsledků získaných křížením studovaných 

organismů se předpokládá, že dokonce už jedna změna dvou nukleotidů, které stále 

zachovávají párování, tzv. Compensatory Base Change (CBC), v ITS2 helixech 2 a 3, 

vede k blokaci sexuálního rozmnožování, a tudíž určuje hranici mezi biologickými 

druhy. Organismy bez žádné CBC v ITS2 helixech 2 a 3 jsou označovány jako ‘CBC 

clade’. Nicméně, detailní srovnávací analýza ITS2 sekundárních struktur, vznik CBCs a 

jejich vztah/shoda s hranicí vymezení biologického druhu byly jen velmi zřídka 

studovány. K tomu, abychom získali detailní náhled na ITS2 evoluci jsme: (1) studovali 

86 ITS2 sekvencí z řádu Ulvales (Chlorophyta, Viridiplantae) včetně jejich 

sekundárních struktur, (2) zaznamenali jsme všechny existující substituce na 

jednotlivých pozicích v ITS2. Poté, místo jednoduchého porovnávání CBC substitucí v 

sekundárních strukturách mezi dvojicemi studovaných organismů, byly všechny 

CBCs/hCBCs mapovány na ITS2 fylogenetický strom, a (3) jsme detailně studovali 

vztahy mezi CBCs, hCBCs, CBC-clades s taxonomicky vymezenými kategoriemi. 

Výsledky: Vysoká shodnost sekvencí v motivech a délce umožnila vytvoření consensu 

sekundární struktury ITS2 a zároveň uvedení jednotného číslovacího systému 

nukleotidů a bází ITS2. Alignment a analýzy korigované a založené na informaci 

sekundární struktury ITS2 vedly k následujícím zjištění: (1) v řádu Ulvales se vznik 

CBC nevztahuje k žádné taxonomicky vymezené kategorii, (2) většina CBC ‘clades’ 

sensu Coleman je parafyletických a musí být pojmenovány jako CBC grades, (3) 

fenetický přístup k porovnávání párů sekvencí může vést k nesprávným závěrům, a 

proto by vždy měla být studována evoluce CBC/hCBC, zahrnující také homoplázie, (4) 

CBC a hCBC v ITS2 vznikly nezávisle na sobě. Ve studovaném řádu Ulvales nebyl 

nalezen jediný příklad, kdy by CBC vznikla pomocí dvou po sobě následujících hCBC 

substitucí. 

Závěry: Naše pilotní studie demonstruje několik zásadních nesrovnalostí mezi ITS2 

evolucí v řádu Ulvales a mezi obecně uznávanými předpoklady/pravidly vztahující se k 

evoluci ITS2 obecně, jako např. CBC- clade koncept. Na základě těchto zjištění jsme 

vyvinuly skupinu vzájemně propojených metod, které umožňují detailní pohled na ITS2 

evoluci díky sledování evolučních změn na jednotlivých pozicích. Naše výsledky jasně 

varují proti ‘obecnému’ používání ITS2 CBC clade koncept jako markeru pro vymezení 

druhů bez detailnějšího pohledu na ITS2 evoluci studované skupiny organismů. 
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7. Conclusions of the thesis 
 

In the present contribution, the first detailed molecular phylogenetic investigation of the 

order Chaetophorales s.s. based on the nuclear-encoded SSU rRNA gene has been 

provided. Moreover, it has been clearly demonstrated that the traditional delimitation of 

the common chaetophoralean genera (Chaetophora and Stigeoclonium) based 

exclusively on structural characters is inconsistent with the results obtained by the 18S 

rDNA phylogeny. The revealed polyphyly of the genera Chaetophora and 

Stigeoclonium has been further supported by NHS molecular synapomorphies in the 

SSU rRNA secondary structure. Although the nuclear-encoded SSU rRNA gene has 

proven to be insufficient to unravel all phylogenetic relationships, the results gained 

obviously indicate either a homoplasious or plesiomorphic trait of some commonly used 

taxonomic features, and call for an overhaul of the systematics of the Chaetophorales 

using new morphological and molecular approaches. In addition, a first detailed 

comparative investigation of the ITS2 secondary structure as well as tracing the 

evolutionary history of all ITS2 substitutions in the green algal order Ulvales led to a 

completely new view into ITS2 evolution demonstrating the weakness of the generally 

accepted rules delineating the CBC ITS2-clade species concept. It came as surprise that 

most CBC-clades sensu Coleman are not monophyletic, and that at least in the Ulvales, 

the presence of CBCs is not restricted to a single taxonomic level. Beside that it has 

been clearly shown that the simple comparison of ITS2 characters among pairs of taxa 

without consideration of their evolutionary history (i.e. phenetic approach) can be 

misleading. Therefore a generally applicable suite of methods providing a detailed view 

into ITS2 by directly tracing the evolution of individual characters has been proposed. 
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