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Abstract 

The Rhodophyta (red algae) are an ancient crown group of the Eukarya (ca. 1400-1500 

million years), comprised of 5000 - 6000 species. Gametophytes of taxa excluding the 

speciose Class Florideophyceae are typically of very simple unicellular, filamentous or 

foliose morphologies. These simple morphologies are often homoplasious (resulting from 

convergent or parallel evolution) and can be indistinguishable among distinct taxa, leading to 

cryptic species. As a result, historical morphology-based taxonomy is often not congruent 

with evolutionary history. 

 Intraspecific genetic variation is not yet characterized for non-Florideophyceae taxa. 

Here the intraspecific genetic variation was characterized for a locally endemic, 

morphologically distinct bangiophyte red alga, Bangia maxima Gardner using inter simple 

sequence repeat (ISSR) patterns from 91 individual filaments across seven local populations. 

A high degree of genetic variation was observed over very small distances (< 25 cm) and 

very little genetic exchange was observed between populations. It is possible that B. maxima 

is a true endemic species and its population dynamics may differ from other Bangia species. 

 Metrics of sequence-based identification rely on genetic divergence among isolates to 

distinguish taxonomic units independent of morphology. Such metrics are especially useful 

for morphologically simple or cryptic species. The mitochondrial cytochrome oxidase c 

subunit 1 gene has been proposed for the Florideophyceae. An evaluation of this gene as a 

metric for non-Florideophyceae taxa was undertaken and limited utility was demonstrated in 
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most lineages of Rhodophyta due to poor or inconsistent amplification and conflicts with 

nuclear and plastid phylogenies. 

 Patterns of genetic divergence among taxa are used to infer evolutionary 

relationships. The nuclear ribosomal small subunit (nSSU rRNA) is the taxonomically 

broadest pool of gene sequence data for the Rhodophyta. The use of stochastic models of 

nucleotide evolution is the most common approach to inferring phylogenies using this gene, 

ignoring much of its evolutionary information as different characters that contribute to 

secondary structure (e.g. paired nucleotides) are treated independently. The incorporation of 

structural information leads to more biologically realistic evolutionary models increasing 

phylogenetic resolution. Parametric models incorporating structural information were used 

here to more fully resolve phylogenies for all known Rhodophyta lineages. Novel 

phylogenetic topologies were observed and well supported for each Class within the 

Rhodophyta resulting in a number of formally proposed or suggested taxonomic revisions. 

These include phylogenetic resolution of Rhodophyta Classes, support for the introduction of 

11 genera within the Bangiales and support for various taxonomic revisions within the 

Florideophyceae previously proposed but not yet fully adopted. 

 As structure evolves more slowly than its constituent sequence, secondary structure 

elements can further resolve evolutionary relationships, especially in lineages as old as the 

Rhodophyta. A novel encoding of secondary structure elements and subsequent multivariate 

analysis was performed for all known Rhodophyta nSSU rRNA gene sequences, reinforcing 

phylogenetic results. Computer programs developed for these analyses are publicly available. 
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 The analyses presented here significantly advanced understanding of the evolutionary 

distribution of cryptic species within the Rhodophyta. Furthermore, useful methods for the 

characterization of such species are presented, as is a demonstration of the utility of 

biologically realistic sequence models parameterizing nSSU rRNA structure in resolving 

ambiguous phylogenetic relationships. Most importantly, this work also represents a 

significant improvement toward taxonomy congruent with evolutionary history for the 

Rhodophyta. 
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non-Florideophyceae Rhodophyta. 

2. Due to simple morphologies the genus Bangia likely contains a number of cryptic 

species. The marine species Bangia maxima Gardner and Bangia vermicularis Harvey 

are two species of Bangia with distinct, unique morphologies relative to the vast 

majority of morphologically indistinguishable isolates within the genus. Results in 

Chapter 2 represent the first phylogenetic placement of these two species within the 

broader monophyletic Bangiales. Notably, these species were strongly related to only 

one of at least four independent, morphologically indistinguishable lineages of 

Bangia. These results clearly established morphological basis for the recognized 

paraphyly of Bangia, stimulating, in part, a taxonomic revision of the entire Bangiales 

order. 

3. Due to the presence of cryptic species within the Bangiophyceae sensu lato a 

molecular marker suitable for discrimination of unique isolates is required. The 

traditional barcoding gene (mitochondrial cytochrome c oxidase subunit I), a gene 

showing promise in species discrimination within the more recently derived 

Florideophyceae, was evaluated for other lineages within the Rhodophyta. This work 
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DNA barcoding marker for all Rhodophyta. Most significantly, the inability or 

differential ability to amplify and sequence the gene in many non-Florideophyceae 

lineages was observed. Additionally, it is unclear whether the gene can discriminate 

local endemic species (e.g. Bangia vermicularis Harvey). The resolution of 

disagreements between species groupings using this gene and groupings defined by 

other gene phylogenies (e.g. nSSU rRNA and rbcL) remains problematic. 

4. Traditional taxonomy of the Rhodophyta, excluding Bangiophyceae sensu stricto and 

Florideophyceae, does not reflect evolutionary relationships, due primarily to simple 

and homoplasious morphology. By incorporating information on secondary structure 

of the nSSU rRNA, including length polymorphisms of variable regions as well as 

evolutionary models that incorporate nucleotide-pairing information, significant 

advances in the supra-ordinal taxonomy of this group were achieved (Chapter 4). The 

three primary advances are outlined below (5-7). 

5. Presented in Chapter 4 is the strongest phylogenetic resolution of three monophyletic 

lineages containing Bangiophyceae sensu lato taxa (Eurhodophytina, 

Rhodellophytina and Cyanidiophytina), in support of recent suggested taxonomic 

revisions within the Rhodophyta (Saunders and Hommersand, 2004; Yoon et al., 

2006a). 

6. Currently, the ordinal taxonomy within the Rhodellophytina (Bangiophyceae sensu 

lato excluding the Cyanidiales and Bangiales) is unresolved and maintained as a 

polytomy. The results presented in Chapter 4 strongly support the resurrection of 
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three classes, the Porphyridiophyceae Kylin ex Skuja 1939, the Rhodellophyceae 

Cavalier-Smith 1998 and the Stylonematophyceae H.S. Yoon, K.M. Müller, R.G. 

Sheath, F.D. Ott & D. Bhattacharya 2004. 

7. The Porphyridiophyceae is a taxon novel to this research (constituent orders include 

the Compsopogonales, Erythropeltidales, Rhodochaetales and Porphyridiales). 

Phylogenetic evidence and molecular morphometric signatures of nSSU rRNA 

secondary structure presented in Chapter 4 provide significant support for the 

monophyly of the class and the organization of the constituent ranks. 

8. Phylogenetic results in Chapter 4 are a significant improvement over current 

taxonomy schemes. Taxonomic revisions consistent with these results are formally 

presented. 

9. The phylogenetic distribution of unicellular Bangiophyceae sensu lato (Chapter 4), 

previously unresolved or poorly resolved, provides insight into the development of 

multicellularity within the Rhodophyta. Assuming the ancestral Rhodophyta 

morphology was unicellular the results herein suggests that multicellularity evolved 

three times independently within the Bangiophyceae sensu lato, once each along the 

branches leading to the Bangiales and the Stylonematales and once in the common 

ancestor of the Porphyridiales and the Compsopogonales, Rhodochaetales and 

Erythropeltidales. This is a more parsimonious development of multicellularity than 

would be suggested by other recent phylogenetic work within the group. 
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10. Analysis of the lengths of the variable loop regions of the nSSU rRNA structure 

presented in Chapter 4 uncovered a significant, systematic minimization of the nSSU 

within lineages of Bangiophyceae sensu lato taxa other than the Bangiales. This 

observed structural simplification was only previously characterized in prokaryote 

taxa correlated with streamlining of rapidly replicating genomes. Asexuality appears 

to be a contributing factor as the lineages with minimized structures tended to be from 

known or putatively asexual taxa (e.g. variable loop regions from Bangia 

atropurpurea are minimized relative to other Bangiales taxa).  

11. The cryptically sexual extremophilic Cyanidiales, which should have a higher 

likelihood of mutational changes due to environmental conditions, had remarkably 

stable loop lengths within the nSSU rRNA secondary structure (Chapter 4). This 

stability contrasts with the high sequence variation in nSSU rRNA observed across 

the Cyanidiales and indicates that evolutionary pressures on the conservation of 

secondary structure may be acting more strongly on variable loop regions than 

previously recognized. 

12. Observed and characterized non-canonical nucleotide pairing signatures from the 

nSSU rRNA secondary structure very strongly favour the taxonomy presented in 

Chapter 4. In future work these nucleotide signatures can be used to aid taxonomic 

characterization of novel Rhodophyta species. More generally, this technique could 

prove useful in clarifying taxonomy within any group where the age of the lineage in 

question obscures phylogenetic signal. 
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13. Chapter 5 contains phylogenetic analysis of the most taxonomically diverse sequence 

data set of Bangiophyceae sensu stricto and Florideophyceae (the subphylum 

Eurhodophytina) so far constructed. These analyses demonstrated that by 

incorporating secondary structure information of the nSSU rRNA gene phylogenetic 

resolution can be significantly increased relative to current single and multigene 

phylogenies. Results within the Eurhodophytina suggest significant taxonomic 

revisions outlined in 14-19 below. 

14. The genus Porphyra is well recognized as polyphyletic relative to Bangia 

(Bangiales); however, the full extent of the relationship between these taxa has been 

poorly characterized. The phylogenetic analysis and broad taxonomic sampling 

presented in Chapter 5 identified 16 independent lineages at the genus level, 15 of 

which had full or nearly full phylogenetic support. In all, there were three filamentous 

‘Bangia’ and eight foliose ‘Porphyra’ lineages that are candidates for the erection of 

new genera. These results contributed directly to a complete taxonomic revision of 

the Bangiales (Broom et al., in press). 

15. Due to the taxonomic overhaul within the Bangiales, taxonomy presented or 

suggested in Chapter 5 is now congruent with the evolutionary conversion of the 

filament (likely ancestral) to foliose (derived) gametophytes of Bangiales taxa. These 

broad-scale phylogenetic and taxonomic results provide insight into the evolutionary 

history of gametophyte development as previously suggested by investigations into 

Bangia maxima (Chapter 2). 
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16. Significantly increased phylogenetic resolution and the broad taxonomic sampling in 

the Florideophyceae observed in Chapter 5 identified significant departures from 

previous taxonomic schemes. One of four subclasses, the Nemaliophycidae, 

previously characterized as monophyletic was strongly supported as two independent 

lineages in these analyses. Changes were suggested to correct for this, with the 

erection of the Corallinophycidae sensu L. LeGall and G.W. Saunders (2007), 

containing the orders Corallinales and Rhodogorgonales, and the Nemaliophycidae 

sensu stricto, containing the remaining Nemaliophycidae sensu lato orders. Notably, 

the Corallinophycidae was strongly resolved here with a single gene region (nSSU 

rRNA) contrasting the multigene analysis required in its original proposal. 

17. Several previously uncharacterized or poorly characterized orders were resolved in 

analyses presented in Chapter 5. Among them, the observation of several non-

monophyletic orders and families within the Florideophyceae. 

18. Incongruence between phylogeny and taxonomy can sometimes be the result of 

sequence provenance as opposed to true non-monophyletic taxa, which is exacerbated 

by the use of public sequence databases such as GenBank. Strong phylogenetic 

resolution observed in Chapter 5 was achieved using a single orthologous gene (nSSU 

rRNA) demonstrated several likely cases of sequence annotation errors within the 

Florideophyceae. The use of such sequences can be problematic as taxonomy is 

increasingly reliant on data mining approaches to phylogenetics. For example, the 

inclusion of Delisea hypneoides Harvey (Accession #: EF033585) in multigene work 

(Verbruggen et al., 2010). 
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19. The novel application of models of sequence evolution incorporating RNA secondary 

structure information in phylogenetic analyses provided significant insight into the 

evolutionary relationships among Rhodophyta taxa, taking advantage of an extremely 

mature and taxonomically reliable data set (Chapters 4 and 5). This contrasts with 

recent approaches using data from multiple gene sequence regions to infer 

relationships. While the approach of multiple sequence sets is very useful in the 

characterization of difficult evolutionary relationships, generation of such data sets 

can be problematic and their analysis challenging. Here is proposed an alternative 

approach that, while much more computationally intensive than single gene analyses 

using stochastic models (e.g. General Time Reversible, GTR), can be performed 

relatively rapidly with orthology and taxonomic consistency (sequences from a single 

individual). Results can then accurately inform downstream multigene studies. 

20. Generally the structure of molecules such as proteins and RNA evolves at a slower 

rate than the underlying sequence. Furthermore, some sequence data from 

evolutionary divergent taxa are often excluded from phylogenetic analysis due to 

mutational saturation and ambiguous character alignment. Analysis of structural 

characteristics of molecules, or molecular morphometrics, can utilize discarded 

information and provide additional support for derived phylogenies. Chapter 6 

discusses the design and implementation of the first software tools for the evaluation 

of RNA morphometrics. These software tools are open source and publicly available. 

21. Molecular morphometrics of the nSSU rRNA gene as presented in Chapter 6 

provided some support for phylogenies inferred from phylogenetics of sequence data. 
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The utility of these tools was strongest for non-Eurhodophytina taxa, which occur on 

longer branches implying more evolutionary distance. The method is extremely fast 

(computationally instantaneous) and can be applied to any RNA sequence for which 

the structure of at least one constituent sequence is known. 

22. Molecular morphometrics as implemented in Chapter 6 can also rapidly and 

effectively screen large sets of sequence data for unique secondary structure 

characteristics, manifested as large distances to the isolate with the unique character 

(or long branch lengths in UPGMA or Neighbor Joining trees). This approach 

successfully distinguished isolates currently known to have synapomorphic characters 

(e.g. Thoreales) and identified previously unknown potential structural characteristics 

useful for the definition of taxonomic lineages (e.g. Porphyra purpurea). 
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Chapter 1 

General Introduction 

The Rhodophyta (red algae) is a eukaryotic lineage comprised of 5000-6000 predominantly 

marine species distributed over ca. 700 genera (Guiry and Dhonncha, 2002), ranging from 

microscopic unicells to large (up to 1 m) multicellular organisms. These organisms represent 

an ancient crown group of Eukarya, occupying a distinct lineage of the eukaryotic tree of life 

that diverged from other eukaryotes ca. 1400-1500 million years ago (Ma) (Lim et al., 1996; 

Yoon et al., 2004). Furthermore, the majority of the lineages within the Rhodophyta had 

diverged before the putative split of the Chlorophyta (green algae) and the charophyte-

embryophyte lineage ca. 1200 Ma (Yoon et al., 2004). 

Species of Rhodophyta have highly divergent biochemistry, ultrastructure and 

morphology, with no single synapomorphy defining the entire group (Garbary and 

Gabrielson, 1990). There are, however, a number of characters that do not occur 

simultaneously within any other eukaryotic linage. These include a complete lack of a 

flagellated stage, basal bodies, a dual-membraned plastid with unstacked thylakoids lacking 

chlorophyll b and c, and floridean starch as the photosynthetic reserve (Garbary and 

Gabrielson, 1990; Bhattacharya and Medlin, 1995). 

The Rhodophyta are primarily distributed along the coastal and near coastal regions 

of tropical, temperate and arctic regions (Graham and Wilcox, 2000). They are 

predominantly free-living organisms contributing significantly to primary production in 

marine ecosystems and providing structural habitats to some aquatic organisms. Additionally, 

some species of Rhodophyta are economically valuable as sources of carrageenan 
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(Chondrus) and food, such as Dulce (Palmaria) and Nori (Porphyra). Nori, in particular, is 

one of the world’s most significant aquaculture crops with an annual multi-billion dollar 

retail market (Mumford and Miura, 1988; Merrill, 1993). While the economic development 

of crops such as Nori has progressed further in Asian markets, most notably Japan, there is a 

recent interest in expanding aquaculture programs in North America, particularly National 

Science Foundation initiatives in the United States (S. Brawley, personal communication). 

1.1 Taxonomic within the Rhodophyta 

The Rhodophyta is a monophyletic lineage that shares a most recent common ancestor with 

the Chlorophyta (Van de Peer et al., 1996; Stiller and Hall, 1997; Lewis and McCourt, 2004). 

The Rhodophyta also have a long independent evolutionary history and represent the first 

instance of multicellularity and sexuality in the fossil record (Butterfield, 2000, 2001; 

Butterfield et al., 1990). Due to the morphological simplicity of many species within the 

Rhodophyta the taxonomy has undergone considerable revision since the introduction of 

molecular sequence analysis. Traditionally, species were broadly separated into two groups, 

the classes Bangiophyceae and Florideophyceae within the phylum Rhodophyta (Chapman, 

1974; Garbary et al., 1980; Garbary and Gabrielson, 1990; Saunders and Hommersand, 2004) 

or alternatively the Bangiophycidae and Florideophycidae subclasses within the class 

Rhodophyceae (Gabrielson et al., 1985). 

The much more species rich and morphologically variable Florideophyceae, 

containing ca. 5800 species (Guiry and Dhonncha, 2002), are widely considered to be 

monophyletic and likely derived from an ancestral bangiophyte (Garbary and Gabrielson, 
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1990; Freshwater et al., 1994; Ragan et al., 1994; Saunders and Kraft, 1997; Müller et al., 

2001a). The Bangiophyceae sensu lato (s.l.) is a morphologically simple, highly genetically 

divergent class with organisms ranging from unicells to multicellular filaments and sheets, 

and may retain characters present in the ancestral red algae (Garbary and Gabrielson, 1990; 

Gabrielson et al., 1990, 1985). In contrast to the Florideophyceae, the Bangiophyceae s.l. is a 

paraphyletic taxon, clearly recognized as such with the proliferation of molecular sequence 

data in phylogenetic analysis (Müller et al., 2001a; Yoon et al., 2006a; Oliveira and 

Bhattacharya, 2000). Such data provided novel taxonomic information, as these organisms 

are generally of simple morphology and lack taxonomically stable morphological characters. 

As a consequence, taxonomy of the Bangiophyceae s.l. has been an active area of research in 

phycology in recent years, such as the recognition of the Porphyridiales s.l. as a polyphyletic 

order corresponding to three independent lineages of unicellular red algae (Saunders and 

Hommersand, 2004; Yoon et al., 2006a). The definition of the major lineages of red algae 

using multiple gene sequence data has resulted in a moderately well supported ordinal-level 

taxonomy for the Rhodophyta considerably updated from traditional taxonomy (Yoon et al., 

2006a). Despite these advances, the supraordinal taxonomy of these groups is poorly 

understood and is often considered a polytomy awaiting further taxonomic resolution 

(Saunders and Hommersand, 2004; Yoon et al., 2006a). Common historical and modern 

taxonomic proposals for the Rhodophyta are presented in Table 1-1. 
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1.2 Species definition and DNA barcoding in the Rhodophyta 

In order to effectively address ecological concerns such as species diversity, population 

genetics and biogeography, as well as more fully resolve taxonomy, a cohesive and 

reproducible species concept is required for organisms in the Rhodophyta. Currently, species 

within the Rhodophyta are almost exclusively defined based on morphological 

characteristics. The Bangiophyceae s.l. (Table 1.1) are morphologically simple algae existing 

as unicells, single filaments or sheet-like gametophytes. This lack of morphological variation 

has resulted in a low number of named species considering the age of the lineage and 

contrasting with the much more species-rich Florideophyceae. Consequently, there is a high 

potential for cryptic species. For example, all marine isolates of Bangia with 

indistinguishable morphologies are all currently recognized as Bangia fuscopurpurea, despite 

occupying a minimum of four independent evolutionary lineages observed from gene 

sequence phylogenies (Müller et al., 2005; Nelson et al., 2006; Lynch et al., 2008). 

Furthermore, distinct endemic species of marine Bangia with discernable morphologies, 

Bangia vermicularis and Bangia maxima, both have a closer evolutionary relationship with 

one lineage of Bangia fuscopurpurea than that lineage has with any other Bangia 

fuscopurpurea lineage (Lynch et al., 2008). Further complicating the delineation of species in 

the Rhodophyta is that many species are either asexual or cryptically sexual. 

To resolve difficulties in Rhodophyta species identification, a molecular-based tool 

for species discrimination is desirable. Unfortunately, research into the utility of specific 
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DNA sequence markers is still nascent in the Rhodophyta. Widely acknowledged proposals 

for the use of DNA sequence tools in species discrimination, e.g., DNA barcoding (Hebert et 

al., 2003), demonstrate the utility of such tools for animal phyla. The original gene region 

proposed for DNA barcoding (the 5’ region of the cytochrome oxidase c subunit 1) was 

chosen with no a priori preference for its use in all taxa and only chosen for its utility within 

animals. While the use of the cytochrome oxidase c subunit 1 gene among other candidates is 

arbitrary, currently the only investigations into DNA barcoding for the Rhodophyta 

(primarily Florideophyceae) utilize this gene (Saunders, 2005; Robba et al., 2006). 

Investigations into the utility of DNA barcoding using existing protocols is required for the 

Bangiophyceae s.l., considering these organisms have a higher potential for cryptic species 

due to very simple and often homoplasious morphologies as well as the relative paucity of 

investigations into species distribution and diversity within the group. 

1.3 Taxonomic utility of the nSSU rRNA gene 

The nuclear small subunit ribosomal RNA (nSSU rRNA) gene region has a long history of 

use in molecular phylogenetics and systematics (Woese and Fox, 1977), and is the most 

widely used gene for such studies. The gene possesses several features that make it well 

suited to such applications. The nSSU rRNA gene is ubiquitous, occurring in all domains 

(Archaea, Bacteria and Eukarya), orthologous and easy to use in the laboratory environment. 

Additionally, and perhaps most useful in molecular systematics, the nSSU rRNA contains a 

secondary structure consisting of nucleotide paired regions (helices) and non-paired loop 

regions (Figure 1-1) that is generally highly conserved (Van de Peer et al., 1997). 

Consequently, the evolutionary conservation (or, alternatively, the rate of sequence 
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divergence) varies across a single sequence, with helical (paired) regions accumulating 

mutations slowly and looped (unpaired) regions more rapidly. This allows for various 

degrees of phylogenetic resolution and the evaluation of different ranges of evolutionary 

distance (e.g. phylum to genus) using a single gene. 
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Figure 1-1: Structural diagrams of the nuclear small subunit ribosomal RNA representing 

major crown lineages of Eukarya: (A) Bangia fuscopurpurea (Rhodophyta), (B) Arabidopsis 

thaliana (Plantae), (C) Ustilago maydis (Fungi), (D) Homo sapiens (Metazoa), (E) 

Alexandrium fundyense (Alveolata) and (F) Thalassiosira eccentrica (Bacillariophyta), as 

well as Archaea: (G) Haloferax volcanii and (H) Bacteria: Escherichia coli. General 

classifications of Eukarya are consistent with recent proposals (Adl et al., 2005). GenBank 

accession numbers of corresponding sequence follow species names. Diagrams were inferred 

from patterns of compensatory mutations and were supplied by the Comparative RNA 

Website (Cannone et al., 2002). 
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Haloferax volcanii (K00421)G. Bacteria

Escherichia coli (J01695)H.



 

 11 

The secondary structure of the nSSU rRNA molecule can be accurately predicted 

using comparative sequence analysis, which identifies compensatory nucleotide mutations 

across a multiple sequence alignment thereby indicating interacting nucleotides. This allows 

the identification of conserved structural elements despite variations in underlying 

nucleotides (Fox and Woese, 1975; Gutell et al., 1985; Woese and Pace, 1993; Cannone et 

al., 2002). These inference-based models of nSSU rRNA secondary structure correctly 

identified approximately 97% of base pairs when compared to high-resolution crystal 

structures of the ribosomal subunits (Ban et al., 2000; Wimberly et al., 2000), indicating a 

high confidence in predicted homologous sites in sequences aligned using this approach. 

The alignment of sequence data is difficult and is the least automated component of 

phylogenetic sequence analysis. Sequences demonstrating high sequence identity, e.g., 

closely related sequences, are readily aligned with a high degree of confidence. 

Unfortunately, as sequence divergence increases so does the complexity of sequence 

alignment leading to the potential alignment of homoplasious characters, which corrupts 

downstream phylogenetic sequence analysis. The nSSU rRNA has a predictable and 

conserved secondary structure across large evolutionary time spans. This conservation of 

structure enables the delineation in the sequence of interacting nucleotides, which contribute 

to secondary structure. These sites can then be used as anchor points in sequence alignment, 

improving overall confidence in the alignment and improving downstream phylogenetic 

analysis of the gene sequence data. The inclusion of secondary structure information into the 

alignment of nSSU rRNA sequences has increased the accuracy and efficiency of these 

alignments and alignment algorithms over sequence identity methods. Additionally, 
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structural characteristics such as the distribution of interacting nucleotides and the 

delineation of structural components is widely available due to the continued development of 

research infrastructure for the analysis of nSSU rRNA gene sequence data (e.g. Ribosomal 

Database Project (Cole et al., 2009), SILVA (Pruesse et al., 2007) and the Comparative RNA 

Website (Cannone et al., 2002)). 

1.3.1 The influence of structural models on phylogenetic analysis of nSSU rRNA 
sequence data 

Nucleotides tend to evolve non-randomly in gene sequences. For example, some positions 

can accumulate mutations more rapidly than others due to relaxed selective constraints (e.g. a 

‘wobble’ in the third base-pair position of a codon due to the redundant genetic code). 

Additionally, back mutations, or mutations that return a previously mutated nucleotide back 

to the ancestral state, can obscure evolutionary distance among sequences. Due to such 

factors, the evolutionary distance between two sequences cannot be measured accurately by 

summing the nucleotide differences between them (p-distance). Alternatively, models of 

sequence evolution are used to more accurately infer evolutionary relationships among 

molecular sequences. While such models exist for both protein and nucleotide sequences, 

only the latter class of models will be discussed here. Nucleotide models attempt to 

parameterize the mutational behaviour of nucleotide sequences. For example, an early 

formulation by Jukes and Cantor (Jukes and Cantor, 1969) assumed equal 

transition/transversion rates as well as equal equilibrium frequencies for all bases. 

 Evolutionary models commonly applied to nucleotide sequence data assume that each 

site evolves independently from every other site. This is a simplification of the process of 
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sequence evolution, especially of RNA genes as nucleotide sites interact in order to maintain 

structural elements. While this simplification is generally acknowledged, sequences are still 

routinely evaluated using these inappropriate models, primarily due to computational 

limitations. For example, the most computationally intensive widely used stochastic model of 

sequence evolution is the Generalized Time Reversible (GTR) model (Tavaré, 1986), which 

has six substitution rate parameters, as well as four equilibrium base frequency parameters 

(often reduced to two or three). Each of these eight to nine free parameters needs to be 

evaluated for each nucleotide position in an alignment. Corresponding RNA structural 

models have many more parameters. For example, the 7A model (Higgs, 2000) contains 26 

free parameters, which includes seven frequency parameters (the six nucleotide pairs and a 

single mismatch pair) and 21 rate parameters that correspond to mutations from one 

nucleotide pair to another. Consequently, phylogenetic analyses with secondary structure 

models are considerably more computationally expensive and only feasible for limited sets of 

sequences using common implementations of the Maximum Likelihood algorithm for 

phylogenetic analysis (e.g. PAUP* v.4.0 (Swofford, 2003)). Recent advances in Maximum 

Likelihood-based phylogenetic algorithms, such as RAxML (Stamatakis, 2006) and MrBayes 

(Huelsenbeck and Ronquist, 2001), allow for more biologically realistic analysis of large data 

sets of nSSU rRNA gene sequences using reasonable computational resources. 

In addition to incorporating secondary structure into sequence analyses, the structural 

elements themselves can be evaluated in a phylogenetic context. The secondary structure of 

the eukaryotic nSSU rRNA is highly conserved over broad evolutionary scales (Ali et al., 

1999; Van de Peer et al., 1997; Wuyts et al., 2000, 2004; Cannone et al., 2002). Furthermore, 
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the variations in structure of the nSSU rRNA molecule among sequences have been 

demonstrated to be phylogenetically informative (Caetano-Anollés, 2001, 2002a, b). As a 

result, structural deviations from the consensus can be used as taxonomically informative 

molecular signatures. In past studies the presence of specific secondary structure signatures 

supported the erection of a red algal class, the Thoreales (Müller et al., 2002); however, a 

broader application of this approach has not been undertaken within the Rhodophyta. The 

conservation of such structures, including nucleotide composition and relative size, could 

provide additional characters or signatures indicative of currently unresolved or poorly 

resolved taxonomic groups. 

1.4 Objectives 

Taxonomy is the framework for a diverse range of biological investigations, such as 

population genetics, ecology and the study of infectious disease. Despite a large amount of 

taxonomic research effort into the Rhodophyta there exists considerable ambiguity in the 

definition and identification of species, resulting cryptic species and widespread errors in 

taxonomy. The delineation of species within the Rhodophyta is similarly problematic as there 

is limited data for biogeographic distributions and inter and intra-specific genetic diversity, 

especially for the Bangiophyceae s.l.. To address taxonomic problems in the Rhodophyta, the 

objectives of the research outlined in this thesis focus on: 

1. The intraspecific genetic variation and population dynamics for the non-

Florideophyceae species of Rhodophyta is currently poorly understood. These 

characteristics will be explored for a highly endemic species, Bangia maxima 
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N.L. Gardner, providing insights in the sexuality, genetic variation and population 

structure of species within the Bangiales. 

2. Current metrics of species discrimination (e.g. DNA barcoding) will be evaluated 

over a broad taxonomic range within the Bangiophyceae s.l.. In addition, the 

potential for alternative gene regions to supplement current discrimination 

protocols will be addressed. The prevalence of previously observed cryptic 

species within the Rhodophyta will be quantified. Biogeographic patterns present 

in the species distribution of Bangiales isolates will be discussed. 

3. In general, Rhodophyta taxonomy is not consistent with phylogeny. The novel 

large-scale evaluation of existing nSSU rRNA gene sequence data can provide 

insights into phylogenetic relationships within the Rhodophyta that are currently 

not resolved. A phylogenetically robust ordinal and supraordinal taxonomy will 

be proposed supported by a combination of biologically realistic phylogenetic 

inference and novel molecular morphometrics of nSSU rRNA gene sequence 

data. 

a. Biologically realistic models of sequence evolution utilizing structural 

characteristics of RNA molecules will be applied to a taxonomically 

diverse set of nSSU rRNA gene sequences from the Rhodophyta. 

b. A novel tool for the computational abstraction of the secondary structure 

of nSSU rRNA molecules will be developed. This tool will be used to 

identify structural signatures defining taxonomic lineages within the 
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Rhodophyta. These molecular morphometrics will subsequently be 

evaluated for congruence with derived phylogenies where species lack 

known morphological synapomorphies, providing a useful tool for 

delineating poorly resolved taxonomic classifications. 
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Chapter 2 

Phylogenetic position and ISSR-estimated intraspecific variation of 
Bangia maxima (Bangiales, Rhodophyta) 

Relevant publication: Lynch, M.D.J., R.G. Sheath, and K.M. Müller. 2008. Phylogenetic 
position and ISSR-estimated intraspecific genetic variation of Bangia maxima (Bangiales, 
Rhodophyta). Phycologia. 47: 599-613. 

2.1 OVERVIEW 

The red alga Bangia maxima, in addition to its large size (up to 35 cm long x 6 mm in 

diameter), was found in this study to be distinguishable from other species of Bangia by the 

character of mature filament apices containing elongate, separated vegetative cells. The 

phylogenetic position of B. maxima was resolved using both the rbcL and nuclear SSU rRNA 

(nSSU rRNA) gene sequences, and the genetic variation within a population was studied 

using an inter-simple sequence repeat (ISSR) PCR-based DNA fingerprint analysis. In 

phylogenetic analyses of the plastid rbcL gene region and nSSU rRNA gene region, B. 

maxima grouped with local populations of concurrently collected B. vermicularis and B. 

fuscopurpurea as well as other collections of B. fuscopurpurea from California in a clade of 

predominantly eastern Pacific isolates. Banding patterns from 13 male filaments from seven 

littoral boulders for five ISSR primers were used to develop both band presence/absence and 

distance matrices (using the Dice coefficient). Banding patterns of B. maxima isolates were 

highly polymorphic among different boulders but consistent among individuals from the 

same boulder, as demonstrated by multivariate analyses (UPGMA, principal coordinates 

analysis). UPGMA analysis also indicated a limited genetic transfer among boulders. These 
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results help in clarifying the population genetics of B. maxima and further understanding of 

genetic diversity within the Bangiales. 

2.2 INTRODUCTION 

The order Bangiales (Rhodophyta) is a monophyletic group containing the non-monophyletic 

genera Bangia Lyngbye and Porphyra C. Agardh (Müller et al., 1998, 2001a, 2003, 2005; 

Broom et al., 1999, 2004; Nelson et al., 2005, 2006) as well as several newly described 

genera, Pseudobangia K.M. Müller & Sheath (Müller et al., 2005), Dione W.A. Nelson and 

Minerva W.A. Nelson (Nelson et al., 2005). The order is characterized by having a 

heteromorphic life history with an alternating macroscopic gametophyte and microscopic 

sporophyte (conchocelis stage). The gametophyte of Porphyra is a sheet-like thallus 1-2 cells 

thick and is distributed in marine intertidal and upper subtidal areas throughout temperate 

regions (Lindstrom and Cole, 1992). In contrast, Bangia is a distally multiseriate filament 

(Sheath and Cole, 1984) and is ubiquitously distributed in marine intertidal areas as well as in 

some freshwater habitats, such as the Laurentian Great Lakes in North America and scattered 

rivers and lakes in Europe and Asia (Müller et al., 2003). Recently, the monotypic genus 

Bangiadulcis was proposed to encompass freshwater Bangia, previously known as B. 

atropurpurea (Nelson, 2007). Although B. atropurpurea has unique small chromosomes 

(Müller et al., 2003), the proposal of the genus Bangiadulcis was premature, as there are no 

other distinguishing features of freshwater Bangia species and the taxonomic classification of 

the Bangiales is currently ambiguous. The authors proposing the Bangiadulcis generic name 

arrived at similar conclusions and the taxonomic revision was withdrawn (Silva and Nelson, 

2008). Consequently, freshwater Bangia species should be maintained as Bangia 
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atropurpurea and distinct from the marine Bangia fuscopurpurea (Müller et al., 2003). The 

other three genera are filamentous, Dione is marine with wide filaments (up to 150-211 µm) 

(Nelson et al., 2005), Pseudobangia is marine with several chloroplasts per cell (Müller et 

al., 2005) and Minerva is marine but has no distinguishing features except slightly smaller 

cell diameters (Nelson et al., 2005). 

Traditionally, Bangia species have been largely delineated on the basis of 

morphological characters (e.g. pigmentation, filament diameter and length); however, 

numerous molecular studies (Müller et al., 1998, 2001, b, 2003, 2005; Broom et al., 2004) 

have demonstrated cryptic diversity within this genus. Additionally, Bangia can acclimate to 

a wide range of salinities as noted by Den Hartog (Den Hartog, 1972) and Geesink (Geesink, 

1973), and it has been proposed that freshwater B. atropurpurea (Roth) C. Agardh and 

marine B. fuscopurpurea (Dillwyn) Lyngbye be synonymized. This synonomy, however, has 

been refuted based on molecular data (Müller et al., 1998, 2003) as well as differences in 

chromosome morphology (Müller et al., 2003). 

The extensive diversity of marine filamentous members of the Bangiales certainly 

requires further study. For example, in a study of the nuclear small subunit ribosomal RNA 

(nSSU rRNA) gene sequence from New Zealand marine Bangia isolates were up to 7.1 % 

different over approximately 1750 nucleotides (Broom et al., 2004), consistent with genetic 

variation in other studies of the Bangiales (Müller et al., 1998, 2001b, 2003, 2005). Despite 

the considerable genetic variation within the marine Bangiales, few studies have been 

undertaken to assess variability at the population level. Typically, intraspecific variation in a 

local population is too low to analyze with sequence variation (e.g. nSSU rDNA or ITS 
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regions). Hence, other more highly variable markers, such as random amplified polymorphic 

DNA (RAPD), amplified fragment length polymorphism (AFLP), restriction fragment length 

polymorphism (RFLP) or microsatellites must be used. Both PCR-RFLP and RAPD have 

been used to study Porphyra isolates (Niwa et al., 2005; Weng et al., 2005; Park et al., 2007). 

Additionally, PCR-RFLP techniques using the RUBISCO spacer and nuclear ribosomal 

internal transcribed spacer regions have been applied to distinguish cultivars of P. tenera 

Kjellman and P. yezoensis Ueda as well as natural populations of P. tenera (Niwa et al., 

2005). Low intraspecific variation was also demonstrated for P. yezoensis forma narawaensis 

A. Miura using AFLP (Niwa et al., 2004). To date there have not been any studies involving 

populations of Bangia using these highly variable molecular markers. 

Although most molecular markers are useful for studying population-level genetic 

structure, each has certain limits. Microsatellites can be expensive and require knowledge of 

the target genome and microsatellite primers have not been developed for the genus Bangia. 

In addition, both the AFLP and PCR-RFLP techniques are often not sensitive enough and 

some authors have questioned the reproducibility of RAPD results (Perez et al., 1998). Inter 

simple sequence repeats (ISSRs) are an alternative low-cost molecular marker that exploit the 

presence of microsatellites abundant throughout the genome by PCR amplifying the genomic 

region between like microsatellites. ISSRs have been shown to be abundant, highly 

reproducible and polymorphic, therefore potentially informative (Gupta et al., 1994; 

Zietkiewicz et al., 1994; Bornet and Branchard, 2001; Bornet et al., 2004). They are widely 

used in studies of population genetics and have been successfully used to analyze 

phytoplankton populations (Bornet et al., 2004). However, only a few studies have applied 
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this technique to the Rhodophyta (Vis, 1999; Hall and Vis, 2000, 2002). Studies of the 

freshwater genus Batrachospermum demonstrated unique banding patterns for each 

gametophytic thallus studied from a single stream (Vis, 1999) and streams at different 

locations showed significant genetic divergence (Hall and Vis, 2002). 

The use of dominant molecular markers, such as RAPDs and ISSRs, makes the 

application of common genetic statistics (e.g. He, Fst, Gst) difficult as both heterozygosity and 

homozygosity are scored equally. However, the study of the haploid gametophyte of Bangia 

circumvents this problem. In addition, since banding patterns are so variable in ISSR studies, 

even within a population, Fst and Gst values can tend towards one, artificially inflating results. 

Moreover, high mutation rates possible for some microsatellites (see Ellegren, 2004 for 

review) can increase band polymorphism in a population. This can be exaggerated further by 

ISSR amplification because two microsatellite regions contribute to band presence. This 

situation potentially makes interpretation of Fst (and analogous) values difficult and 

conclusions suspect. Consequently, such analyses are avoided here.  

Bangia maxima N.L. Gardner is an extremely localized species, which is only known 

from littoral boulders in Bolinas Bay, California, USA (Gardner, 1927). This species is the 

only readily distinguishable morphotype of Bangia due to its large size (up to 35 cm long x 6 

mm in diameter) and multiseriate ribbon-like growth form. Type localities for B. maxima and 

another Bangia species, B. vermicularis Harvey, are geographically close; however, B. 

maxima is much larger and less contorted than B. vermicularis (Gardner, 1927). According to 

Harvey (Harvey, 1853), B. vermicularis filaments are approximately 5 cm in length, 

undulating, with a slender linear-clavate form and a variable number of cuniform cells 
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radiating from a central cavity. Despite the greater structural complexity, Harvey (1853) 

noted a morphological similarity to B. fuscopurpurea. The relationship of B. vermicularis 

and B. maxima with other marine Bangia collections is worth exploring in terms of potential 

phylogenetic associations, to further clarify taxonomic relationships. Bangia vermicularis has 

not been analyzed for its phylogenetic position within the Bangiales and although B. maxima 

appears to group with other marine Bangia species (Yoon et al., 2006a), little could be 

concluded about the biogeographic groupings of these species due to limited taxon sampling.  

This study addresses the phylogenetic position of Bangia maxima as well as other Bangia 

samples collected from California, including B. vermicularis and B. fuscopurpurea. In 

addition, ISSR analyses will examine the genetic variation within a population of the red alga 

B. maxima located on seven separate littoral boulders in Bolinas Bay, California collected in 

April 2004. Characterization of the magnitude and patterns of genetic diversity within this 

species will address patterns of population interbreeding and mixing as well as increase 

understanding of genetic variation for endemic species within the Bangiales. 

2.3 MATERIALS AND METHODS 

2.3.1 Sample collection and microscopy  

Bangia maxima filaments were collected from seven intertidal boulders in Bolinas Bay, 

Marin County, California in April 2004 (37° 54’ N 122° 41’ W). Boulders at the site are 

closely positioned into two main groups separated by approximately 1.5 m, with the largest 

boulder being centrally located (Figures 2-1, 2-6). An additional isolate of immature B. 

maxima was collected from a shoreline location approximately 0.5 km from the intertidal 

boulders. Filaments were observed microscopically using the Olympus BX41 light 
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microscope (Olympus America Inc., San Diego, CA) and images were photographed with the 

Olympus MicroFire camera system. Measurements were made with Rincon image analysis 

software (Imaging Planet, Goleta, CA). Voucher specimens are available from K. M. Müller 

upon request. Other collections from California included in the present study are listed in 

Table 2-1. 
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Figures 2-1 to 2-5. Habitat and vegetative morphology of Bangia maxima, B. fuscopurpurea 

and B. vermicularis isolates used in this study. 2-1. Boulders with Bangia maxima population 

at Bolinas Bay, California, USA. Arrow points to large boulder shown in Fig. 2-2. 2-2. Large 

filaments of B. maxima on a boulder in Bolinas Bay, California as indicated in Fig. 2-1, scale 

bar = 20 cm. 2-3. Light micrograph of vegetative portion of a filament of B. maxima showing 

non-abutting, elongate cells in the periphery of a mature thallus, scale bar = 175 µm. 2-4. 

Filaments of B. vermicularis on one boulder in San Francisco Bay, California, scale bar = 2.5 

cm. 2-5. Light micrograph of B. fuscopurpurea from Solana Beach, California, consisting of 

densely packed, quadrate cells, scale bar = 70 µm. 
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Figure 2-6. Schematic diagram of the seven boulders at Bolinas Bay, California on which B. 

maxima was observed, each approximately the same height and completely submerged at 

high tide. The diagram includes the isolated population of Bangia fuscopurpurea (Bolinas 

Bay) observed higher up on the shoreline but still completely submerged at high tide. 

Distances between each of the boulders are given in metres and the angles to which the 

boulders were located from each other are approximate. 
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Table 2-1. Bangia isolates from this study collected at marine locations in California by 

K.M. Müller and R.G. Sheath. N/A: information not available. Type localities are 

indicated by *. 

 

 

Species Location Collection Date Latitude, Longitude 

 

Bangia fuscopurpurea 

 

Bolinas Bay, California  

 - on boulder near B. maxima 

 

 

27 April 2004 

 

37° 54’ N, 122° 41’ W 

 

Bangia fuscopurpurea 

 

Solana Beach, California 

 

 

28 March 2007 

 

32° 59’ N, 117° 16’ W 

 

Bangia maxima 

 

* Bolinas Bay, California 

 

 

27 April 2004 

 

37° 54’ N, 122° 41’ W 

 

Bangia maxima 

(immature) 

 

* Bolinas Bay, California  

 - shore, ~ 0.5 km from B. maxima 

 

 

27 April 2004 

 

N/A 

 

Bangia vermicularis 

 

* San Francisco Bay, California 

 

 

28 April 2004 

 

N/A 
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2.3.2 DNA extraction and amplification 

Genomic DNA of B. maxima was extracted from 13 male filaments from each of seven 

boulders (91 in total), as well as several populations of Californian marine Bangia (Table 2-

1) using a phenol/chloroform protocol (Saunders, 1993). The genes encoding for the nuclear 

small subunit ribosomal RNA (nSSU rDNA) and the large subunit of RUBISCO (rbcL) were 

amplified for use in phylogenetic analyses. PCR reactions were performed in a 50 µL volume 

with 1X PCR buffer, 2.75 mM MgCl2, 0.2 mM of each dNTP, one unit of Fisherbrand™ Taq 

polymerase (Fisher Scientific Canada Co., Ottawa, ON, Canada) and 0.4 µM of each primer 

(Sigma-Aldrich Canada Ltd., Oakville, ON, Canada). Amplifications were performed on an 

Eppendorf Mastercycler gradient thermocycler (Eppendorf Canada Ltd., Mississauga, ON, 

Canada) with 35 cycles of 93°C denaturation for 1 min, 51° C annealing for 1 min and 72° C 

extension for 2 mins, with a 2 min pre-denaturation step at 95° C and a final extension at 72° 

C for 7 mins. For improved amplification, the SSU rDNA reactions were performed in two 

segments, 400 nt fragment at the 5’ end using the primer pair G01.1 and G10.1 and the 

remainder using G02.1 and G15.1 (Müller et al., 1998). Due to intron presence, G02.1 – 

G15.1 amplicons were also sequenced with the universal NS4 reverse primer (White et al., 

1990). Amplification of the rbcL gene region was performed using Comp1 forward and 

Comp2 reverse primers (Rintoul et al., 1999). Amplicons were purified using the QiaQuick 

PCR purification system (Qiagen Inc., Mississauga, ON, Canada) and sequenced with the 

ABI 3130XL capillary sequencer (Applied Biosystems Canada, Streetsville, ON, Canada). 
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For the ISSR amplification, male filaments were exclusively used to ensure genetic 

contribution of only one individual as many of the female plants were fertilized. Thirteen B. 

maxima filaments from seven boulders were subjected to ISSR-PCR amplification using each 

of five ISSR primers (Table 2-2) performed in a 25 µL volume with 1X PCR buffer, 2 mM 

MgCl2, 0.3 mM of each dNTP, 1.5 units of Fisherbrand™ Taq polymerase (Fisher Scientific 

Canada Co., Ottawa, ON, Canada) and 4 µM of primer (Sigma-Aldrich Canada Ltd., 

Oakville, ON, Canada). ISSR reactions were performed using an Eppendorf MasterCycler 

gradient thermocycler (Eppendorf Canada Ltd., Mississauga, ON, Canada) with 35 cycles of 

94° C denaturation for 30 s, 44° C annealing for 45 s and 72° C extension for 1 min 30 s with 

an initial denaturation step for 2 min at 94° C and a final extension for 10 min at 72° C. PCR 

products were visualized on an ethidium bromide 0.5 µg mL-1 stained 2% agarose gels in 

1xTAE and photographed with a digital camera. Band molecular weights were calculated 

using the GeneTools image analysis software (Syngene, Frederick, MD) and the 

O'RangeRuler 100bp ladder (Cat. #SM0623, Fermentas Canada Inc., Burlington, ON, 

Canada) was used as a molecular weight standard. For each primer, duplicate reactions were 

performed for each unique banding pattern and only reproducible bands were scored. No 

weight was given for band intensity. Bands migrating to the same position in the gel, 

inspected visually and cross-referenced with molecular weights, were considered 

homologous, which was sufficient for classifying the majority of bands. Bands that did not 

have obvious homologues were binned based on their calculated molecular weights using the 

protocol of Hong and Chuah (Hong and Chuah, 2003). A presence/absence matrix was 

constructed from the pooled banding patterns of all five ISSR primers. 
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Table 2-2. Primers (Wolfe et al., 1998) and number of amplified bands used to amplify 

inter simple sequence repeat molecular markers for seven populations of Bangia 

maxima from boulders in Bolinas Bay, CA, USA. 

 

   Primer Name Sequence No. of amplified bands 

ISSR8 (GA)6GG 4 

ISSR10 (GA)6CC 38 

ISSR12 (CAC)3GC 34 

ISSR13 (GAG)3GC 34 

ISSR15 (GTG)3GC 33 
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2.3.3 Sequence and ISSR analyses 

Sequences of the nSSU rRNA and rbcL genes were each aligned with sequences acquired 

from GenBank, including all unique Bangia (based on a 99 % sequence identity threshold) 

and multiple Porphyra sequences known to intercalate with Bangia clades (Müller et al., 

2001a, 2005), using MUSCLE v.3.6 (Edgar, 2004). Non-Eurhodophytina taxa were selected 

and used as outgroups. Alignments were then manually inspected using JalView v.2.2.1 

(Waterhouse et al., 2009). Taxon, genus and species designations were kept consistent with 

GenBank flatfiles unless revisions to the nomenclature of the species have been published. 

Further information on sequences used in this study is available in Table 2-3. The nucleotide 

model of evolution for each alignment was determined using ModelTest v.3.7 (Posada and 

Crandall, 1998). Maximum Likelihood (ML) analysis was performed with 10 replicates of a 

heuristic search using random addition of sequences. To provide support for tree topologies 

1000 Maximum Parsimony (MP) and Neighbor-Joining (NJ) bootstrap replicates were 

performed using PAUP* v4b10 (Swofford, 2003). Bayesian posterior probability support for 

tree nodes was also calculated using MrBayes v.3.1 (Huelsenbeck and Ronquist, 2001) with 

default prior parameters. Two parallel analyses of four simultaneous chains of which three 

were heated (Metropolis-coupled Markov chain Monte Carlo) were run until convergence 

below a standard deviation of 0.05 between the two runs was reached. Trees before that point 

were discarded as burnin. All trees were visualized using TreeView v.1.6.6 (Page, 1996). 
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Table 2-3. GenBank accession numbers and species identifiers/voucher numbers for 

bangiophyte sequences used in phylogenetic analyses. 

    GenBank Accession 

Collection Reference SSU rbcL 

Bangia atropurpurea Hanyuda et al., (2004) AB114638 - 

B. atropurpurea (AT17=Austria) Müller et al., (1998), Müller et al., (2003)  AF169339 AF169327 

B. atropurpurea (AT22=Austria) Müller et al., (2003) - AF169333 

B. atropurpurea (IR=Ireland) Müller et al., (1998) AF043365 AF043371 

B. atropurpurea (IT=Italy) Müller et al., (1998) AF043365 AF043370 

B. atropurpurea (BI12=British Isles) Müller et al., (1998) AF043365 AF043373 

B. atropurpurea (GL=Great Lakes) Müller et al., (1998) AF043365 AF043370 

B. atropurpurea (NL=Netherlands) Müller et al., (2003) - AF169330 

Bangia atropurpurea* Shimomura et al., unpublished D88387 - 

Bangia fuscopurpurea (SAGB 59.81) Schlösser (1994), Müller et al., (2001b) AF342745 AY119771 

B. fuscopurpurea (SWE=Sweden) Müller et al., unpublished AF175528 - 

B. fuscopurpurea (NJ=New Jersey) Müller et al., unpublished AF169335 AF169328 

B. fuscopurpurea (WA=Washington) Müller et al., (2003), Müller et al., unpub. AF169336 AF169329 

B. fuscopurpurea (BC1=British Columbia) Müller et al., (1998) AF043360 AF043372 

B. fuscopurpurea (TX=Texas) Müller et al., (1998) AF043361 AF043377 

B. fuscopurpurea (NF=Newfoundland) Müller et al., (1998) AF043357 - 

B. fuscopurpurea (NS=Nova Scotia) Müller et al., (2003) AF169337 AF169331 

B. fuscopurpurea (MA=Massachusetts) Müller et al., (1998) AF043362 AF043369 

B. fuscopurpurea (Greece) Müller et al., unpublished AF175533 - 

B. fuscopurpurea (Mexico) Müller et al., unpublished AF169334 - 

B. fuscopurpurea (Nice, France) Müller et al., unpublished AF175535 - 

B. fuscopurpurea (NC=North Carolina) Müller et al., (1998) AF043363 AF043368 

B. fuscopurpurea (AUS=Australia) Müller et al., unpublished AF175531 - 

B. fuscopurpurea (Helgoland) Müller et al., unpublished AF175532 - 

B. fuscopurpurea (AK=Alaska) Müller et al., (1998) AF043355 AF043366 

B. fuscopurpurea (NH=New Hampshire) Müller et al., (1998) AF043353 AF043366 

B. fuscopurpurea (RI=Rhode Island) Müller et al., (1998) AF043354 AF043378 

B. fuscopurpurea (GLD=Greenland) Müller et al., (1998) AF043355 AF043366 

B. fuscopurpurea (NFF=Ferryland, Nfld) Müller et al., (1998), Müller et al., unpub. AF169338 AF169332 

B. fuscopurpurea (NWT=Northwest Territories) Müller et al., (1998) AF043355 AF043366 

B. fuscopurpurea (ANT=Antarctica) Müller et al., unpublished AF175530 - 

B. fuscopurpurea (Norway) Müller et al., unpublished AF175536 - 

B. fuscopurpurea (BC2=British Columbia) Müller et al., (1998) AF043359 AF043376 

B. fuscopurpurea (CA=California) Müller et al., (1998) AF043356 AF043374 

B. fuscopurpurea (Taiwan) Müller et al., unpublished AF175529 AF168654 

B. fuscopurpurea (Ireland) Müller et al., (1998) AF175534 - 

B. fuscopurpurea (Baltic) Müller et al., unpublished - AF168655 



 

 34 

B. fuscopurpurea (OR=Oregon) Müller et al., (1998) AF043358 AF043367 

Bangia sp. (Alaska) Lindstrom & Fredericq (2003) - AF452422 

B. sp. (BRM NZ) Broom et al., (2004) AY184346 - 

B. sp. (BFK NZ) Broom et al., (2004) AY184338 - 

B. sp. (BNS NZ) Broom et al., (2004) AY184345 - 

B. sp. (BCP NZ) Broom et al., (2004) AY184336 - 

B. sp. (BDS NZ) Broom et al., (2004) AY184337 - 

B. sp. (BWP NZ) Broom et al., (2004) AY184348 - 

B. sp. (BCH NZ) Broom et al., (2004) AY184335 - 

B. sp. (BMW NZ) Broom et al., (2004) AY184344 - 

B. sp. (BGA NZ) Broom et al., (2004) AY184341 - 

Bangia gloiopeltidicola Niwa et al., unpublished AB053490 - 

Bangiopsis subsimplex Müller et al., (2001b) AF168627 - 

Bangiopsis subsimplex Yoon et al., (2002) - AY119772 

Boldia erythrosiphon Holton et al., (1998), Rintoul et al., (1999) AF055299 AF087122 

Chroodactylon ornatum Starr & Zeikus (1993) AF168628 - 

Chroodactylon ornatum Yoon et al., (2006) - DQ308429 

Compsopogonopsis leptoclados Rintoul et al., (1999) AF087123 AF087120 

Dione arcuata Broom et al., (2004) AY184343 - 

Erythrocladia sp. Ragan et al., (1994); Rintoul et al., (1999) L26188 AF087117 

Erythrotrichia carnea Ragan et al., (1994); Rintoul et al., (1999) L26189 AF087118 

Flintiella sanguinaria Müller et al., (2001b) AF168621 - 

Flintiella sanguinaria Yoon et al., (2002) - AY119774 

Minerva aenigmata Broom et al., (2004) AY184347 - 

Porphyra acanthophora Oliveira et al., (1995) L26197 - 

P. amplissima Yamazaki et al., unpublished AB015791 - 

Porphyra amplissima Klein et al., (2003) - AF021034 

P. birdiae Klein et al., (2003) - AF319460 

P. capensis Milstein & Oliveira (2005) AY766361 - 

P. carolinensis Freshwater et al., (1994) - U04041 

P. cf. leucosticta Müller et al., unpublished AF175538 - 

P. cinnamomea Broom et al., (1999) as BRU107  AH008010 - 

P. coleana Broom et al., (1999) as PAP032 AF136423 - 

P. conwayae Lindstrom & Fredericq (2003) - AF452427 

P. cuneiformis Lindstrom & Fredericq (2003) - AF452428 

P. dentate Kunimoto et al., (1999) AB013183 AB118579 

P. dioica Klein et al., (2003) - AF081291 

P. fallax Müller et al., unpublished AF175541 - 

P. haitanensis Kunimoto et al., (1999) AB013181 - 

P. hollenbergii Lopez-Vivas et al., unpub. - AY794401 

P. kanakaensis Lindstrom & Fredericq (2003) - AF452431 

P. katadae Kito et al., unpub. - AB118583 

P. leucosticta Müller et al., (2001a) AF175557 - 

P. leucosticta Müller et al., (2001b) AF342746 - 
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P. suborbiculata Broom et al., (1999) as P. lilliputiana AF136424 - 

P. lucasii Farr et al., (2003) AY139685 AY139687 

P. occidentalis Lindstrom & Fredericq (2003) - AF452436 

P. onoi Yamazaki et al., unpublished  AB015794 - 

P. perforata Lindstrom & Fredericq (2003) - AF452438 

P. pseudolanceolata Lindstrom & Fredericq (2003) - AF452439 

P. pseudolanceolata Müller et al., (2001a) AF175543 - 

P. pseudolinearis Yamazaki et al., unpub. AB015793 - 

P. pseudolinearis Hong unpublished AF116913 - 

P. purpurea Ragan et al., (1994) L26201 - 

P. purpurea (rediviva) Lindstrom & Fredericq (2003) - AF514280 

P. rakiura Farr et al., (2003) AY139682 - 

P. rosengurtii Brodie et al., (2007) - AY486349 

P. schizophylla Lindstrom & Fredericq (2003) - AF452443 

P. spiralis var. amplifolia Oliveira & Ragan (1994) L26177 - 

P. tenera Park et al., (2007) AB235852 - 

P. torta Müller et al., unpub. AF175552 - 

P. torta Lindstrom & Fredericq (2003) - AF452445 

P. umbilicalis Müller et al., (2005) as P. sp. HG AF175549 - 

P. variegata Lindstrom & Fredericq (2003) - AF452447 

P. yezoensis H. Kito et al., unpublished data - AB118589 

P. yezoensis Yiu et al., unpub. AY131005 - 

P. yezoensis Yamazaki et al., (1996) D79976 - 

Pseudobangia kaycoleia Müller et al., (1998, 2005) AF043364 - 

Rhodochaete parvula Zuccarello et al., (2000) AF139462 - 

Rhodochaete parvula Yoon et al., (2002) - AY119777 

Smithora naiadum Rintoul et al., (1999) AF087129 AF087119 
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  A similarity matrix was constructed from ISSR band presence/absence data using the 

Dice coefficient: Dice (x, y) = 2a•(2a + b + c)-1 where a is the number of shared bands 

between samples x and y, b is band presence in individual x but not in y and c is band 

presence in y but not in x. The Dice coefficient does not consider matches of band absence 

between samples, which tend to overestimate relatedness. Unweighted pair group method 

with arithmetic averages (UPGMA) clustering was performed on distance data (1 – Dice 

similarity coefficient) using the Molecular Evolutionary Genetics Analysis (MEGA) v.3.1 

software package (Kumar et al., 2004). 

To corroborate clustering results, Principal Coordinates Analysis (PCoA) was 

performed using the labdsv package (Roberts, 2006) as implemented in the r-project for 

statistical computing (R Development Core Team, 2006). To visualize variation in the data 

the first three principal coordinates were plotted against each other. 

In order to test the genetic isolation of boulder populations of B. maxima due to 

between-boulder distance, a Mantel test of geographic vs. Dice coefficient distances was 

performed using the Arlequin v.3.11 software package (Excoffier et al., 2005). 

2.4 RESULTS 

2.4.1 Morphology   

Bangia maxima was observed at the type locality in Bolinas Bay on seven boulders in close 

proximity to each other (Figures 2-1, 2-6), with the exception of a small immature population 

(~0.5 km away) identified through sequence analysis and confirmed by morphological 

analysis based on lack of fully differentiated reproduction (spores or gametangia). The 

population located on the seven boulders was composed of separate sexually reproductive 



 

 37 

male and female filaments intermingled on the rocks (Figure 2-2). The average length of the 

male filaments was 81.6 ± 21.6 mm and ranged from 40 to 156 mm (102 filaments measured) 

and the average length of the female filaments was 106.7 ± 25.2 mm and ranged from 60 to 

175 mm (104 filaments measured). The average width of the male filaments was 342.0 ± 

114.7 µm and ranged from 109.4 - 527.8 µm (25 filaments measured) and the average width 

of the female filaments was 569.9 ± 154.0 µm and ranged from 399.9 - 921.5 µm (25 

filaments measured). Distal ends of B. maxima filaments were multiseriate (Figure 2-3) like 

typical mature thalli of this genus. However, a unique combination of features was observed 

in these collections, namely the cells were not abutting and quadrate, as is typical in Bangia, 

but rather they were separated by gelatinous wall material and were elongate along the 

longitudinal axis (cell diameter 6.3-10.2 µm with a mean of 8.9 µm; cell length 18.2-24.0 µm 

with a mean of 19.2µm). Other Californian samples used in this study were also examined 

and did not have this set of features (e.g. Fig. 2-5 for Solana Beach). Hence, these 

characteristics represent another way to distinguish B. maxima from other marine populations 

of this genus. 

2.4.2 Phylogenetic analyses 

The general time reversible model was selected as the most suitable model of nucleotide 

evolution for both the nSSU rRNA and rbcL genes (GTR+I+G with a gamma distribution 

shape parameter of 0.4894 (nSSU rRNA)/1.2613 (rbcL) and a 0.3348 (nSSU rRNA)/0.4856 

(rbcL) proportion of invariant sites). The log likelihood scores of the best ML trees were 

16629.33 (Figure 2-7) and 10919.76 (Figure 2-8). Phylogenetic reconstruction of both nSSU 

rRNA (Figure 2-7) and the rbcL gene (Figure 2-8) demonstrated topologies similar to Müller 
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et al., (2005), and consequently nomenclature for Bangia clades was maintained. Porphyra 

was polyphyletic relative to the paraphyletic Bangia in these analyses, consistent with current 

literature (Müller et al., 1998, 2001a, 2001b, 2003, 2005; Broom et al., 1999, 2004; Nelson et 

al., 2005, 2006), and the presence of multiple clades of unidentified marine Bangia sp. was 

well supported by both bootstrap values and Bayesian posterior probability.  

There were four groups of marine Bangia and one well-supported clade of the 

freshwater B. atropurpurea (nSSU rRNA: 100/100/1.00, rbcL: 100/100/1.00, where support 

values indicate NJ bootstrap (%)/MP bootstrap (%)/Bayesian posterior probability for a 

clade). Bangia clade 1 (Figures 2-7, 2-8) represents Arctic and northwestern Atlantic isolates, 

with strong support (nSSU rRNA: 64/62/0.97, rbcL: 100/100/1.00). This clade also contains 

an Alaskan isolate and could potentially represent northeastern Pacific Bangia isolates as 

well. Similarly, Bangia clade 2 (Figures 2-7, 2-8) was a well-supported clade in nSSU rRNA 

gene analyses (100/100/1.00) and weakly supported by rbcL (-/-/1.00, where - indicates 

values < 50). However, when excluding two divergent taxa, OR and NC, support increased in 

the rbcL analyses (97/79/1.00). Bangia clade 2 contained predominantly eastern Pacific 

isolates of Bangia, with the exception of those from Newfoundland, Nova Scotia and New 

Jersey. All new samples from this study grouped in this clade. The isolate of Bangia located 

0.5 km from the intertidal boulders on which B. maxima was located exhibited high sequence 

identity with B. maxima over both the nSSU rRNA gene (99.6%) and the rbcL gene (100%). 

This isolate was therefore categorized as B. maxima (immature) (Table 2-1), consistent with 

morphological analyses. Additionally, a southern California Bangia fuscopurpurea isolate 

from Solana Beach resolved as a sister taxon to these samples in both phylogenetic analyses 
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(nSSU rRNA: 79/73/1.00, rbcL: 100/88/1.00). The phylogenetic position of B. vermicularis 

was more ambiguous, although showing affinity to marine Bangia from California and well 

supported as a member of Bangia Clade 2 (Figures 2-7, 2-8). In nSSU rRNA gene sequence 

analysis (Figure 2-7) B. vermicularis was weakly supported (65/-/0.72) as sister to B. 

fuscopurpurea from California, British Columbia and Bolinas Bay. Conversely, the position 

of B. vermicularis was not resolved in the rbcL analyses beyond its inclusion in Bangia 

Clade 2 (Figure 2-8). Taxa comprising Bangia clades 3 and 4 were monophyletic and well 

supported in NJ and MP analyses (100 % and 70 % respectively, data not shown); however, 

one taxon, Bangia sp. BWP NZ was isolated in ML analyses. Consequently, there is little 

support for the ML topology of the clade containing Bangia clades 3 and 4 in Fig. 2-7 (-/-

/0.63).  Bangia clade 3 (Figure 2-7) exclusively contained isolates from New Zealand 

(Broom et al., 2004) consistent with previous analyses (Müller et al., 2005). Taxa in this 

group appear, for the most part, to be monophyletic and sister to the strongly supported 

Bangia clade 4. The phylogenetic resolution of clade 3, however, is questionable and these 

isolates may correspond to multiple clades of Bangia sp. or potentially be combined with 

Bangia clade 4 with more complete taxa sampling. Consequently, Bangia clade 3 is 

maintained as distinct from the well-supported Bangia clade 4 in this study. Corresponding 

rbcL sequences for these isolates were not available for analysis. Bangia clade 4 (Figures 2-

7, 2-8) was strongly supported (100/96/1.00) and contained predominantly temperate Atlantic 

isolates. Some isolates from clade 4 (Müller et al., 2005) maintained similar positions in 

nSSU rRNA gene phylogenies, but placed within clade 2 (e.g. NJ) in rbcL analyses (Figure 

2-8). One isolate from New Zealand, Bangia sp. BWP (GenBank Accession number 
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AY184348), was isolated outside of Bangia clades 3 and 4 in ML and Bayesian analyses 

(Figure 2-7), although it was in Bangia clade 3 in NJ bootstrap analysis (82 % support, not 

shown). 
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Figure 2-7. Maximum likelihood phylogeny using the nuclear small subunit ribosomal RNA 

gene region of Bangia maxima, B. vermicularis and nearby B. fuscopurpurea collections 

from Bolinas Bay and Solana Beach described in this study. Selected Bangiales sequences 

downloaded from GenBank are included. Support values correspond to neighbor-joining 

bootstrap – 1000 replicates/ maximum parsimony bootstrap – 1000 replicates/ Bayesian 

posterior probability. Values represented by - are < 50 % bootstrap values or 0.5 for posterior 

probabilities. Alphanumeric code preceding each taxa label corresponds to the GenBank 

accession number for that sequence. Code following taxa labels refers to known specimen 

identifiers (see Table 2-3). 1, B. fuscopurpurea from AK, NH, RI, GLD, NFF, NWT, ANT, 

Norway; 2, a marine Bangia isolate identified as B. atropurpurea in GenBank. 
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Figure 2-8. Maximum likelihood phylogeny using the ribulose-1,5-bisphosphate 

carboxylase/oxygenase large subunit gene region of Bangia maxima, B. vermicularis and 

nearby B. fuscopurpurea collections from Bolinas Bay and Solana Beach described in this 

study. Selected Bangiales sequences downloaded from GenBank are included. Support 

values correspond to neighbor-joining bootstrap – 1000 replicates/ maximum parsimony 

bootstrap – 1000 replicates/ Bayesian posterior probability. Values represented by - are < 50 

% bootstrap values or 0.5 for posterior probabilities. Alphanumeric code preceding each taxa 

label corresponds to the GenBank accession number for that sequence. Code following taxa 

refers to known specimen identifiers (see Table 2-3). 
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2.4.3 ISSR analyses of Bangia maxima  

Highly polymorphic ISSR primers were chosen to magnify the differences between 

conspecific samples, and some primers with low polymorphisms were not included in this 

study. Each of the five primers gave consistent and reproducible banding patterns, four of 

which demonstrated a high number of polymorphic bands (> 30). Bands below 150 bp were 

discarded, leaving 144 well-separated, polymorphic banding sites. There was an average of 

28.6 polymorphic bands per primer (Table 2-2). One primer, ISSR8, amplified few bands 

with low variability in B. maxima; however, a primer similar in sequence, ISSR10, 

consistently resulted in the most polymorphic markers. Overall, band presence/absence was 

more consistent within boulder samples than among different ones. Physical distances among 

boulders were small (Figure 2-6) and no clear correlation between physical and ISSR-

estimated genetic distance using the Dice coefficient was observed based on the Mantel test 

(p >= 0.05). 

The similarity values calculated from the Dice coefficient ranged from 0.887 to 

0.0308 and the cophenetic coefficient of the UPGMA analyses was 0.808. Cluster patterns 

further indicated that, with some exceptions, isolates from individual boulders grouped 

consistently together (Figure 2-9). Two predominant clusters were evident in UPGMA 

analysis, diverging at the 0.7 distance level, one contained boulders 2 and 3 and the other 

contained boulders 4, 5, 6 and 7. Isolates from boulder 1 were split between the first group 

(boulders 2 and 3) and sister to all members of the second group, indicating some genetic 

affinity to both main populations. Although isolates from the same boulder tended to be 
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positioned together, there were exceptions, most commonly for boulders 1, 2 and 4 (Figure 2-

9). Terminal branch lengths of the UPGMA analysis and highly polymorphic banding 

patterns indicated that a large proportion of the variation was among individuals. 

Consequently, bootstrapping the data matrix was not useful in determining clade support and 

is therefore not included here. 

Principal coordinates analysis (PCoA) performed on the Dice coefficient distance 

matrix demonstrated structure in the data generally similar to UPGMA analysis (Figure 2-

10). For better visualization the distribution of points representing B. maxima isolates the 

ordination was rotated around the third principal coordinate, of which three different 

rotations demonstrating distinct separations of isolates are presented (Figure 2-10). The two 

main clades in the UPGMA analysis (Figure 2-9) were not distinctly observable in the PCoA 

ordination (Figure 2-10), likely due to presenting a limited scope of the total variation in the 

data. General clade composition of the boulders was, however, observable. Isolates from 

boulders 3, 5 and 6, which formed internally consistent clades in UPGMA clustering formed 

distinct groupings of points in PCoA. Isolates from boulders 5 and 6 demonstrated a similar 

pattern of distribution, consistent with the isolates clustering relatively closely together in 

UPGMA. Isolates from boulder 7, which clustered together in UPGMA, showed no 

discernable structure in PCoA. While isolates from each the remaining boulders did not 

group distinctly together in the PCoA ordination, the isolates did demonstrate similar 

distributions to UPGMA. For example, eight isolates from boulder 4 form a distinct cluster 

that grouped near isolates from boulders 5 and 6. Overall, although only 40.6 % of the 
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variation in the data set is accounted for in the three dimensions plotted (Figure 2-10), much 

of the distribution of B. maxima isolates in the ordination was consistent with UPGMA. 
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Figure 2-9. UPGMA cluster diagram generated from distance data derived from the Dice 

similarity coefficient (1 – Dice similarity) for Bangia maxima isolates from seven littoral 

boulders in Bolinas Bay, CA, USA. Patterned boxes are used to emphasize clustering of 

isolates and numbers 1-7 correspond to the boulders indicated in Fig. 2-6. 



0.6 0.4 0.2 0.0
Genetic Distance (Dice coefficient)

2

1
2

3

2

1

7

4

4

5

6

7

3
5

Boulders 1-7
(Fig. 2-6)



 

 50 

Figure 2-10. Principal coordinates analysis based on distance data derived from the Dice 

similarity coefficient (1-Dice similarity) for Bangia maxima isolates from seven littoral 

boulders in Bolinas Bay, CA, USA: Boulders 1 (●); 2 ( ); 3 ( ); 4 ( ); 5 ( ); 6 ( ); 7 ( ). 

To better visualize the distribution of points representing B. maxima isolates, three different 

perspectives of the ordination are presented, each a different rotation around the third 

principal coordinate. The first three principal coordinates account for 40.6% of the variation 

in the data. 
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2.5 DISCUSSION 

2.5.1 Morphology 

This study reveals a new set of features to distinguish B. maxima from other species of the 

genus, other than its large size and hollowness at maturity, namely the non-abutting and 

elongate cells in the mature portions of the thallus. The greater spacing of cells, in part, 

accounts for the large diameter of filaments of this species. Furthermore, the polyphyly of 

Porphyra within the Bangiales (Müller et al., 1998, 2005; Nelson et al., 2006; Broom et al., 

2004) suggests that there has been repeated convergence of the bladed form in several clades, 

suggesting a relatively simple transition from the filamentous form. Additionally, in recent 

phylogenetic analyses (Nelson et al., 2006) B. gloiopeltidicola Tanaka, a Japanese obligate 

epiphyte of Gloiopeltis J. Agardh from Japan, phylogenetically resolved more closely with 

bladed taxa than other filamentous ones based on nSSU rRNA gene sequence data. This 

finding is in agreement with phylogenetic analyses performed here (Figure 2-7). 

Consequently, the thallus organization of B. maxima, with its large, multiseriate filaments, 

which are distally hollow, may represent a growth form intermediate between the smaller 

filamentous (e.g. typical Bangia) and bladed thallus morphologies (e.g. Porphyra). It must be 

clarified, however, that this condition in B. maxima is a derived feature in this clade and 

therefore not directly observed as a transitional stage in the development between 

filamentous and bladed thallus morphologies. 

An EST-based study of gene expression between gametophyte (bladed thallus) and 

sporophyte (filamentous) forms of Porphyra yezoensis has indicated many differences 
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between the life cycle stages, although relatively few genes appear to be implicated in 

cellular organization (Asamizu et al., 2003). Similarly, Stiller and Waaland (1993) 

hypothesized that few genes may control the plane of cellular division in the Bangiales, 

which determines filamentous or bladed growth. It therefore seems likely that there are 

relatively few genetic controls between bladed and filamentous morphologies in the 

Bangiales. This situation is further mirrored in the number of layers that make up the thallus 

of Porphyra. Most distromatic species of Porphyra are monophyletic (Lindstrom and 

Fredericq, 2003); however, there are some exceptions. The distromatic species, P. 

papenfussii, is paraphyletic in phylogenetic analyses of the rbcL gene region (Lindstrom, 

2008a) and in another study (Klein et al., 2003) the distromatic P. amplissima and P. miniata 

were not monophyletic in nSSU rRNA gene sequence analyses.  Additionally, P. amplissima 

contains both monstromatic and distromatic isolates (Brodie et al., 1998), further indicating 

that the thickness of the Porphyra thallus is not a taxonomically informative character. These 

results are analogous to paraphyly of the green alga Ulva (bladed thallus) relative to 

Enteromorpha (tube-like thallus) (Tan et al., 1999; Hayden et al., 2003). Ulva and 

Enteromorpha were traditionally considered closely related but separate genera, but 

paraphyly demonstrated by molecular phylogenetic analyses (Tan et al., 1999; Hayden et al., 

2003) argued for their unification (Hayden et al., 2003). This unification is also supported by 

culture-based evidence of alternation between the two morphologies for single isolates 

(Provasoli and Pintner, 1980). Similar to Bangia and Porphyra paraphyly/polyphyly, there 

are no clear synapomorphies for clades based on molecular phylogenies (Tan et al., 1999; 

Hayden et al., 2003), which is probably due to morphological simplicity. While a 
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synonomizing of Porphyra and Bangia is unlikely, the hollow distal end of B. maxima and B. 

vermicularis and phylogenetic distribution of the genera appears to indicate thallus 

morphology is homoplasious and the genera should not be delineated solely on this character. 

Indeed, based on the long evolutionary history of the Bangiales and the evolutionary distance 

within the order demonstrated here and in previous studies (Müller et al., 2001, 2005), 

unifying Bangia and Porphyra would likely be rejected in favour of erecting multiple genera 

within the order as has been previously suggested (Müller et al., 2005; Nelson et al., 2006). 

2.5.2 Phylogenetic position of Bangia maxima 

There were four distinct groups of Bangia in nSSU rRNA gene sequence analysis (Figure 2-

7), three of which were present in the rbcL gene sequence analyses (Figure 2-8), consistent 

with paraphyly demonstrated in other studies (Müller et al., 1998, 2001, b, 2003, 2005; 

Broom et al., 1999, 2004; Nelson et al., 2005, 2006). Each clade probably represents multiple 

species/genera with similar morphologies and potentially cryptic species diversity. This 

concept is further supported by the position of both B. maxima and B. vermicularis clustering 

with some B. fuscopurpurea isolates within Bangia clade 2 (Figures 2-7, 2-8). While these 

Bangia species are morphologically distinguishable from typical Bangia collections, the 

genetic and phylogenetic difference between either of the isolates and B. fuscopurpurea 

within clade 2 is much smaller than among B. fuscopurpurea isolates from different clades 

(Figures 2-7, 2-8).  

 Bangia maxima and B. vermicularis were initially reported from their type localities 

near San Francisco, California and the latter has also been reported from British Columbia 

(Oates and Cole, 1992). Both appear to cluster with Bangia isolates primarily from the 
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northern Pacific coast of North America. It is highly probable, considering the very restricted 

distribution of B. maxima and the geographic proximity of its closest phylogenetic relatives 

(e.g. B. fuscopurpurea Solana Beach), that B. maxima evolved from an eastern Pacific 

population of B. fuscopurpurea. A similar situation is likely for B. vermicularis as it is 

consistently sister to California/British Columbia isolates of B. fuscopurpurea. Notably, 

despite the gross morphological similarity between B. maxima and B. vermicularis, as noted 

by Gardner (Gardner, 1927), the species are not particularly close phylogenetic relatives 

(Figures 2-7, 2-8). Additionally, as B. maxima has not been observed outside of Bolinas Bay, 

California, it may be an endemic species and further field observations should be used to 

confirm this. 

Some Bangia taxa phylogenetically positioned within clade 2 are from regions other 

than the eastern Pacific, including isolates from the Baltic, western Pacific (Taiwan), 

northwestern Atlantic (Nova Scotia, Newfoundland) and northeastern Atlantic (Ireland). This 

finding is likely due to vector-assisted transport, proposed previously by Müller et al. (1998, 

2003). Alternatively, the temperate distribution of isolates from this clade may indicate taxa 

adapted to more temperate conditions, contributing to their distribution on both coasts of 

North America. Despite some inconsistencies, there is a discernable geographic distribution 

of taxa within each of the Bangia clades – transarctic (clade 1), eastern Pacific (clade 2), 

south Pacific (clade 3) and temperate Atlantic (clade 4). It is therefore unlikely that B. 

fuscopurpurea is a single species with a cosmopolitan distribution. There are probably 

multiple cryptic species in the marine Bangia species complex, similar to a proposal by 

Müller et al. (2003) and Nelson et al. (2005). One isolate of Bangia fuscopurpurea, NJ, had a 
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conflicting placement between the nSSU and rbcL sequence analyses (Figures 2-7, 2-8). This 

observation is in agreement with previous phylogenetic analyses (Müller et al., 1998, 2003) 

and is an unexplained result consistent after multiple sequencing efforts from the same 

individual, perhaps caused by differential rates of evolution for each of the genes studies or a 

past hybridization event. 

2.5.3 ISSR analyses of Bangia maxima 

The ISSR primers used in this study and effectively separating isolates predominantly 

contained (CG/C)n motifs in contrast with embryophyte genomes, which have been shown to 

have an abundance of (AT)n motifs (Lagercrantz et al., 1993). Although few (AT)n motif 

primers were screened, this could potentially demonstrate a subtle difference between 

microsatellite regions of Bangiophyceae and embryophytes. The high variation among B. 

maxima isolates may potentially have been affected by inconsistent amplifications of SSRs in 

the plastid genome. This possibility, however, is unlikely as plastid SSRs are typically 

mononucleic repeats (Powell et al., 1995) and would therefore not be amplified by these 

primers. 

There was a high diversity of polymorphic banding for four of the ISSR primers in B. 

maxima, as well as consistent and clear differences observed among all boulders (Figures 2-

9, 2-10). These results are similar to those from a study of the freshwater red alga 

Batrachospermum in an Ohio creek (Hall and Vis, 2000, 2002) in which 165 individuals 

from 11 streams each had unique banding patterns over 7 ISSR primers, including the 5 used 

here. Moreover, when a stream was divided into three segments separated by 50 m, 79% of 
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the observed banding variation occurred within a segment (< 10 m), similar to boulder-level 

variation demonstrated in this study. High genetic variability over low spatial scales has 

precedent in the red algae. The use of RAPD markers demonstrated high variability over < 

0.25 m2 in the red alga Delisea pulchra (Greville) Montagne (Wright et al., 2000), although 

overall the genotypes were less variable than observed here, probably because the population 

of D. pulchra studied was considered to be asexual. Additionally, dioecious species, such as 

B. maxima, tend to have higher population differentiation (Sosa and Lindstrom, 1999). 

Sexual reproduction is likely to be correlated with increased heterogeneity of genetic 

markers (Houliston and Chapman, 2003). Consequently, the low level of within-boulder 

heterogeneity is likely to be indicative of either asexual reproduction (Wright et al., 2000) or 

inbreeding. Bangia maxima isolates were observed to be sexual and thus inbreeding within 

boulders is likely to have contributed to banding homogeneity. Additionally, ISSR distances 

are sufficiently large to suggest sexual reproduction with limited crossing among boulders. 

Dispersal in the bangialean red algae, by fragmentation or spore/gamete release, is dependent 

on water currents as all life stages of red algae lack flagella. Consequently red algal gametes 

can have short dispersal distances, as demonstrated for two species of the florideophyte 

genus Gelidium (Sosa et al., 1998). Similarly, Engel et al. (Engel et al., 1999) demonstrated 

most mating events for Gracilaria gracilis occurred within approximately 5 m, suggesting a 

strong negative effect of distance on mating success. The boulders on which B. maxima are 

located are also partially sand-submerged for part of the year, reducing the overall influence 

of water currents in gamete dispersal, further decreasing dispersal distance and raising the 

likelihood of inbreeding. Additionally, Bangia is typically located on smooth rocky 
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substrates and not as common on rougher ones. The sandy nature of Bolinas Bay results in 

few suitable substrates beyond the boulders on which B. maxima are located (Figure 2-1), 

further contributing to the isolation of the populations to these suitable boulders. Conversely, 

dispersal may not be limited to short distances in some red algae, as has been proposed for 

the freshwater Batrachospermum helminthosum in North American streams across its 

distribution (Hall and Vis, 2002). Factors such as water currents and animal transport are 

likely to have contributed to this larger dispersal range observed in B. helminthosum. It is 

possible, therefore, that gamete dispersal is more efficient in stream ecosystems than littoral 

ones and that long-distance dispersal is unlikely for B. maxima. Despite factors contributing 

to within-boulder homogeneity, limited out-crossing among boulders is likely, particularly 

for boulders 1, 2 and 4 (Figures 2-9, 2-10). 

Long terminal branch lengths in UPGMA analysis (Figure 2-9) indicates that much of 

the genetic variation in B. maxima, as defined by ISSRs, is among individuals. This 

observation is consistent with other ISSR studies (Hall and Vis, 2002; Bornet et al., 2004). 

The strong localized (within boulder) pattern of ISSR banding, as demonstrated in UPGMA 

(Figure 2-9) and PCoA (Figure 2-10) analyses, indicates that there is likely little sexual 

cross-fertilization among boulders. Instances of isolates not clustering within boulders were 

probably either due to cross-fertilization among boulders or asexual migration of individuals. 

Additionally, as ISSRs can be extremely variable (Hall and Vis, 2002; Bornet et al., 2004; 

Roux et al., 2007), some differences among isolates may be the result of linear inheritance as 

opposed to recombination. Predominantly only isolates from boulders 1, 2 and 4 grouped in 

multiple areas of the cluster diagram (Figure 2-9), indicating cross-fertilization among 
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isolates from different boulder populations. Boulder 1 is centrally located, which may explain 

the clustering of isolates from this boulder in both main clades. This clustering is consistent 

with PCoA in which isolates from boulder 1 occurred in two distinct groups corresponding to 

the two main clades. In addition, boulder 2 is located very close to boulder 1, which could 

facilitate exchange between the two. Boulder 4 was at the perimeter of the grouping and 

greater exposure to tidal currents would account for distribution of spores to other boulders.  

Since physical distances among boulders did not correlate with genetic distance, it 

seems likely that other factors besides distance, including water current activity and boulder 

submersion, contribute more to gamete dispersal in this population. Bolinas Bay is a 

sheltered bay and the boulders are often submerged in sand. This submergence is likely to be 

the largest contributing factor to the within-boulder homogeneity of the samples, as noted 

previously. 

Genetic variation can be high within morphologically indistinguishable species of 

Bangia. This variation, including known paraphyly/polyphyly of Bangia and Porphyra, is of 

relevance, not only to taxonomists and ecologists, but researchers in cellular development. 

The phylogenetic position of morphologically distinguishable B. maxima within a clade of 

the paraphyletic Bangia further supports the proposal of multiple cryptic species within the 

currently recognized genus Bangia. Moreover, the morphology of B. maxima may further 

indicate the possibility of homoplasious transition to the bladed thallus within the Bangiales. 

While genetic variation in species of Bangia as a whole, specifically over gene regions such 

as nSSU rRNA, is well established, more work is necessary to understand the dynamics of 

genetic variation over small spatial scales. Since B. maxima is only known from one 
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restricted location, it is possible that it is a true endemic species and its population dynamics 

may be sufficiently different from other Bangia species. Consequently, the finding of 

relatively consistent within-boulder ISSR banding patterns may not be typical of the genus as 

a whole. 



 

 61 

Chapter 3 

Utility of DNA barcoding in bangiophyte species discrimination 

3.1 OVERVIEW 

The bangiophyte red algae (Rhodophyta) are an ancient and diverse set of organisms with 

simple morphologies ranging from unicells to filaments and thalli. Such morphological 

simplicity can make species identification difficult resulting in a high potential for cryptic 

species. Consequently, comparatively little is known about species distribution and 

biogeography.  

Adhering to proposed barcoding protocols for the Rhodophyta, the use of the 

mitochondrial cytochrome oxidase c subunit I (COI) gene for species discrimination was 

evaluated for non-Florideophyceae Rhodophyta, with a primary focus on Bangiales isolates. 

The COI gene from a total of 87 isolates were successfully sequenced. Cryptic diversity was 

observed in Porphyra schizophylla (up to 55 bp) and among marine Bangia isolates. This 

marker demonstrated higher sensitivity for potential cryptic species than more common 

sequence markers (e.g. nuclear small subunit ribosomal RNA). In contrast, discrimination of 

a marine Bangia from Texas contradicted previous phylogenetic placements of that isolate. 

Despite demonstrated potential of the COI gene as a sequence marker for DNA barcoding, 

amplification and sequencing of samples was problematic, especially for non-Bangiales 

samples. Further development of molecular protocols as well as taxonomically informed 

sampling is required to establish the COI gene as a viable primary sequence marker for DNA 

barcoding of the bangiophyte red algae. 
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3.2 INTRODUCTION 

The red algae (Rhodophyta) are an ancient lineage of eukaryotes (Butterfield et al., 1990; 

Butterfield, 2000, 2001) and are one of the three major lineages of photosynthetic Eukaryota 

(Yoon et al., 2006b). These organisms are significant contributors to global carbon budgets, 

constitute a significant portion of the eukaryotic flora of marine ecosystems and are integral 

to understanding the development of sexuality and multicellularity. Despite their 

significance, the Rhodophyta are poorly studied relative to more conspicuous organisms such 

as mammals and embryophytes. Taxa in the Rhodophyta have overwhelmingly been 

classified using the morphological species concept. This has likely resulted in a large number 

of different (cryptic) species being lumped under a single species name (Lindstrom, 2008a, 

b), especially in the non-Florideophyceae taxa (herein referred to as the bangiophytes) due to 

their simple morphologies. For example, the two primary genera within the bangiophyte 

order Bangiales are Bangia and Porphyra, and species were distributed among these genera 

solely based on the gametophyte growth form being either filamentous (Bangia) or foliose 

(Porphyra). This practice has resulted in taxa recognized as paraphyletic, containing at least 

3 separate clades of marine Bangia with indistinguishable morphologies (Müller et al., 2005; 

Lynch et al., 2008). Recently, aided by molecular sequence analysis, three isolates with 

morphologies very similar to or indistinguishable from marine Bangia have been elevated to 

new genera within the Bangiales (Müller et al., 2005; Nelson et al., 2005). A further proposal 

of taxonomy congruent with phylogeny is still required, although a taxonomic revision for 

the Bangiales is the current focus of an international consortium of phycologists (Bangiales 

Taxonomy Working Group). 
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In order to fully characterize bangiophytes in nature as well as support future 

taxonomic revisions, a rapid and robust method for species identification and discrimination 

is required. The use of short DNA sequences for species identification was most successfully 

proposed as DNA barcoding by Hebert et al. (Hebert et al., 2003). This approach to 

cataloguing and characterizing species has been variously accepted in the biological 

community. Critics argue that the use of a short fragment of a single gene (e.g. cytochrome 

oxidase c subunit 1, COI) may not provide enough resolution to accurately discriminate 

among species, especially over broad taxonomic ranges. Similarly, it is not likely that any 

single gene will accomplish barcoding objectives for all eukaryotes. In some groups of 

organisms, such as the flowering plants (Kress et al., 2005), the COI gene is not suitable for 

species discrimination due to low or high rates of mutation, requiring the addition of 

secondary genes or the discarding of COI gene altogether. Furthermore, the protocol for 

amplifying the COI gene, e.g., PCR primers, is not consistent across lineages, which further 

compromises the utility of the technology. 

Since the proposal of COI as a DNA barcoding gene for animals (Hebert et al., 2003), 

the development of DNA barcoding technologies for other phyla has been an active area of 

research. Different gene regions have been proposed for use as a DNA barcode with varying 

levels of success; COI (Seifert et al., 2007) and the nuclear internal transcribed spacer (ITS) 

(International Subcommission on Fungal Barcoding, 2009) in the fungi and the nuclear ITS 

region and plastid trnH-psbA intergenic spacer for flowering plants (Kress et al., 2005). A 

recent proposal for the use of the COI gene for red macroalgae (Saunders, 2005) has been 

successful primarily for the more derived Florideophyceae taxa (Saunders, 2005; Robba et 



 

 64 

al., 2006). While the Florideophyceae are the most species-rich class of Rhodophyta, more 

ancestral-like taxa, which are fundamental to understanding the development of sexuality and 

multicelluarity, have not been adequately evaluated for DNA barcoding. 

DNA barcoding also has practical implications for the field of taxonomy as a whole. 

The application of a sequence-based identification marker to species-level taxonomy has the 

common side effect of identifying potential cryptic species. While this is an exceptionally 

useful result, the rate and ease with which these cryptic species are recognized can 

potentially cause the degeneration of the taxonomy they were meant to aid since many of 

these new 'species' will not be formally or accurately described (Ebach and Holdrege, 2005). 

Despite these concerns, DNA barcoding can adhere to the stated goals (discrimination of 

species) and with improvements made to the approach (e.g. application of appropriate genes 

for different phyla), it can be a useful tool furthering taxonomic research. 

The objectives of this study were two-fold; (a) to establish the utility of the COI gene 

for DNA identification of non-Florideophyceae taxa and (b) to apply these technologies to a 

geographically diverse set of non-Florideophyceae taxa (predominantly Bangiales from 

North America and Europe) providing insights into the biogeography and cryptic species 

diversity within this group. 

3.3 METHODS 

3.3.1 Taxon sampling 

Collections of bangiophyte algae primarily from North America, supplemented by culture 

collection samples, were screened for the amplification of the COI gene. These taxa included 
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a total of 166 individual isolates representing all known lineages of bangiophyte algae (Yoon 

et al., 2006a). The majority of these samples (142) belonged to the Bangiales, including the 

genera Bangia, Pseudobangia and Porphyra and represented each known independent 

lineage of marine and freshwater Bangia (Müller et al., 2005; Lynch et al., 2008). In 

addition, as there are no published studies of DNA barcoding within the non-Bangiales 

bangiophytes, we also attempted to sequence isolates of these taxa in our collections. 

3.3.2 DNA extraction, PCR amplification and DNA sequencing 

Total DNA was extracted from fresh or frozen samples using a modified phenol-chloroform 

protocol (Saunders, 1993), and a rapid CTAB extraction protocol (Allen et al., 2006) was 

used for silica gel preserved samples. Mitochondrial COI gene amplification was attempted 

for all samples using GazF1 (5' TCAACAAATCATAAAGATATTGG 3') and GazR1 (5' 

ACTTCTGGATGTCCAAAAAAYCA 3') PCR primers following the amplification protocol 

of Saunders (Saunders, 2005). To facilitate the amplification of problematic samples, 

additional PCR amplification was attempted with annealing temperatures as low as 47º C. 

PCR amplicons were then purified using the QIAquick PCR purification kit (cat. # 28106, 

Qiagen Inc., Mississauga, Canada). Sequencing in both the 5' and 3' direction of all 

amplicons was performed by the Canadian Centre for DNA Barcoding 

(http://www.dnabarcoding.ca/) using the GazF1 and GazR1 primers. 

3.3.3 Data analysis 

Sequences from successful amplicons were visualized, edited and assembled using FinchTV 

v.1.4.0 (Geospiza, Inc., USA). Edited sequences were evaluated for sample contamination by 
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blastn (Altschul et al., 1997) and sequences belonging to non-target taxa were removed from 

the data set. Existing Bangiales COI gene sequence data available from GenBank were added 

to the data set, primarily from Robba et al., (Robba et al., 2006). A calculation of total 

pairwise nucleotide differences between sequences was performed using a PERL script, 

which is available upon request. Sequences were aligned using MUSCLE v.3.6 (Edgar, 2004) 

and manually examined using Seaview v.4 (Galtier et al., 1996). The completed data set 

contained 107 sequences of the COI gene, 87 unique to this study. Sequences were trimmed 

to the shortest sequence in the data set resulting in a total alignment of 545 nucleotide sites.  

To present phenetic distance between sequences the alignment was subjected to 

unweighted pair group method with arithmetic mean (UPGMA) using MEGA v.4 (Tamura et 

al., 2007) using number of character differences between sequences. As pairwise distances 

were calculated independently, the complete deletion parameter was used to calculate the 

distance matrix for UPGMA analysis. Consequently, a character site was removed from 

UPGMA analysis if any sequence contained a gap or unknown character at that site. To 

provide phylogenetic support for the UPGMA topology, 1000 neighbor joining bootstrap 

iterations were calculated. The appropriate model of sequence evolution for neighbor joining 

phylogenetic reconstruction of the COI gene was determined through the AIC test using 

jModelTest v.0.1.1 (Guindon and Gascuel, 2003; Posada, 2008) and analysis was performed 

using PAUP* v.4.10 (Swofford, 2003). All trees were visualized using FigTree v.1.2.1 

(Rambaut).  
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3.4 RESULTS 

In general, amplification of the COI gene was successful for Bangiales samples for both fresh 

and gel-desiccated material (approximately 75% and 60% respectively) and sequencing 

yielded a success rate of approximately 80% (Table 3-1). In contrast, only one of 22 non-

Bangiales samples was successfully amplified and sequenced (Boldia CRON). Sequencing 

reads were generally of high quality in both directions; however, a marginally higher degree 

of sequence quality and read length was noted for sequences using the reverse (GazR1) 

primer. Five of the successful sequencing reads were of contaminant sequences as 

determined by blastn results, including Heterozoa and the aquatic mould Saprolegnia. The 

complete deletion of unknown or gapped sites in UPGMA analysis resulted in a final 

sequence alignment with a total length of 462 nucleotides. The model of sequence evolution 

used for Neighbor Joining analysis, as selected by the AIC implemented in jModelTest 

(Guindon and Gascuel, 2003; Posada et al., 2008), was GTR+I+G with a gamma distribution 

shape parameter of 0.5720 and a 0.4220 proportion of invariant sites. 



Taxon Locality Collector/Collection ID Citation

British Isles (BI12) K.M Müller Müller et al. unpublished
Lake Michigan (LM11b) K.M Müller Müller et al. unpublished
Lake Michigan (LM15) K.M Müller Müller et al. unpublished
Lake Michigan (LM4c) K.M Müller Müller et al. unpublished
Lake Michigan (LM5e) K.M Müller Müller et al. unpublished
Lake Ontario (BL01-1) K.M Müller Müller et al. unpublished
Lake Ontario (Kingston) K.M Müller Müller et al. unpublished
Lake Ontario (Port Stanley) K.M Müller Müller et al. unpublished
Ysselmeer, The Netherlands (NL) K.M Müller Müller et al. (2003)

 (ambiguous placement) Port Aransas, Texas (TX) R.G. Sheath and M. Vis Müller et al. (1998)
 (Marine Clade 1) Argentia, Newfoundland M.D.J. Lynch and K.M Müller This study

Bear Cove, Newfoundland M.D.J. Lynch and K.M Müller This study
Brigus, Newfoundland M.D.J. Lynch and K.M Müller This study
Brigus, Newfoundland (1) M.D.J. Lynch and K.M Müller This study
Ferryland, Newfoundland M.D.J. Lynch and K.M Müller This study
Foxtrap, Newfoundland M.D.J. Lynch and K.M Müller This study
Hant’s Harbour, Newfoundland (H) M.D.J. Lynch and K.M Müller This study
Hant’s Harbour, Newfoundland (L) M.D.J. Lynch and K.M Müller This study
Holyrood, Newfoundland M.D.J. Lynch and K.M Müller This study
New Hampshire (NH) K.M Müller Müller et al. (1998)
Perry’s Cove, Newfoundland M.D.J. Lynch and K.M Müller This study
Point No Point, BC M.D.J. Lynch and R. Young This study
Torbay, Newfoundland (NF10) K.M Müller Müller et al. unpublished
Tors Cove, Newfoundland M.D.J. Lynch and K.M Müller This study
Whiteway, Newfoundland M.D.J. Lynch and K.M Müller This study
Whiteway, Newfoundland (2006 H) M.D.J. Lynch and K.M Müller This study
Whiteway, Newfoundland (2006 L) M.D.J. Lynch and K.M Müller This study

 (Marine Clade 2) B. vermicularis San Francisco Bay, CA K.M Müller and R.G. Sheath Lynch et al. 2008
Bolinas Bay, CA K.M Müller and R.G. Sheath Lynch et al. 2008
Campbell River, BC M.D.J. Lynch and R. Young This study
Illamna Bay, AK S.C. Lindstrom Lindstrom et al. unpublished
Ketchikan, AK S.C. Lindstrom Lindstrom et al. unpublished
Sedanka Island, AK S.C. Lindstrom Lindstrom et al. unpublished
Seppings Island, BC S.C. Lindstrom Lindstrom et al. unpublished
Skan Bay, AK S.C. Lindstrom Lindstrom et al. unpublished

 (Marine Clade 3/4) Australia (AUS) K.M Müller Müller et al. unpublished
Devon, England (JB212) J. Brodie JB212 culture no. 245 Robba et al. (2006)
Devon, England (JB238) J. Brodie JB238 JB culture no. 263 Robba et al. (2006)
Dorset, England (JB culture 225) W. Farnham JB culture no. 225 Robba et al. (2006)
Ensenada, Mexico (MEX) K.M Müller Müller et al. unpublished
Helgoland, Germany (GER) K.M Müller Müller et al. unpublished
Italy (IT) K.M Müller Müller et al. (1998)
New Jersey (NJ) K.M Müller Müller et al. unpublished
Nice, France K.M Müller Müller et al. unpublished
North Carolina (NC) K.M Müller Müller et al. (1998)
Valencia, Spain K.M Müller Müller et al. unpublished
Champlain Rapids, Ottawa River, Ontario J. Beaulieu Rintoul et al. (1999)
Parker Bay, BC M.D.J. Lynch and R. Young This study
Kalaloch Beach, WA M.D.J. Lynch and R. Young This study
Lincoln City, OR M.D.J. Lynch and R. Young This study
Teawit, WA M.D.J. Lynch and R. Young This study
Sunshine Cove, AK S.C. Lindstrom Lindstrom et al. unpublished
Devon, England (JB347) J. Brodie JB347 [752] Robba et al. (2006)
Glamorgan, Wales (JB137) J. Brodie JB137 [819] Robba et al. (2006)
Orkney, Scotland (JB246) F. Bunker JB246 Robba et al. (2006)
P. cf. umbilicalis (SCO 2Wb) K.M Müller Müller et al. unpublished
P. linearis (SCO 2W) K.M Müller Müller et al. unpublished
Sutherland, Scotland (JB314) J. Brodie JB314 [725] Robba et al. (2006)
Katmai Bay, AK (P145) S.C. Lindstrom Lindstrom et al. unpublished
Cornwall, England (JBLR21) J. Brodie JBLR21 [769] Robba et al. (2006)



Durness, Scotland (JB308) J. Brodie JB308 [820] Robba et al. (2006)
Northumberland, England (JB322) J. Brodie JB322 [733] Robba et al. (2006)
Devil’s Punchbowl, OR (P234) S.C. Lindstrom Lindstrom et al. unpublished
Cape Udak, AK (P262) S.C. Lindstrom Lindstrom et al. unpublished
Birch Bay, WA (P142) S.C. Lindstrom Lindstrom et al. unpublished
Campbell River, BC M.D.J. Lynch and R. Young This study
Cordoba Bay, BC M.D.J. Lynch and R. Young This study
Crescent City, CA (P232) S.C. Lindstrom Lindstrom et al. unpublished
Hudson Bay, MB J. Witt This study
Kitty Coleman, BC M.D.J. Lynch and R. Young This study
Oregon (OR) K.M Müller Müller et al. (1998)
Parker Bay, BC M.D.J. Lynch and R. Young This study
Parksville, BC M.D.J. Lynch and R. Young This study
Port Angeles, WA M.D.J. Lynch and R. Young This study
Three Saints Bay, AK (P264) S.C. Lindstrom Lindstrom et al. unpublished
Rosario Beach, WA M.D.J. Lynch and R. Young This study
Avonport, NS N/A Ragan et al. (1994)
Sussex, England (JB286)# I. Tittley JB286 Robba et al. (2006)
Akun Island, AK (P202) S.C. Lindstrom Lindstrom et al. unpublished
Akutan Pt., AK (P150) S.C. Lindstrom Lindstrom et al. unpublished
Creyke Pt. BC (P92) S.C. Lindstrom Lindstrom et al. unpublished
Kiska Island, AK S.C. Lindstrom Lindstrom et al. unpublished
Spray Cape, AK (P185) S.C. Lindstrom Lindstrom et al. unpublished
Bauline, Newfoundland M.D.J. Lynch and K.M Müller This study
County Down, N. Ireland (JB329) C.A. Maggs JB329 Robba et al. (2006)
Devon, England (JB342) J. Brodie JB342 [750] Robba et al. (2006)
Devon, England (JB352) J. Brodie & L. Robba JB352 [757] Robba et al. (2006)
Devon, England (JB357) J. Brodie & L. Robba JB357 [753] Robba et al. (2006)
Hampton Beach, NH (1) M.D.J. Lynch and R. Young This study
Hampton Beach, NH (2) M.D.J. Lynch and R. Young This study
Kent, England (JB324) J. Brodie JB324 [824] Robba et al. (2006)
Kent, England (JB334) I. Tittley JB334 [727-749-730] Robba et al. (2006)
Kintyre, Scotland (JB178) J. Brodie JB178 [821] Robba et al. (2006)
Newfoundland (NF16) K.M Müller Müller et al. unpublished
Pemaquid Point, MN M.D.J. Lynch and R. Young This study
Portugal Cove, Newfoundland M.D.J. Lynch and K.M Müller This study
Tors Cove, Newfoundland (1) M.D.J. Lynch and K.M Müller This study
Tors Cove, Newfoundland (2) M.D.J. Lynch and K.M Müller This study
Tors Cove, Newfoundland (3) M.D.J. Lynch and K.M Müller This study
Whiteway, Newfoundland M.D.J. Lynch and K.M Müller This study
Witless Bay, Newfoundland M.D.J. Lynch and K.M Müller This study
Witless Bay, Newfoundland (VF3) K.M Müller Müller et al. unpublished
Virgin Islands (VIS7) K.M Müller Müller et al. (2005)
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The discrimination of isolates in UPGMA analysis of the COI gene (Figure 3-1) was 

consistent with other gene phylogenies (Müller et al., 2001a, 2005; Lindstrom, 2008a; Lynch 

et al., 2008) and illustrated the potential presence of cryptic species. There were a total of 

five clades of Bangia species similar to previously published Bangia phylogenies, and 

therefore naming conventions for the clades were maintained (Müller et al., 2005; Lynch et 

al., 2008). Of these groups, the freshwater Bangia atropurpurea, with samples from both the 

Great Lakes and Europe, formed the group with the lowest genetic variation (with 0-8 

nucleotide changes among isolates). Of the remaining Bangia groups, Bangia Clade 1 was 

made up of isolates from northwest Atlantic (0-2 nucleotide differences among isolates) and 

an Antarctic isolate (20-22 nucleotide differences relative to northwest Atlantic isolates). 

Bangia Clade 2 contained two separate groups of isolates, one from the northeast Pacific 

showing high sequence identity (0-5 nucleotide differences), and a second group of 

sequences from California (1 nucleotide difference). Although these two groups of marine 

Bangia clustered together, they were genetically distant (72 nucleotide differences). Notably, 

the California sequences included Bangia vermicularis, which was the only marine Bangia 

sample in this study that had a morphology distinguishable from other marine Bangia 

isolates. The sequence for Bangia vermicularis was nearly identical to the sequence from a 

nearby (Bolinas Bay, CA) population that had morphology indistinguishable from other 

marine Baniga. One isolate (TX), which had previously resolved in Bangia Clade 2 using 

nSSU rRNA and rbcL gene sequence analysis (Lynch et al., 2008), did not group closely 

with any Bangia isolates in this study; it differed by 92-108 nucleotides from Bangia Clade 

2. Bangia Clade 3-4 showed a large degree of sequence variation (a maximum of 53 
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nucleotide differences between isolates). These isolates had a more temperate distribution in 

the Atlantic, further south than Bangia Clade 1.  

Similar to Bangia, Porphyra isolates formed cohesive, distinct genetic groups. Figure 

3-1 suggested at least 6 independent groupings of Porphyra species in this data set, i.e., 

separated by filamentous clades. One grouping contained only isolates of P. schizophylla; 

however, there was considerable sequence diversity among these isolates (up to 46 

nucleotide differences). The grouping of P. leucosticta/P. rosengurtii contained a loose 

association (55 nucleotide changes) between an isolate of each species, while the three 

remaining P. leucosticta isolates were identical (in the case of JB308 the sequence was 11 bp 

shorter). The grouping of northeast Pacific species in the P. pseudolanceolata complex 

(including P. nereocystis) contained a group of three unnamed Porphyra isolates (likely P. 

conwayae as labeled in Figure 3-1) with identical COI sequences as well as another unknown 

Porphyra isolate (from Parker Bay, BC) with a morphology identical to P. pseudolanceolata. 

Porphyra kurogii occurred at the base of this grouping. These sequences differed from each 

other by a maximum of 62 nucleotides. In another northeast Pacific species, P. perforata, 

samples occurred in two groups, one with from 0-3 nucleotide differences and a relatively 

close (12 nucleotide differences) sister clade of two identical sequences. 

Identification of two Porphyra isolates appeared to be incorrect. Within the P. dioica 

group, where all sequences were nearly identical (0-2 nucleotide differences), there were two 

Scottish isolates identified as P. linearis and P. cf. umbilicalis. As all samples in this group 

are from the British Isles it is likely that the isolates are misidentified P. dioica. All samples 

collected in the northwest Atlantic and identified as P. umbilicalis grouped with Porphyra 
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umbilicalis isolates from the northeast Atlantic (British Isles). Isolates from this group were 

nearly identical (0-4 nucleotide differences), despite the broad geographical distribution. A 

sequence at the base of this group, P. mumfordii (Oregon) had a consistent 12-15 nucleotide 

differences from isolates in the P. umbilicalis group. 

There was a single monotypic genus from the Bangiales included in this study, 

Pseudobangia kaycoleia. This isolate had a minimum of 75 nucleotides differences from all 

other Bangiales sequences. 

The clustering (UPGMA) results were strongly supported by neighbor joining 

bootstrap analysis (Figure 3-1). Each distinct Porphyra group at the species level had greater 

than 95% bootstrap support, with most such groupings fully supported. There was weaker 

support for Porphyra groups that included multiple species. For example the Porphyra 

conwayae/pseudolanceolata/nereocystis/kurogii grouping had 86% bootstrap support. 

Similarly, terminal groupings of Bangia sequences were often fully supported in bootstrap 

analysis. In contrast, support decreased in two groups of marine Bangia that contained 

divergent sequences. Marine Bangia Clade 2 had two distinct, strongly supported groups 

corresponding to California isolates and the more northern Alaska and British Columbia 

isolates, but the association between these two groups was not strongly supported by 

bootstrap analysis. Similarly, the position of the marine Bangia from Dorset, England in 

Marine Bangia Clade 3/4 was not supported by phylogenetic analysis even though the 

grouping of the remaining sequences in the group had full phylogenetic support. 
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Figure 3-1. Phenogram for the unweighted pair group method with arithmetic mean 

(UPGMA) clustering analysis of the COI gene sequence data for all taxa. Node support 

values were derived from 1000 parametric bootstrap replicates using the GTR+I+G model of 

sequence evolution. Clade number designations for Bangia follow Müller et al., (Müller et 

al., 2005). 
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3.5 DISCUSSION 

The findings here suggest that the COI gene is useful as a primary DNA barcoding candidate 

in the Bangiales, consistent with previous studies of red algae (Saunders, 2005; Robba et al., 

2006); however, in some instances a secondary genetic marker may be required. In order to 

fully determine the utility of the COI marker across all bangiophyte taxa a modification of 

current protocols such as the utilization of degenerate or alternative primers is required. 

Current protocols, most commonly applied to the more species rich Florideophyceae work 

moderately well for the Bangiales, as there was moderate to highly successful amplification 

of all lineages attempted. This is not a surprising result as these are sister groups within the 

Rhodophyta. Despite this success in the Bangiales, there was a non-trivial failure rate of both 

PCR amplification and DNA sequencing using published barcoding primers and protocols, 

which was higher than that for the nSSU rRNA gene for the same isolates. The non-

Bangiales bangiophytes appear to be even more problematic and more work will be required 

to consistently obtain COI sequences for these taxa. Interestingly, this is despite the fact that 

the sequenced mitochondrial genomes for Cyanidium and Cyanidioschyzon show full identity 

with the barcoding primers used (GazF1 and GazR1, Saunders, 2005) within the COI gene. 

As Cyanidium and Cyanidioschyzon represent the most divergent lineage of bangiophyte red 

algae, this identity is surprising. The difficulties in obtaining COI sequences observed here 

need to be overcome before this gene region is confirmed at the most suitable candidate for 

DNA barcoding of all of the Rhodophyta. 
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Efforts to improve amplification of COI in samples had mixed results. For example, 

decreasing the annealing temperature did marginally increase the number of amplicons; 

however, many of these were contaminants. For example, an amplification of a 

Porphyridium apyrenoidium sample yielded a sequence sharing highest identity with COI 

sequences from predominantly marine predators of the class Hydrozoa. Many of the non-

Bangiales samples were from existing whole genome extractions and could have degraded 

mitochondrial genomes. This, however, is not likely, as samples from Bangiales preserved 

and maintained under the same conditions did not demonstrate the same degree of difficulty 

in PCR amplification and sequencing. 

The COI gene sequences reported here suggest even more cryptic species in the 

Bangiales than are currently recognized among the multiple lineages of Bangia (Müller et al., 

2005; Lynch et al., 2008). In general the potential for cryptic species is less prominent in the 

more morphologically diverse Porphyra species. Despite this, there are some instances of 

high sequence diversity within identified Porphyra species. Porphyra schizophylla 

demonstrated a large sequence divergence between two isolates from Alaska, which were 

nearly identical morphologically, and a California isolate, which was the most divergent of 

the group (Figure 3-1). This was also noted by Lindstrom (Lindstrom, 2008a) using 

chloroplast-rbcL sequence data. The most commonly occurring Porphyra species in our 

collections from the northeast Pacific was P. perforata. Based on the sequence of the COI 

gene, this species appears to exhibit cryptic diversity, as there was two distinct groups of this 

species, with the California isolate, grouped with a Manitoba isolate, again the most 

divergent. The sequence identity between the Crescent City, California and Hudson Bay, 



 

 77 

Manitoba isolates in this case is notable due to geographic separation. It is possible that one 

of these two isolates is the result of human transport.  

The situation of P. perforata contrasts with that of P. umbilicalis, which similarly has 

two distinct genetic groups, isolates JB178 and JB329 in one group and the remaining 

northern Atlantic isolates in the other. In a previous study focusing on some of the sequences 

used here, these groups were postulated as an incipient speciation event (Robba et al., 2006), 

consistent with the results of this study. Furthermore, this appears to be a well-sampled taxon 

in this study, as samples of P. umbilicalis from England (northeast Atlantic) and from New 

Hampshire to Newfoundland (northwest Atlantic) showed high sequence identity. 

My results indicate that each independent grouping of marine Bangia in this study 

requires a different genus designation, if Porphyra is not to be collapsed into Bangia, and 

possibly an even more extensive taxonomic realignment including changes to familial 

taxonomy. It is also apparent that the previously recognized clades are not monotypic and 

include additional cryptic diversity. The Antarctic isolate of marine Bangia is sufficiently 

divergent from the remaining, closely grouped isolates of Clade 1 to suggest it is a different 

species. This would be consistent with the wide geographic disjunction between these 

samples although additional southern Atlantic samples would help confirm these 

relationships. Similarly, marine Bangia Clade 2 also demonstrates strong evidence of two 

related northeast Pacific species, one more northern and one more southern, as suggested 

previously (Lynch et al., 2008). The similarity of the Bolinas Bay Bangia and the Bangia 

vermicularis sequences despite their morphological differences provides an additional 

complication for differentiating these species. This may be an instance where the COI gene is 
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not sufficient for discrimination of distinct species or it may represent an example of 

interbreeding. The sequence divergence associated with marine Bangia clade 3-4 suggests at 

least three species within this group. The recognition of two Bangia isolates (Dorset and NC) 

lacking any closely related sequences indicates that further sampling of marine Bangia for 

northern European, British, and temperate western Atlantic sites is required. 

One sample of marine Bangia from Texas occupied a long branch. This is remarkable 

as previous rbcL and nSSU rRNA gene phylogenies clearly placed this isolate within marine 

Bangia clade 2 (Müller et al., 2005; Lynch et al., 2008). There may be a biological basis for 

such placement; however, the potential for it to be an artifact needs to be addressed. This 

suggests that an additional DNA barcoding gene might be required for such cases. 

Unfortunately, these cases can only be identified through phylogenetic analysis of alternative 

sequence data. 

There does appear to be considerable utility in the use of the 5’ region of COI gene 

for species discrimination in the bangiophyte red algae. The gene demonstrated a high degree 

of sequence identity (typically >99%) for isolates within the same sequence group relative to 

phylogenies using other genes such as rbcL and nSSU rRNA (Müller et al., 2001a, 2005; 

Broom et al., 2004; Lynch et al., 2008). Similarly, the discrimination between sequence 

groups was clear (i.e. there was a clear set of sequence ‘islands’ in the majority of cases). 

There were, however, some inconsistencies that need to be addressed before the COI gene 

can be adopted as the sole DNA barcoding region for all of Rhodophyta. Most significantly, 

the inability to amplify and sequence the gene in many lineages of non-Bangiales 

bangiophytes needs to be addressed. Additionally, it is unclear whether the gene can 
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discriminate local endemic species (e.g. Bangia vermicularis), and it is unclear what it means 

when there are disagreements between COI species groupings and those defined by other 

gene phylogenies. 
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Chapter 4 

Supraordinal Taxonomy Within the Rhodophyta: Insights Using 
nSSU rRNA Secondary Structure Information and rbcL Sequence 

Data 

4.1 OVERVIEW 

The red algae are an early-diverged lineage of Eukaryotes occurring globally in a wide range 

of habitats. These organisms have been traditionally placed into one division (Rhodophyta) 

and divided into two subclasses (Bangiophyceae sensu lato and Florideophyceae), a 

taxonomy subject to recent and ongoing revision. Due primarily to the age of the lineage, 

recent phylogenetic analyses of the Bangiophyceae sensu lato have either low or inconsistent 

support for many ancestral branching events, making taxonomic conclusions problematic. 

The objectives of this study were to (1) evaluate ordinal and supraordinal taxonomy of the 

Bangiophyceae sensu lato by novel, structurally informed phylogenetic analyses of publicly 

available sequence data of nuclear and plastid genes and to (2) propose a revised taxonomy 

for these organisms. 

Analysis of structural characteristics of the nuclear SSU rRNA gene was used to 

improve phylogenetic signal. Additionally, deep phylogenetic relationships were evaluated 

by focusing analyses on slowly evolving conserved nucleotide sites. Clades of taxa were also 

screened for orthologous elements of secondary structure including the lengths of loop 

regions and non-canonical nucleotide pairs, providing support for phylogenetic results.  
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These analyses increased resolution and metrics of phylogenetic support for higher-

order branching in the Bangiophyceae sensu lato relative to the taxonomic literature. This 

increased resolution provided insights into ancient evolutionary events in the Rhodophyta 

such as branching order, cladogenesis and the taxonomic relationships among the unicellular 

Rhodophyta. A revised taxonomy is proposed for the Bangiophyceae sensu lato specifically 

reflecting higher-order phylogenetic relationships. Subphylum, class and ordinal proposals 

are discussed. 

4.2 INTRODUCTION 

The red algae (Rhodophyta) are a globally distributed phylum within the eukaryotic domain 

containing ecologically and economically significant species. These organisms are an early 

diverging lineage of eukaryotes present in the fossil record dating 1,250 million years ago 

(Mya) and include the oldest taxonomically resolved eukaryote Bangiomorpha pubescens, 

which closely resembles the extant genus Bangia (Butterfield, 2000; Butterfield et al., 1990). 

Since they are an early diverging Eukaryotic lineage, the study of red algal systematics 

provides an insight into early eukaryotic evolution and the evolution of the red lineage of 

chloroplasts (Oliveira and Bhattacharya, 2000; Müller et al., 2001a; Chu et al., 2004; 

Keeling, 2004; McFadden and Dooren, 2004; Yoon et al., 2004, 2005, 2006a). 

Organisms within the Rhodophyta can be broadly divided among the florideophytes 

(class Florideophyceae) and the bangiophytes (class Bangiophyceae sensu lato [s.l.]). 

Traditionally, the taxonomy within the Rhodophyta has been based primarily on 

morphological characters, which are generally subject to homoplasious evolution. Many 
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characters also exhibit phenotypic plasticity and therefore do not effectively delineate species 

(Sheath and Cole, 1984; Stiller and Waaland, 1993; Ragan et al., 1994). There are few 

synapomorphic morphological characters delineating species within the red algae (Garbary 

and Gabrielson, 1990), and there is no synapomorphy defining the entire group. Furthermore, 

organisms within the Bangiophyceae s.l. exhibit a wide range of morphological variation, 

from unicells to simple filaments to sheets of cells. Due to this paucity of distinguishing 

morphological characters and convergence (e.g. the unicellular order Porphyridiales s.l. is 

polyphyletic), current taxonomy of the Bangiophyceae s.l. does not reflect phylogeny. 

Molecular gene phylogenies have resolved some taxonomic inconsistencies within 

the Bangiophyceae s.l. (Freshwater et al., 1994; Ragan et al., 1994; Oliveira et al., 1995; 

Müller et al., 1998, 2001a, 2005; Saunders and Hommersand, 2004; Yoon et al., 2006a). 

Chief among these resolutions is the recognition of the Bangiales as a sister clade to the 

Florideophyceae and that the Porphyridiales s.l. consist of three separate lineages of 

unicellular red algae (Saunders and Hommersand, 2004; Yoon et al., 2006a). The 

Bangiophyceae s.l. is therefore paraphyletic and taxonomy does not reflect phylogeny. While 

recent taxonomic treatments have resolved some relationships within the Rhodophyta (Table 

1-1), a comprehensive, well-supported and large-scale treatment of supra-ordinal taxonomy 

is needed for the Bangiophyceae s.l. 

Phylogenetic resolution from molecular sequence data can be problematic, especially 

when dealing with large evolutionary time scales as in the Rhodophyta. Consequently, some 

ancestral nodes in the Bangiophyceae s.l. are poorly resolved. While the inclusion of more 

data (e.g. novel gene sequences) in analyses has successfully resolved difficult phylogenetic 
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relationships (Soltis et al., 1999; Baldauf et al., 2000; Dunn et al., 2008), these data are often 

difficult to reliably generate, especially for a morphologically simple group such as the 

Rhodophyta. Furthermore, much of the phylogenetic signal within the data can be muted if 

incorrect evolutionary models are applied or the genes are not evaluated independently 

(Dornburg et al., 2008). Commonly applied models of sequence evolution treat individual 

characters as independent and fixed mutation events as stochastic. These models have been 

useful in previous phylogenetic studies of the Rhodophyta; however, they are a simplification 

of evolutionary processes in RNA. Additionally, while a large and taxonomically diverse 

data set of nSSU rRNA sequence data for the Bangiophyceae s.l. has been developed and 

analyzed in fragments, the full utility of the data set has yet to be realized. Novel analyses of 

currently available high-quality sequence data could yield important taxonomic results. 

In addition to the utilization of appropriate models of RNA evolution the secondary 

structure of these organisms can be further evaluated as ‘molecular signatures'. The core 

structure of the nSSU rRNA is remarkably conserved across much of the Eukarya; however, 

variable regions including some secondary structures can be highly variable among taxa, 

already observed within the Rhodophyta (Müller et al., 2002). Furthermore, these variations 

occur in regions of the sequence alignment that are typically excluded from phylogenetic 

analysis because of difficulties in alignment resulting from high rates of nucleotide 

substitution. Since structural patterns evolve more slowly than constituent nucleotides, an 

analysis of these characters among structurally aligned sequences may provide additional 

resolution for branching relationships among the Bangiophyceae s.l. 



 

 84 

The objective of this study was to re-evaluate previously unresolved or poorly 

resolved ordinal and supra-ordinal taxonomy within the Bangiophyceae s.l. by applying 

models of nucleotide evolution more closely mirroring evolutionary constraints on RNA 

secondary structure. These analyses were performed on the largest and most taxonomically 

diverse set of Bangiophyceae s.l. nSSU rRNA gene sequences currently available. Further 

analysis of nSSU rRNA secondary structural signatures will be used to provide additional 

support for inferred phylogenies. The influence and utility of the incorporation of additional 

gene (the large subunit of RuBisCO, rbcL) sequence information on phylogenetic resolution 

are also addressed. Taxonomy for the Bangiophyceae s.l. congruent with these analyses is 

proposed. 

 

4.3 MATERIALS AND METHODS 

4.3.1 Sequence alignment construction 

Initial nSSU rRNA gene sequence alignments were provided by the Comparative RNA 

Website (Cannone et al., 2002), containing 392 Bangiophyceae s.l. and three Chlorophyta 

outgroup sequences. Alignments were constructed by adding sequences to existing Eukarya 

alignments corresponding to structural models of the nSSU rRNA derived from covariation 

analysis, which identifies conserved helices and base pairs among homologous molecules. 

Short sequences (< 800 nt) were removed and the remaining sequences were verified against 

GenBank to ensure sequence annotations were current. In order to limit redundancy in the 

data set identical sequences were removed leaving one representative sequence for each 
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group using JalView v.2.4 (Waterhouse et al., 2009), resulting in a total of 269 

Bangiophyceae s.l. and three Chlorophyta outgroup sequences. The final alignment contained 

a total of 3303 sites, 991 of which were gap only sites maintained to preserve agreement with 

known secondary structure models. See Appendix A for sequence information, including 

GenBank accession numbers and collection information. 

In order to further support phylogenetic results from nSSU rRNA gene sequence 

analyses and to investigate the utility of additional sequence information in the resolution of 

Bangiophyceae s.l. phylogeny, a two-gene sequence alignment was constructed. This 

alignment consisted of both the nSSU rRNA and the large subunit of RuBisCO (rbcL) for at 

least two Bangiophyceae s.l. species for each currently recognized order (Saunders and 

Hommersand, 2004; Yoon et al., 2006a), dependent on sequence availability in GenBank. As 

the Bangiales contains the non-monophyletic genera Bangia (paraphyletic) and Porphyra 

(polyphyletic), taxa were selected representing known clades of these genera (Müller et al., 

2005; Lynch et al., 2008). For each species, the rbcL nucleotide sequences were aligned 

using MUSCLE v.3.7 (Edgar, 2004) and then concatenated to the corresponding nSSU 

sequence from the previous structural alignment. In each case priority was given to 

sequences from the same individual or culture collection (noted in resulting phylogenies). In 

order to increase the numbers of included taxa, sequences were accepted if derived from 

either independent collections at the same geographic location or an algal culture collection 

that has been identified to the same species (i.e. nSSU rRNA and rbcL sequences from 

isolates of different culture collections). These instances are clearly noted in corresponding 

phylogenies. The resulting sequence alignment contained 30 Bangiophyceae s.l. taxa and 
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1028 sites more than the nSSU sequence alignment, for a total of 4331 sites (991 gap-only 

nSSU rRNA sites). No outgroup taxa were used in the multigene analyses due to the non-

orthology of rbcL between the Rhodophyta and Chlorophyta (Keeling, 2004). 

4.3.2 Phylogenetic analysis 

The nSSU rRNA gene sequence alignment secondary structure model contained three 

categories of nucleotides (Figure 4-1): eukaryotic core (1323 sites), high confidence variable 

(777 sites) and low confidence variable (1203 sites). Gap only sites were distributed 

throughout all three categories, leaving 2306 nucleotide sites that were analyzed (1230 

eukaryotic core, 658 high confidence and 418 low confidence variable). In general the low 

confidence sites corresponded to loop regions of the secondary structure, and due to the age 

of the lineage and the ambiguously aligned low confidence variable region, only high 

confidence and eukaryotic core regions were included in phylogenetic analyses. 
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Figure 4-1. A schematic representation of the secondary structure of the nuclear small 

subunit of ribosomal RNA showing regions of the eukaryotic core (light grey nucleotides), 

high confidence variable region (dark grey nucleotides, small font) and low confidence 

variable regions (black nucleotides, largest font, regions numbered 1-21 in the 5' to 3' 

direction). Structure is inferred and refined from the compensatory mutations observed across 

nucleotide sequence alignments and is available from the Comparative RNA Website 

(http://www.rna.ccbb.utexas.edu). Schematic is derived from the inferred structure of Bangia 

fuscopurpurea Northwest Territories (GenBank Accession #: AF043355). Note that the high 

and low confidence designations refer to quality of alignment sites and not confidence in the 

inferred structure.  
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Maximum likelihood (ML) phylogenies were inferred using RAxML v.7.2.0 

(Stamatakis, 2006) with the modified 16-state GTR model for paired nucleotides (16A) and 

the GTR+G model for non-interacting sites. The secondary structure of Bangia 

fuscopurpurea (NWT, GenBank Accession # AF043355) was used as the consensus 

secondary structure model for analyses. One hundred independent iterations of the RAxML 

v.7.2.0 algorithm were performed and the phylogeny with the best scoring likelihood was 

maintained. Default parameters were used as they gave better likelihood scores than 

manually set parameters. In order to provide support for nodes in the derived phylogeny, a 

combination of ML bootstrap (MLBS) and Bayesian posterior probabilities (BPP) were used. 

One thousand parametric bootstrap replicates were performed using RAxML v.7.2.0 using 

parameters as outlined above. Bayesian posterior probability support values were derived 

using a partitioned data set corresponding to paired and non-paired nucleotides. A total of 

532 pairs of interacting nucleotides were derived from the structurally informed nSSU rRNA 

gene alignment and analyzed using the doublet model for paired sites implemented in 

MrBayes v.3.2 (Huelsenbeck and Ronquist, 2001). This model considers that paired 

nucleotides in a stem region of RNA mutate to form another pair in a two-step process. 

Consequently, it is a 16-parameter model modeling the secondary structure of helical regions 

in RNA and is a slight minimization of the 16A model used in RAxML v.7.2.0 (see Savill et 

al., 2001) for review). Non-paired nucleotides were evaluated utilizing the GTR+G model of 

nucleotide sequence evolution. In order to facilitate convergence of independent runs the 

temperature parameter was increased to 0.22 and default values were used for all remaining 

parameters. Four independent chains for each of two independent runs were initiated and 
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allowed to run for 2,000,000 generations and trees were collected from the posterior 

distribution every 100 generations. To calculate the posterior probability of nodes, trees 

constructed before convergence of independent runs below a standard deviation of 0.01 of 

the independent runs were discarded. As this implementation is computationally expensive, 

99% sequence identity groups were collapsed using Jalview 2.4 (Waterhouse et al., 2009). 

Three deviations from this procedure were observed; i. sequences within the non-Bangiales 

Bangiophyceae s.l. were only removed if they were conspecific with the maintained sequence 

representative for the identity sequence group, ii. Bangiales sequences were only removed if 

they were congeneric with the maintained sequence representative for the sequence group 

and iii. due to the large number of Porphyra sequences belonging to Porphyra clade 2 

(Müller et al., 2005; Lynch et al., 2008), these sequences were reduced as in ii., but based on 

98% sequence identity. This procedure was observed to reduce duplication in the data set and 

facilitate analyses while maintaining unique taxonomic characteristics (e.g. observed 

paraphyly and polyphyly within the Bangiales). The final sequence alignment for Bayesian 

analyses contained 82 Bangiophyceae s.l. and three Chlorophyta outgroup sequences. 

To account for the influence of the secondary structure nSSU rRNA model choice on 

phylogenetic analyses, all eight Bangiophyceae s.l. structural models currently available from 

the CRW website were each independently used in a single ML analysis as outlined above 

and phylogenetic tree topologies were compared. Similarly, as the choice of outgroups can 

significantly affect tree topology, nSSU rRNA gene phylogenetic analyses were duplicated 

with the three outgroup sequences removed (Chlorella vulgaris, Parachlorella kessleri and 

Trentepohlia iolithus).  
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For the multigene data set, sequences were partitioned into nSSU and rbcL character 

sets and analyzed concurrently. The nSSU rRNA partition was evaluated in the same manner 

as the full nSSU alignment, while the rbcL partition was evaluated using the GTR+G 

sequence model with the default search parameters in RAxML v.7.7.0. The highest scoring 

tree of 100 independent ML runs was taken as the most accurate. Support for nodes in the 

phylogeny was obtained by 1000 random Maximum Likelihood parametric bootstrap 

replicates and Bayesian posterior probabilities were derived by summarizing 2,000,000 

iterations of two independent runs of four chains each. As above, only trees after 

convergence to 0.01 were included in the calculation of posterior probabilities. The nSSU 

rRNA partition was analyzed as above, while the rbcL partition was analyzed independently 

with the GTR+G model of sequence evolution. The temperature parameter was increased to 

0.22 to facilitate convergence and default values for all other parameters were used. To 

characterize the influence of adding the rbcL gene on phylogenetic topology, this same taxa 

set was re-analyzed using only the nSSU rRNA gene using the same parameters as above. 

Similarly, the reduced taxa set was also analyzed using the GTR+G model for the nSSU 

rRNA gene to characterize the effect of secondary structural nucleotide models of evolution 

relative to common stochastic models. 

All phylogenetic trees were visualized using FigTree v.1.2.2 (Rambaut). 

4.3.3 Characterization of Secondary Structure Elements 

Full secondary structure models are available for only eight individuals corresponding to six 

of eight orders within the Bangiophyceae s.l., making direct structural comparisons difficult. 

Consequently, surrogates for secondary structure including length of low confidence variable 
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regions (e.g. non-paired loops) as well as the conservation patterns of non-canonical base 

pairings were characterized as molecular signatures of evolutionary history. The length of 

each low confidence variable segment was deduced for each sequence in the nSSU rRNA 

gene sequence alignment and screened for length polymorphisms among major clades of 

bangiophytes. These were subsequently treated as stable characters for taxonomic inference 

and were mapped onto the inferred phylogeny to evaluate the evolutionary distribution of 

characters using maximum parsimony ancestral state reconstruction implemented in 

Mesquite v.2.6 (Maddison and Maddison).  

The taxonomic distribution of non-canonical nucleotide pairings for each paired 

position in the nSSU rRNA gene sequence alignment was summarized from the structural 

sequence alignment. Only sites that contained a consensus non-canonical pair for at least one 

clade of Bangiophyceae s.l. were maintained and the congruence between the resulting set of 

paired sites and inferred phylogenies was further evaluated. All alignment and paired site 

processing was performed using PERL scripts, which are available upon request. 

4.4 RESULTS 

4.4.1 nSSU rRNA structural and multigene phylogenies 

The nSSU rRNA gene sequence alignment contained representative taxa from all known 

lineages of Bangiophyceae s.l. (Yoon et al., 2006a) as well as multiple lineages of the 

Bangiales (all known clades of marine Bangia and Porphrya, as well as the monotypic 

lineages of Dione, Minerva, Pseudobangia and freshwater Bangia). In these analyses, 

sequences that contained large (>100) runs of unknown nucleotides or did not cover the 
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entire gene region were excluded, as their phylogenetic placement was inconsistent. 

Furthermore, highly divergent sequences with large amounts of sequence data missing from 

the gene interior (e.g. nSSU rRNA gene of Galdieria sp.) were excluded to reduce 

phylogenetic artifacts (e.g. long-branch attraction, disparate GC content), which similarly 

tended to disrupt placement of the Cyanidiales.  

In phylogenetic analyses of the nSSU rRNA gene using secondary structure models 

of sequence evolution each Bangiophyceae s.l. ordinal clade had Bayesian posterior 

probability (BPP) support values of 1.00 and strong support from ML bootstrap analysis 

(MLBS), each ≥ 86% (Figure 4-2). Similarly, some supraordinal phylogenetic relationships 

were well resolved in these analyses, although BPP support was considerably higher than 

MLBS support (Figure 4-2). In ML analysis, based on the Chlorophyta root there were two 

lineages of Bangiophyceae s.l., the Bangiales and all remaining lineages including the 

cyanidiophytes. Although this was the best scoring phylogeny and the topology was 

recovered in each of the independent ML iterations it was not supported by MLBS. 

Conversely, in Bayesian analysis there were three independent lineages of bangiophytes 

forming a polytomy at the node defining the Chlorophyta/Rhodophyta split, the Bangiales, 

the Cyanidiales and Rhodellales together and the remaining Bangiophyceae s.l. This 

separation of the non-Bangiales taxa into two separate clades was not well supported (0.57 

BPP for Cyanidiales-Rhodellales and 0.73 BPP for the remaining taxa). A monophyletic 

relationship for the Stylonematales, Compsopogonales, Porphyridiales, Rhodochaetales and 

Erythropeltidales that was observed in ML analyses (Figure 4-2) was weakly supported in 

Bayesian analyses (0.66 BPP). Phylogenetic support at the supraordinal level was strongest 
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for the monophyly of the Porphyridiales with the Rhodochaetales, Erythropeltidales and 

Compsopogonales (0.97 BPP, Figure 4-2). This clade, however, was not supported by MLBS 

(32%). While there was clear support for Porphyra being polyphyletic with respect to 

Bangia, infra-ordinal taxonomy is beyond the focus of this study. 
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Figure 4-2. A schematic representation of the nuclear small subunit ribosomal RNA (nSSU 

rRNA) Bangiophyceae s.l. phylogeny derived from a structure-based model of sequence 

evolution S16A (GTR+G for non-paired sites). The phylogeny is a simplification of the 

highest scoring Maximum Likelihood tree across 100 independent iterations from 269 

Bangiophyceae s.l. sequences. Support values represent Bayesian posterior probabilities and 

the results of 100 Maximum Likelihood parametric bootstrap replicates. Clade naming 

conventions follow Yoon et al. (2006a) or the revised taxonomy presented in this study. 
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Phylogenetic analyses of the reduced taxa set successfully demonstrated influences on 

phylogenetic resolution of structural (S16A/doublet) over non-structural (GTR+G) models of 

nucleotide evolution as well as the influence gene sequence information, in this case the rbcL 

(Figure 4-3). Similar to the strong ordinal support observed in the full complement nSSU 

rRNA gene phylogenetic analyses (Figure 4-2), each ordinal clade had full BPP and MLBS 

support (Figure 4-3). Similar to the species rich phylogeny, the majority of the supraordinal 

relationships were poorly supported by the MLBS metric, with notable exceptions of the 

monophyly of all Bangiophyceae s.l. (the Florideophyceae were not included in these 

analyses) and the clade containing all Bangiophyceae s.l. orders excluding the Bangiales and 

Cyanidiales. Although both structural and stochastic models gave the same tree topologies, 

the BPP support values tended to be higher with structural models. The relative phylogenetic 

positions of the Rhodellales and Stylonematales were variable among the different analyses 

of the reduced taxa data set. In the nSSU rRNA gene analyses the Stylonematales were 

monophyletic with the Porphyridiales, Compsopogonales, Rhodochaetales and 

Erythropeltidales with the Rhodellales branching from a basal position (phylogenetic 

topology not shown). While this is in agreement with the larger nSSU rRNA gene phylogeny 

(Figure 4-2), the Stylonematales was sister to the other orders in this clade when the rbcL 

gene was added to the analyses (Figure 4-3). In all analyses with the reduced taxa data set the 

Porphyridiales strongly resolved as monophyletic with the Erythropeltidales, Rhodochaetales 

and Compsopogonales. Similar to the larger nSSU rRNA gene phylogeny (Figure 4-2) this 

relationship was strongly supported by BPP (0.90-0.98) but not by MLBS (42-68%). 
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Figure 4-3. A midpoint rooted phylogeny demonstrating the influences of secondary 

structure models of evolution and additional gene sequence evolution on phylogenetic tree 

topology. The phylogeny represents the highest scoring Maximum Likelihood phylogeny 

derived from 100 independent random iterations, derived from a concatenated data set of 

nSSU rRNA and rbcL gene sequences. A secondary structure model of sequence evolution 

(S16A) was applied to paired nucleotide sites of the nSSU rRNA gene, while GTR+G model 

of nucleotide evolution was applied to unpaired sites of the nSSU rRNA gene and the rbcL 

gene. Support values represent the Bayesian posterior probability and 1000 iterations of a 

Maximum Likelihood parametric bootstrap for each of three cases. The first set of values 

corresponds to nSSU rRNA gene phylogeny with the GTR+G model of nucleotide evolution 

applied to all analyzed sites. The second set of values corresponds to the nSSU rRNA gene 

phylogeny with S16A applied to paired sites and GTR+G applied to non-paired nucleotide 

sites. The third set of values was derived using the same parameters as the presented 

phylogeny. Nodes not supported by analyses (either <0.50 BPP or 50% MLBS) are 

represented by a dash while full support for a node in all analyses (1.00 BPP and 100% 

MLBS) is represented by *. Clade naming conventions follow (Yoon et al., 2006a) or the 

revised taxonomy presented in this study. Sequence identifiers indicate either collection 

location or culture collection identifier for the isolate (SAG = Sammlung von Algenkulturen, 

Culture Collection of Algae at the University of Göttingen; CCAP = Culture Collection of 

Algae and Protozoa). 



*

1.
00

/9
3

B
an

gi
al

es

Er
yt

hr
op

el
tid

al
es

/R
ho

do
ch

ae
ta

le
s

C
om

ps
op

og
on

al
es

Po
rp

hy
rid

ia
le

s

R
ho

de
lla

le
s

St
yl

on
em

at
al

es C
ya

ni
di

al
es

SS
U

 (G
TR

+G
)

SS
U

 (S
16

A
 a

nd
 G

TR
+G

)
SS

U
 (S

16
A

 a
nd

 G
TR

+G
) a

nd
 rb

cL
 (G

TR
+G

)

0.
76

/4
5-/--/-

0.
93

/5
9

0.
98

/4
2

0.
90

/6
8

1.
00

/5
5-/--/-

1.
00

/1
00-/--/-

0.
94

/8
3

0.
92

/7
1

0.
04

* *

*

*

*

*

Ba
ng

ia
 m

ax
im

a 
B

ol
in

as
 B

ay
, C

al
ifo

rn
ia

Ba
ng

ia
 fu

sc
op

ur
pu

re
a 

N
or

th
er

n 
B

C

Po
rp

hy
ra

 u
m

bi
lic

al
is

 H
al

lig
 G

ro
de

, G
er

m
an

y
Po

rp
hy

ra
 p

ur
pu

re
a 

Av
on

po
rt,

 N
ov

a 
Sc

ot
ia

Ba
ng

ia
 a

tro
pu

rp
ur

ea
 Y

ss
el

m
ee

r, 
N

et
he

rla
nd

s
Ba

ng
ia

 a
tro

pu
rp

ur
ea

 L
ak

e 
Si

m
co

e

Ba
ng

ia
 fu

sc
op

ur
pu

re
a 

Fe
rr

yl
an

d,
 N

ew
fo

un
dl

an
d

Ba
ng

ia
 fu

sc
op

ur
pu

re
a 

N
ew

 H
am

ps
hi

re

A
F1

75
54

5 
Po

rp
hy

ra
 a

bb
ot

tia
e

Po
rp

hy
ra

 d
en

ta
ta

 F
uk

uo
ka

, K
og

a,
 Ja

pa
n

Po
rp

hy
ra

 te
ne

ra
 K

um
am

ot
o,

 S
hi

nw
a,

 Ja
pa

n
Po

rp
hy

ra
 k

at
ad

ae
 Y

am
ag

uc
hi

, K
aw

at
an

a,
 Ja

pa
n

Ba
ng

ia
 fu

sc
op

ur
pu

re
a 

M
as

sa
ch

us
et

ts
Ba

ng
ia

 fu
sc

op
ur

pu
re

a 
SA

G
 5

9.
81

Sm
ith

or
a 

na
ia

du
m

 S
oo

ke
, B

C
Rh

od
oc

ha
et

e 
pa

rv
ul

a 
U

TE
X

 L
B

 2
71

5
C

om
ps

op
og

on
op

si
s c

oe
ru

le
us

 S
A

G
 3

6.
94

; L
ou

is
ia

na
Bo

ld
ia

 e
ry

th
ro

si
ph

on
 H

ia
w

as
se

e 
R

iv
er

, T
en

ne
ss

ee
Fl

in
tie

lla
 sa

ng
ui

na
ri

a 
SA

G
 4

0.
94

Po
rp

hy
ri

di
um

 so
rd

id
um

 O
ttO

25
0;

 C
C

A
P 

13
80

/6
Rh

od
el

la
 v

io
la

ce
a 

SA
G

 1
15

.7
9

Rh
od

el
la

 m
ac

ul
at

a 
C

C
M

P 
73

6
G

la
uc

os
ph

ae
ra

 v
ac

uo
la

 U
TE

X
 L

B
16

62
Pu

rp
ur

eo
fil

um
 a

py
re

no
id

ig
er

um
 JA

W
42

81
Ba

ng
io

ps
is

 su
bs

im
pl

ex
 st

r. 
PR

21
St

yl
on

em
a 

al
si

di
i U

TE
X

 L
B

 1
42

4;
 S

A
G

 2
.9

4
Rh

od
os

or
us

 m
ar

in
us

 S
A

G
 1

16
.7

9
C

hr
oo

da
ct

yl
on

 o
rn

at
um

 S
A

G
 1

03
.7

9;
 U

TE
X

 L
B

 1
63

3
C

ya
ni

di
um

 c
al

da
ri

um
 st

r. 
61

D
C

ya
ni

di
os

ch
yz

on
 m

er
ol

ae
 st

r. 
10

D



 

 100 

 

4.4.2 Structural and Nucleotide Taxonomic Signatures 

The large majority of structural variations among known resolved secondary structures of 

nSSU rRNA in the Bangiophyceae s.l. occurred in loop regions (Figure 4-1), which 

corresponded to low confidence sites in the nucleotide alignment. These variations were 

limited primarily to length polymorphisms of these variable regions, with no 

presence/absence of helices/loops apomorphic for specific lineages. A total of 17 low 

confidence regions with length polymorphisms were identified in the structural alignment 

and plotted on the optimal ML phylogeny (Figure 4-4). Overall, the length of variable 

regions was often consistent with taxonomic groupings, the most prominent discrimination 

being between the Bangiales and non-Bangiales taxa. For example there were 3 low-

confidence regions (regions 12, 13 and 15, Figures 4-1, 4-4) that were only present in 

Bangiales sequences. Similarly, one loop was quite large in Bangiales sequences relative to 

non-Bangiales ones (region 21, Figure 4-1). Generally there was a minimization of loop 

lengths observed in non-Bangiales Bangiophyceae s.l. taxa indicating a minimization of the 

size of the nSSU rRNA within these lineages, at least for the sequences currently available. 
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Figure 4-4. Full nSSU phylogeny derived as in Figure 4-2 with nuclear small subunit 

ribosomal RNA (nSSU rRNA) low confidence length polymorphisms indicated. The 

horizontal boxes represent the lengths of individual low-confidence loops for each sequence, 

with darkness of shading directly proportional to the length of the region in that sequence 

(i.e. longer regions are darker), normalized to the longest length for that region observed. 

Numbering of horizontal boxes correspond to numbering of variable regions in Figure 4-1. 
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In addition to loop length polymorphisms congruent with Bangiophyceae s.l. 

taxonomy, the distribution of non-canonical nucleotide pairs present in the nSSU rRNA 

secondary structures was informative. Canonical nucleotide pairings are common, 

structurally stable states and due to the ages of these lineages can be homoplasious. 

Consequently, only non-canonical pairings were investigated as possible taxonomic 

signatures suitable for reinforcing phylogenetic results. Intermediate or transitional forms 

were not weighted. The large majority of these pairs supported phylogenetic results (Figures 

4-2, 4-3). Of the 532 pairs of interacting sites in the alignment, 99 pairs contained a non-

canonical nucleotide pairing as the 90% majority consensus within at least one 

Bangiophyceae s.l. order. Of these 99 pairs, 75 showed some variation across the 

Bangiophyceae s.l. orders; 40 sites contained at least two different types of non-canonical 

pair and 35 contained at least one Bangiophyceae s.l. order with the same consensus 

canonical pair. Within the 75 variable non-canonical sites 29 sites were autapomorphic at the 

ordinal level and therefore not taxonomically informative within the scope of this study. 

Consequently, 46 remaining paired sites were useful as signatures of supraordinal taxonomy, 

only five of which were incongruent with inferred phylogenies (Figures 4-2, 4-3).  

Non-canonical pairing signatures supported broad taxonomic delineations. For 

example, eight sites directly supported the separation of Bangiales and non-Bangiales taxa. 

Similarly, signatures were also useful in the discrimination of more derived ordinal 

relationships where seven pairs supported the monophyly of the Porphyridiales with the 

Compsopogonales, Erythropeltidales and Rhodochaetales clade. Furthermore, only a single 

site contradicts this phylogenetic relationship.  
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Non-canonical pairing site signatures also supported the placement of the 

Stylonematales with the non-Bangiales/Cyanidiales Bangiophyceae s.l. clade with a total of 

five non-canonical pairing sites that supported the relationship and none contradicting it. A 

structural summary of specific non-canonical sites consistent with Bangiales/non-Bangiales 

discrimination as well as the monophyly of the Porphyridiales with the Compsopogonales, 

Erythropeltidales and Rhodochaetales is presented in Figure 4-5. 
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Figure 4-5. Schematic of selected non-canonical nucleotide pairs supporting the separation 

of Bangiales and non-Bangiales taxa and the monophyly of the Porphyridiales with the 

Compsopogonales, Erythropeltidales and Rhodochaetales. Sites are relative to inferred 

structure of Bangia fuscopurpurea Northwest Territories (GenBank Accession #: 

AF043355). Taxonomically informative pairs are labeled numerically in the 5’-3’ direction 

and summarized in the figure legend. 
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4.5 DISCUSSION 

The results of the phylogenetic and structural signature analyses lead to the conclusion that 

the supraordinal classification of the traditional Bangiophyceae sensu lato (s.l.) required 

significant revision. Our treatment is summarized in Figure 4-6 and explained below. Unless 

otherwise stated, the delimitations of subphyla, classes, subclasses and orders in this section 

follow that presented in Figure 4-6. 
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Figure 4-6. Proposed revised taxonomy for the Bangiophyceae s.l. as suggested by nSSU 

rRNA gene phylogenetic analysis using structural models of nucleotide evolution. The 

taxonomy was further supported by combined nSSU rRNA and rbcL and non-canonical pair 

signature analyses. Bolded text represents deviations from (Yoon et al., 2006a). 
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The incorporation of secondary structure information in large-scale phylogenies of 

the Bangiophyceae s.l. improved phylogenetic resolution of these taxa relative to previous 

studies (Müller et al., 2001a; Saunders and Hommersand, 2004; Yoon et al., 2006a). This 

highlights the importance of detailed, appropriate analyses of existing data as taxonomic 

studies migrate towards multigene phylogenies and phylogenomics in efforts to resolve 

taxonomic ambiguities (Dunn et al., 2008). The increased phylogenetic resolution observed 

here relative to studies using stochastic models of sequence evolution (e.g. GTR) for nSSU 

rRNA gene sequence analysis stresses the significance of the application of biologically 

realistic sequence alignment and phylogenetic methods. Furthermore, the partitioning of data 

in multigene analyses, as performed here, allows the application of models that are 

appropriate for the different genes involved. It has been demonstrated that applying incorrect 

or unsuitable models of nucleotide evolution can strongly influence phylogenetic results 

(Buckley, 2002; Huelsenbeck and Rannala, 2004). This is especially relevant in studies 

involving rRNA molecules that conform to a distinct secondary structure, as applying a 

model suitable for genes with non-interacting sites (e.g. GTR) would result in under-

parametrization of the RNA sequences in the analysis. Furthermore, as BPP values are more 

sensitive to under-parametrization of a model than over-parametrization (Huelsenbeck and 

Rannala, 2004), potential phylogenetic errors can be magnified when not incorporating 

structural information in the analysis of RNA sequences. Additionally, while model 

averaging may still be a suitable approach in many cases (e.g. where a suitably complex 

model such as GTR reflects the biology of the sequences involved), the use of such stochastic 
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models with RNA sequences discards a non-trivial amount of phylogenetic information 

present in the sequence alignment.  

The improvements in phylogenetic resolution observed in this study relative to 

previous phylogenies can be further attributed to the improved alignment of nucleotides 

based on secondary structure of the nSSU rRNA and subsequent conservative selection of 

characters from the eukaryotic core or highly conserved variable regions for phylogenetic 

analyses. The Bangiophyceae s.l. span at least 1.2 billion years (Butterfield, 2000; 

Butterfield, 2001) and consequently demonstrate large sequence variation (Broom et al., 

2004; Müller et al., 1998; Müller et al., 2005; Lynch et al., 2008) making reliable sequence 

alignment difficult. By aligning sequences based on known structures and pairing sites the 

ambiguity of the divergent sites in the nSSU rRNA gene sequence alignment was 

dramatically reduced, improving phylogenetic signal. The completed structural alignment 

subsequently clearly delineated between sites that were confidently aligned (eukaryotic core 

and high-confidence variable sites) and low confidence sites (Figure 4-1). The strong 

resolution of the analyses using stochastic models here (e.g. GTR+G of nSSU rRNA, Figure 

4-3), indicated by the strong clade BPP and MLBS support values, can be attributed to an 

improved sequence alignment and the stringent exclusion of ambiguous sites (e.g. the 

complete exclusion of the low-confidence variable regions, which correspond to rapidly 

evolving loop sites). The combination of structural alignment and conservative inclusion of 

sequence sites was an effective first step in the resolution of some ambiguous phylogenetic 

relationships, especially for divergent sequences (i.e. either due to rapidly evolving lineages 

or ancestral sequences). 
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Both metrics of phylogenetic support used in this study, MLBS and BPP, 

demonstrated exceptionally strong support for ordinal clades, which is not surprising as this 

taxonomy is generally resolved (Saunders and Hommersand, 2004; Yoon et al., 2006a); 

however, supraordinal relationships were not as clearly resolved by MLBS compared to BPP. 

For example, some relationships (e.g. Porphyridiophyceae as defined in Figure 4-1) were 

strongly supported by BPP but not MLBS. The calculation of each support metric differs 

significantly; however, specific to the results of this study BPP utilizes the entire sequence 

alignment in context (except for sites excluded from analysis), while bootstrapping resamples 

the alignment. Nucleotides involved in secondary structural interactions are paired and can 

be disproportionately removed from bootstrapping when sites are randomly resampled, 

leading to an increased representation of non-paired sites in the bootstrapping analyses. This 

further magnified the incidence of homoplasy in a bootstrap iteration making resolution of 

ancestral nodes in taxa as divergent as those in the Rhodophyta difficult. As clades with high 

BPP were recovered from each of the independent ML iterations regardless of the degree of 

MLBS support, the disparity of BPP and MLBS values for some supraordinal clades 

appeared to be artifacts of the bootstrapping procedure. 

In this study, the increased phylogenetic resolution that came with the addition of a 

second sequence (rbcL) was present, though minimal (Figure 4-3), primarily resolving the 

position of the Rhodellales, moderately resolving the Cyanidiales position and increasing 

some MLBS values. Despite the rising use of multigene sequence information in 

phylogenetics there is still much taxonomic information in nSSU rRNA gene sequence data 

that has yet to be fully utilized. Consequently, a re-analysis of data already available is an 
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effective first step in both addressing outstanding taxonomic issues and accurately directing 

effort in future multigene and phylogenomic studies. Additionally, the use of multiple gene 

sequences in taxonomic research of algae can potentially be misleading, especially when 

mining existing sequence data from public databases, as morphological simplicity has led to 

a large number of cryptic species. Consequently, care must be taken to ensure each gene 

sequence in a multigene analysis is derived from the same species (i.e. by utilizing the same 

individual or culture collection). The considerable taxonomic reduction between nSSU rRNA 

(Figure 4-2) and multigene (Figure 4-3) analyses is indicative of this challenge.  

4.5.1 Signatures in Secondary Structure 

Molecular structure evolves at a much slower rate than the constituent sequence, consistent 

with the uniformity of all known nSSU rRNA structures across the Bangiophyceae s.l. taxa. 

For example, there were no novel nSSU rRNA loop signatures defining a major (e.g., 

ordinal) lineage other than the Bangiales. While there is evidence of unique signatures 

defining other lineages of Rhodophyta (Müller et al., 2002), the monophyly and taxonomic 

position of the Bangiales is already generally accepted muting the significance of these 

unique morphometric sequence signatures. Alternatively, there were several less prominent 

structural signatures that helped characterize the different lineages of Bangiophyceae s.l. that 

further supported derived phylogenies. 

Phylogenetically informative variation in the length of loop regions in the nSSU 

rRNA, an abstraction for secondary structure (Figure 4-4), demonstrated a minimization or 

simplification of the nSSU structures in the non-Eurhodophytina Bangiophyceae s.l. (i.e. 

lineages other than the Bangiales). It is possible that smaller nSSU rRNA structures are the 
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ancestral state and the larger structures within the Eurhodophytina reflect derived increases in 

size. This hypothesis needs further investigation. Simplified or minimized rRNA structures, 

especially in variable regions, has been previously noted in the literature (Caetano-Anollés, 

2002a, b); although this has only been characterized in prokaryote taxa for which more 

taxonomically diverse complete structural information is currently available. In that case, 

streamlining of rapidly replicating genomes was suggested as one proposal for such 

minimization. Another related contributing factor in the Bangiophyceae s.l. may be 

asexuality as the lineages with minimized structures tended to be from known or putative 

asexual taxa. Furthermore, the structures of the putatively asexual Bangia atropurpurea are 

minimized relative to other Bangiales taxa, further supporting this trend; however, the 

mechanism for such patterns is unknown. Interestingly, the cryptically sexual Cyanidiales, 

which would have a higher likelihood of mutational changes due to environmental 

conditions, had remarkably stable loop lengths among the taxa studied (Figure 4-4). This 

stability is more notable when considering the high sequence variation across the Cyanidiales 

taxa here (Figures 4-2, 4-3) and in previous studies (Toplin et al., 2008). 

4.5.2 Revisions to Rhodophyta taxonomy 

The current taxonomy of the Bangiophyceae s.l. is somewhat well resolved at the ordinal 

level (Saunders and Hommersand, 2004; Yoon et al., 2006a), further corroborated in this 

study with notably higher phylogenetic support in the majority of cases (Figures 4-2, 4-3). 

Resolving supraordinal relationships, on the other hand, has proven difficult. For example, 

one recent taxonomic scheme of the Bangiophyceae s.l. (Yoon et al., 2006a) indicated a 

strong resolution of two lineages, the Bangiophyceae sensu stricto (s.s.) sister to the 
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Florideophyceae and the Cyanidiophyceae (Cyanidiales). All other orders of Rhodophyta 

were unresolved, forming a polytomous sister to the Bangiophyceae s.s. and Florideophyceae 

clade. While that study was a significant and necessary improvement in the taxonomic status 

of the Rhodophyta, this current study demonstrated novel phylogenetic resolution in the 

Bangiophyceae s.l. tree (Figures 4-2, 4-3). Here there was a distinct monophyly of 

Bangiophyceae s.l. taxa not belonging to the Bangiales or Cyanidiales (Figures 4-2, 4-3). 

Consequently, we suggest the resurrection of the subphylum Rhodellophytina sensu 

Cavalier-Smith (Cavalier-Smith, 1998) to represent the lineage (Figure 4-6), separating these 

taxa from the Rhodophytina sensu (Yoon et al., 2006a), which contained all Rhodophyta 

except the Cyanidiales (Cyanidiophytina). 

The second significant deviation from previous taxonomic schemes concerned the 

unicellular Porphyridiales. All phylogenies in this current study provided strong phylogenetic 

and nucleotide signature support for the monophyly of the Porphyridiophyceae (constituent 

orders include the Compsopogonales, Erythropeltidales, Rhodochaetales and Porphyridiales). 

The strong BPP support for this clade as well as the reproducibility of the relationship in ML 

iterations and the consensus support of non-canonical nucleotide pair signatures provide 

strong evidence that the taxonomic change is warranted. The taxonomic association of the 

unicellular Porphyridiales with the three multicellular orders is reflected in Figure 4-6 and 

provides insight into the development of multicellularity in these groups. For example, if 

clade branching of the orders in the multigene phylogeny (Figure 4-3) is reflective of the 

evolution of the Rhodophyta and the ancestral growth form is unicellular, it suggests that 

multicellularity evolved three times independently within the Bangiophyceae s.l., once each 
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along the branches leading to the Bangiales and the Stylonematales and once after the split 

between the Porphyridiales and the other three orders Compsopogonales, Rhodochaetales 

and Erythropeltidales (Figure 4-3). This is a more parsimonious development of 

multicellularity than would be suggested by recent phylogenetic work in the Bangiophyceae 

s.l. (Yoon et al., 2006a); however, this hypothesis requires significantly more research.  

Supraordinal organization was not well supported in any of the individual 

phylogenies for the remaining bangiophyte ordinal clades, Stylonematales and Rhodellales. 

The inclusion of the rbcL gene in the reduced taxa set did demonstrate strong BPP resolution 

for the Rhodellales as sister to the Porphyridiophyceae clade. As this relationship was not 

resolved in either the inclusive taxa phylogeny or non-canonical nucleotide signatures, 

taxonomic changes reflecting this relationship have not been suggested here. As the 

resolution of ambiguous clades increased with the addition of a second gene sequence, the 

verification of the phylogenetic positions of the Rhodellales and Stylonematales will likely 

be accomplished with the addition of novel gene sequence information in future taxonomic 

studies; however, as the taxonomy was not resolved in phylogenies with a large number of 

chloroplast genes (Yoon et al., 2006a), an increase in nuclear or mitochondrial genome 

sampling may be required. Due to this ambiguity, the Rhodellales and Stylonematales orders 

are maintained as a polytomy within the Rhodellophytina in the proposed taxonomy (Figure 

4-6).  

The Porphyridiales sensu Garbary and Gabrielson (1990) and van den Hoek et al., 

(1995) were spread across at least three clades as was observed in other studies (Oliveira and 

Bhattacharya, 2000; Müller et al., 2001; Yoon et al., 2006a) and consistent with the most 
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recent taxonomic revisions in the Bangiophyceae s.l. (Saunders and Hommersand, 2004; 

Yoon et al., 2006a). The orders Bangiales and Cyanidiales were phylogenetically distinct in 

multigene analysis (Figure 4-3), and are therefore placed here in the class Bangiophyceae 

(subphylum Eurhodophytina) and Cyanidiophyceae (subphylum Cyanidiophytina) 

respectively. The remaining red algae orders are more phylogenetically aligned (occupy the 

same depth within the tree) relative to the Bangiales and Cyanidiales. Consequently, the 

Porphyridiophyceae (orders Porphyridiales, Compsopogonales, Rhodochaetales, 

Erythropeltidales), Stylonematophyceae (order Stylonematales) and Rhodellophyceae (order 

Rhodellales) are placed in a separate subphylum, the Rhodellophytina.  

Based on phylogenetic evidence presented here (Figures 4-2, 4-3), there are three 

lineages of Rhodophyta, in contrast to the two presented in Yoon et al., (Yoon et al., 2006a). 

In that study, the separation of the cyanidiophytes from the remaining Rhodophyta at the 

subphylum Cyanidiophytina is further supported by analyses here, most evident in combined 

sequence analyses (Figure 4-3). The further clear distinction between the Bangiales and the 

remaining Bangiophyceae s.l., however, suggests the remaining Bangiophyceae s.l. be 

elevated to the same taxonomic depth, suggested here as the subphylum Rhodellophytina 

(Figure 4-6). As with Figure 4-6, taxonomic revisions suggested below are organized to be 

congruent with phylogenetic analyses (Figures 4-2, 4-3). Formal taxonomic descriptions 

follow for only those groups whose taxonomy deviates from the primary reference. 

Comments are presented where taxonomy suggested by this research warrants further 

clarification of the primary reference for the group. 
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I. Phylum Rhodophyta Wettstein 1901 

A. Subphylum Eurhodophytina G.W. Saunders et Hommersand 2004 

i. Class Bangiophyceae Wettstein 1901 

Order Bangiales Nägeli 1847  

Family Bangiaceae Engler 1892  

Genera Bangia, Dione, Minerva, Porphyra, Pseudobangia 

ii. Class Florideophyceae Cronquist 1960 (multiple orders) 

B. Subphylum Rhodellophytina Cavalier-Smith 1998 

Comments – This subphylum is congruent with the description of Cavalier-Smith 

(Cavalier-Smith 1998) with a single exception; the inclusion of the Rhodochaetales, 

which were ascribed to the Bangiophyceae in that treatment. 

iii. Class Porphyridiophyceae Kylin ex Skuja 1939 

Thalli filamentis simplicis uniseriatis, crustosis, foliosis, saccatis vel filamentosis 

ramosis aut uni-cellulibus. Thalli et uni-celluli cum chloroplastis stellatis singularis et 

pyrenoidbus centralis singularis aut cum chloroplastis parietalis singularis vel pluralis 

et cum vel sine pyrenoidis. Reproductio a divisione cellulis et a monosporangiis et 

spermatangiis aut reproductio sexualis non cognitus. Dulcis aut marinis. 

 

Plants of simple uniseriate filaments, crustose, foliose, saccate or branched filamentous 

thalli or unicells. Thalli and unicells with a single stellate plastid and central pyrenoid 
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per cell or single to multiple and parietal plastids with or without pyrenoids. 

Reproduction by cell division and by monosporangia and spermatangia or sexual 

reproduction unknown. Freshwater and marine. 

Freshwater and marine. 

 

Order Compsopogonales Skuja 1939  

Family Boldiaceae Herndon 1964  

Genus Boldia 

Family Compsopogonaceae Schmitz in Engler et Prantl 1896 

Genus Compsopogon 

Order Erytropeltidales Garbary, Hansen et Scagel 1980  

Family Erythrotrichiaceae G. M. Smith 1933 

Genera Erythrotricia, Chlidophyllon, Erythrocladia, Pyrophyllon, Sahlingia, Smithora 

Order Rhodochaetales Bessey 1907  

Family Rhodochaetaceae Schmitz in Engler et Prantl 1896 

Genus Rhodochaete 

Order Porphyridiales Kylin ex Skuja 1939 

Family Porphyridiaceae Skuja 1939  

Genera Porphyridium, Erythrobolus, Flintiella 
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Comments - The class Porphyridiophyceae was well supported in all phylogenetic 

(Figures 4-2, 4-3) and non-canonical pair signature analyses, providing supraordinal 

organization for four orders within the Rhodophyta that have been previously grouped 

in a polytomy based on inconsistent phylogenetic results (Yoon et al., 2006). Infraclass 

taxonomy was inconsistent in these analyses. 

 
iv. Class Rhodellophyceae Cavalier-Smith 1998 

Order Rhodellales H.S. Yoon, K.M. Müller, R.G. Sheath, F.D. Ott & D. Bhattacharya 

2004 

Family Rhodellaceae H. S. Yoon, K. M. Müller, R. G. Sheath, F. D. Ott et D. 

Bhattacharya 2004 

Genera Rhodella, Dixoniella, Glaucosphaera  

 

Comments - The Rhodellales contains the genera Rhodella, Dixoniella, and 

Glaucosphaera. Notably, Glaucosphaera, a glaucophyte and not traditionally 

considered within the Rhodophyceae, appears to be a reduced red algae lacking 

phycoerythrin and lacking the pyrenoid (Broadwater et al., 1995), which it may have 

lost (Yokoyama et al., 2004). The Rhodellophyceae is clearly distinct from the 

Porphyridiales s.l. in phylogenetic analyses (Figures 4-2, 4-3). The Rhodellales clade is 

incomplete in that members of the Phragmonemataceae (Phragmonema) are not 
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included in phylogenetic analyses. It has been suggested (Saunders and Hommersand, 

2004) that as Phragmonema has yet to be included the order should be considered 

Porphyridiales 1 to reduce “unnecessary taxonomic congestion” in the literature. 

Although Phragmonema is of historical precedence relative to Rhodella, those rules of 

precedence do not apply above the familial level (ICBN Art. 11.9). Consequently, due 

to the unique and recognizable ultrastructure of Rhodella (Patrone et al., 1991; Scott et 

al., 1992) we are confident in supporting the order Rhodellales. 

v. Class Stylonematophyceae H.S. Yoon, K.M. Müller, R.G. Sheath, F.D. Ott & D. 

Bhattacharya 2004 

Order Stylonematales K. Drew 1956 

Family Stylonemataceae K. Drew 1956 

Genera Stylonema, Bangiopsis, Chroodactylon, Chroothece, Purpureofilum, 

Rhodosorus, Rhodopsora, Rufusia 

 
C. Subphylum Cyanidiophytina H.S. Yoon, K.M. Müller, R.G. Sheath, F.D. Ott & D. 

Bhattacharya 2004  

vi. Class Cyanidiophyceae Merola, Castaldo, De Luca, Gambardella, Musacchio 

et Taddei 1981 

Order Cyanidiales Christensen 1962  

Family Cyanidiaceae Geitler 1935  

Genera Cyanidium, Cyanidioschyzon 
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Family Galdieriaceae Merola, Castaldo, De Luca, Gambardella, Musacchio et Taddei 

1981  

Genus Galdieria 

4.6 CONCLUSIONS 

These analyses did not represent the totality of species diversity and relationships within the 

Bangiophyceae s.l., especially within the Cyanidiales and Bangiales as indicated by genetic 

diversity and paucity of morphological characters for identification. With the addition of 

sequences from more red algae the resolution of these phylogenies can be increased. It is 

clear that the evolutionary information in gene sequences currently available has not been 

fully utilized. Due to advancements in computational power, including novel algorithmic 

approaches, a re-evaluation of unresolved taxonomic relationships is advisable. Not only will 

this effectively resolve many difficult phylogenetic relationships, it will also help direct 

future efforts in multigene or phylogenomic taxonomic research within phycology. 
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Chapter 5 

Ordinal and infraordinal taxonomy of the subphylum 
Eurhodophytina (Rhodophyta) 

5.1 OVERVIEW 

The Eurhodophytina is a subphylum recently erected to accommodate the well-recognized 

monophyly of the Bangiophyceae sensu stricto and Florideophyceae, a lineage excluding 

more ancestral-like Rhodophyta taxa. Despite considerable research within the subphylum, 

many taxonomic relationships are not reconciled with phylogeny. The largest and most 

taxonomically mature phylogenetic data set for the Eurhodophytina is the nuclear small 

subunit ribosomal RNA. Until recently, computational constraints have limited the robust 

concurrent evaluation of this large sequence data set. Furthermore, as patterns of nucleotide 

variation in RNA are constrained by their secondary structure, much of the phylogenetic 

information within these data has not been fully utilized. 

The objectives of this study were to apply parametric structural models of RNA 

sequence evolution to a taxonomically diverse set of nSSU rRNA gene sequences from the 

Eurhodophytina in order to resolve outstanding taxonomic inconsistencies present at the 

ordinal and infraordinal level as well as identify poorly characterized areas of the species 

phylogeny, which require the development of robust multigene data sets. 

 The incorporation of parametric structural models of RNA sequence evolution 

increased the resolution of both the Bangiophyceae s.s. and Florideophyceae phylogenies 

relative to previous studies. The Bangiophyceae sensu stricto were very strongly 
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characterized as having a minimum of 16 independent generic lineages. In order to 

accommodate this taxonomic reassessment, isolates previously characterized as Bangia 

require at least three new genera and eight new genera should be erected to accommodate 

Porphyra species. 

 Taxonomic changes within the Florideophyceae suggested by these results are more 

subtle, including the resolution of topologies that already have precedence in the literature; 

however, these topologies were recovered with fewer numbers of genes and typically with a 

higher degree of confidence. These analyses also clearly identified groups of the 

Florideophyceae that require further taxonomic research, effectively directing the generation 

of novel data and increased sampling intensity. 

5.2  INTRODUCTION 

The sister evolutionary relationship between the Florideophyceae and Bangiophyceae sensu 

stricto (s.s.), which contains only the Bangiales, first proposed as the subclass 

Eurodophycidae (Magne, 1989) has been more generally recognized since the first large-

scale phylogenetic treatments of the Rhodophyta using molecular sequences (Freshwater et 

al., 1994; Ragan et al., 1994). However, it wasn’t until recently that taxonomies reflecting 

this relationship were proposed (Saunders and Hommersand, 2004; Yoon et al., 2006a). This 

hesitation was understandable as the relatively simple morphologies of species within the 

Bangiales share distinct similarities with simple, ancestral-like Rhodophyta rather than their 

sister class the Florideophyceae. For example, the Bangiophyceae sensu lato (s.l.) tend to be 

uninucleate while the Flordieophyceae tend to be multinucliate. Additionally, plastid 

morphology and position, cellular morphology (pit connections) and gametophyte 
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complexity tend to distinguish the Bangiophyceae s.l. and the Florideophyceae (see Ragan et 

al., 1994). These patterns in morphology explain the traditional classification of the 

Bangiophyceae sensu lato (s.l.); however, in light of a great deal of molecular phylogenetic 

evidence, the erection of the subphylum Eurhodophytina sensu Saunders and Hommersand 

(2004), containing the classes Florideophyceae and Bangiophyceae s.s., was warranted. 

The Eurhodophytina is the most morphologically diverse, conspicuous and species-

rich group of red algae (Rhodophyta); however, existing phylogenetic treatments for these 

organisms have limited taxonomic breadth and many phylogenetic relationships are not well 

resolved. The nSSU rRNA gene region is, by a large margin, the most taxonomically 

comprehensive sequence data set currently available for the Eurhodophytina. This gene has a 

long history in Rhodophyta phylogenetics (Ragan et al., 1994); however, a large proportion 

of the phylogenetic information contained within the molecule has not yet been utilized. The 

nSSU rRNA molecule has a highly conserved secondary structure (Cannone et al., 2002), 

allowing for the inference of interacting pairs of nucleotide positions (helices) and non-

interacting nucleotides (loops). By aligning sequences to an inferred model of secondary 

structure, patterns of interacting pairs can be inferred for a very large number of sequences, 

avoiding the time-intensive inference of structural models for each sequence. Traditional 

models of nucleotide evolution do not use the evolutionary information contained within 

these interactions, and by extension all published RNA phylogenetic treatments of the 

Rhodophyta using RNA molecules are simplifications of the underlying biology. The degree 

to which this simplification influences phylogenetic resolution, however, is not known. 



 

 126 

The increase in biological accuracy and computational complexity associated with 

recently derived RNA-specific models of sequence evolution provide novel research 

potential for the taxonomically mature nSSU rRNA data set. In general, widely used 

parametric models (e.g. General Time Reversible (GTR), Jukes-Cantor) fail to account for 

structural interactions inherent in the RNA molecules. Models that parameterize these 

interactions, on the other hand, can increase phylogenetic signal and resolve taxonomic 

ambiguities. Furthermore, until recently, parametric structural models of nucleotide evolution 

have been difficult to implement for non-trivial phylogenies primarily due to the high 

number of rate parameters involved, e.g., 21 for the structural GTR seven-state model 

(Higgs, 2000) compared to six for the non-structural GTR model (Tavaré, 1986). The 

development of much more efficient Maximum Likelihood implementations, such as PhyML 

(Guindon and Gascuel, 2003) and RAxML (Stamatakis, 2006), now allow for the large-scale 

application of structural models to taxonomically diverse and complex data sets. The 

application of such models has been effective in resolving some ambiguous ancestral 

phylogenetic relationships within the Rhodophyta (Chapter 4). In that case, taxon sampling 

within the Bangiophyceae s.l. was low (i.e. relatively small number of taxa within each 

ordinal lineage). The more robust taxonomic sampling present in the Bangiophyceae s.s and 

the Florideophyceae should provide a data set appropriately complex for the strong resolution 

of the majority of infraordinal phylogenetic relationships. 

The objectives of this study were to apply parametric structural models of RNA 

sequence evolution to a taxonomically diverse set of nSSU rRNA gene sequences from the 

subphylum Eurhodophytina in order to resolve outstanding taxonomic inconsistencies 



 

 127 

present at the familial, ordinal and supraordinal level. Furthermore, these analyses will be 

used to identify taxonomic clades within the Eurhodophytina that remain unresolved or 

poorly resolved in nSSU rRNA gene phylogenies. Such clades therefore require the 

development of robust, multigene data sets in order to establish reliable taxonomy. The 

results of this study will efficiently direct future taxonomic research in the Rhodophyta.  

5.3 METHODS 

The sister-relationship between the two classes within the Eurhodophytina, the 

Bangiophyceae s.s. and Florideophyceae, is well established in the taxonomic literature 

(Magne, 1989; Freshwater et al., 1994; Ragan et al., 1994; Saunders and Hommersand, 2004; 

Yoon et al., 2006a). Consequently, due to the taxonomic complexity of the nSSU rRNA gene 

sequence data set and the computationally intensive structural models of evolution the 

Bangiophyceae s.s. and Florideophyceae were analyzed independently in this study. 

5.3.1 Sequence alignment construction 

Sequence alignments of the nSSU rRNA gene using all sequences available in GenBank 

were constructed based on evaluations of compensatory substitutions using comparative 

sequence analysis of the eukaryotic nSSU rRNA gene and were provided by the Comparative 

RNA Website (Cannone et al., 2002). Short sequences (< 800 nucleotides) were removed and 

the remaining sequences were verified against GenBank to ensure sequence annotations were 

current. See Appendix A for sequence information, including GenBank accession number 

and collection information. Taxonomically important Bangia and Porphyra sequences not 

publicly available were provided by members of the Bangiales Working Group, an 
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international panel of researchers constructed to facilitate taxonomic research within the 

Bangiophyceae s.s. (Broom et al, in press). These sequences were compared manually 

against the consensus Rhodophyta nSSU rRNA secondary structure model (Cannone et al., 

2002) and added to the Bangiophyceae s.s. sequence alignment. The analyzed 

Bangiophyceae s.s. sequence alignment contained 157 ingroup sequences taxonomically 

verified by Bangiales Working Group members and three outgroup sequences from sister 

Rhodophyta clades (Chlidophyllon kaspar, Pyrophyllon subtumens and Smithora naiadum). 

The Florideophyceae sequence alignment contained 857 sequences with five Bangiophyceae 

s.s. outgroup sequences. In order to limit taxonomic redundancy and facilitate phylogenetic 

analysis, the Florideophyceae sequence alignment was reduced based on 100% sequence 

identity clustering using Jalview v.2.4 (Waterhouse et al., 2009), resulting in 681 ingroup and 

five outgroup sequences. 

The Bangiophyceae s.s. are species-poor and sequence information for this class is 

typically more taxonomically mature relative to the Florideophyceae (Verbruggen et al., 

2010), enabling multiple gene sequence information to be included in these analyses. 

Therefore sequence information from the large subunit of the ribulose-1,5-bisphosphate 

carboxylase oxygenase gene (rbcL) was also used in Bangiophyceae s.s. phylogenetic 

analyses. In each case, sequences of rbcL used in these analyses corresponded to the same 

individual or collection as the nSSU rRNA gene sequence to maintain taxonomic provenance 

(Appendix A). Corresponding rbcL sequences for each nSSU rRNA gene sequence of the 

Bangiophyceae s.s. included in single-gene nSSU rRNA analysis were downloaded from 

NCBI GenBank. Alternatively, sequences not publicly available were procured from research 
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labs attributed to those collections. Sequences were aligned using MUSCLE v.3.7 (Edgar, 

2004), and concatenated to the corresponding nSSU rRNA gene sequence previously aligned 

using consensus secondary structure models. 

5.3.2 Phylogenetic analysis 

The nSSU rRNA gene sequence alignment secondary structure model contained three 

categories of nucleotides (Figure 4-1): eukaryotic core (1323 alignment sites), high 

confidence variable (777 alignment sites) and low confidence variable (1203 alignment 

sites). In general the low confidence sites corresponded to loop regions of the secondary 

structure and contained a large number of gaps. Due to the age of the lineage and the 

ambiguously aligned low confidence variable region, only high confidence and eukaryotic 

core regions were included in their entirety in all phylogenetic analyses. A subset of sites 

from the low confidence variable regions was excluded representing cases where homology 

of alignment sites could not be reasonably assumed. Sequences within the Florideophyceae 

were more highly conserved than the Bangiophyceae s.s. within the low confidence variable 

region. Consequently, phylogenetic analysis for this group was repeated with no excluded 

sites in order to contrast the affect on phylogenetic topology. 

Maximum likelihood (ML) phylogenies were inferred with RAxML v.7.2.2 

(Stamatakis, 2006) using the modified 16-state GTR model for paired nucleotides (16A) and 

the GTR+G model for non-interacting (Bangiophyceae s.s. and Florideophyceae) and rbcL 

sites (Bangiophyceae only). Sequence data were analyzed as a series of independent 

partitions with two partitions for the nSSU rRNA gene (structurally paired and non-
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interacting sites) and three partitions for the rbcL gene (codon 1, codon 2, codon 3). Other 

partitioning strategies were attempted (e.g. single partition for the rbcL gene sequence data) 

but did not affect resolution of major clades in ML analysis and therefore are not presented. 

The secondary structures of Bangia fuscopurpurea (NWT, GenBank Accession AF043355) 

and Palmaria palmata (GenBank Accession Z14142) were used as the consensus secondary 

structure model for inference of paired interacting sites in the Bangiophyceae and 

Florideophyceae respectively. For each data set, one hundred independent ML iterations 

were performed and the phylogeny with the highest likelihood was maintained. Default 

parameters were used as they outperformed a collection of manually set parameters in 

preliminary testing. 

In order to provide support for nodes in derived phylogenies a combination of ML 

bootstrap (MLBS) and Bayesian posterior probabilities (BPP) were used. For each set of 

sequences one thousand parametric MLBS replicates were performed using RAxML v.7.2.2 

with the partitioning and parameter strategy outlined above. As Bayesian analysis with 

secondary structure models is computationally prohibitive, only the Bangiophyceae s.s. was 

evaluated using the full sequence set. Bayesian posterior probability support values were 

derived using the partitioning strategy outlined above, except paired and non-paired nSSU 

rRNA nucleotides were based on 532 pairs of interacting nucleotides derived from the 

consensus Rhodophyta secondary structure. Paired structural sites were analyzed using the 

doublet model implemented in MrBayes v.3.2 (Huelsenbeck and Ronquist, 2001). This 

model considers that paired nucleotides in a stem region of RNA mutate to form another pair 

in a two-step process. Consequently, it is a 16-parameter model modeling the secondary 
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structure of helical regions in RNA and is a slight minimization of the 16A model used in 

RAxML v.7.2.2 (see Savill et al. (2001) for review). All non-paired nucleotides were 

evaluated utilizing the GTR+G model of nucleotide evolution. In order to facilitate 

convergence of independent runs, the temperature parameter was increased to 0.22 and 

default values were used for all remaining parameters, including priors. Four independent 

chains for each of two independent runs were initiated and allowed to run for 4,000,000 

generations and trees were collected from the posterior distribution every 100 generations. 

To calculate the posterior probability of nodes, trees constructed before convergence of 

independent runs below a standard deviation of 0.01 were discarded. 

Due to the number of parameters involved, phylogenetic analyses using structural 

models of sequence evolution tend to be computationally expensive, especially for Bayesian 

analysis of large taxonomic data sets. A subset sequence alignment consisting of 

representatives of each independent familial clade within the Florideophyceae based on the 

ML tree was therefore constructed. The resulting sequence alignment contained nSSU rRNA 

genes for 114 Florideophyceae taxa and one outgroup Bangiophyceae taxon. ML, MLBS and 

BPP analyses were performed as above. This approach to parsing a sequence alignment 

differs from the sequence identity-based filtering typically performed on large sequence data 

sets in that it maintains taxonomic diversity independent of genetic divergence. This 

approach ensured the inclusion of representative taxa from all non-monophyletic lineages 

noted in analysis of the complete sequence set regardless of pairwise nucleotide distance.  

All phylogenetic trees were visualized using FigTree v.1.2.2 (Rambaut). 
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5.4 RESULTS 

The inclusion of consensus secondary structure information substantially improved the 

resolution of homologous nucleotide sites within each nSSU rRNA gene sequence alignment. 

Furthermore, the start and end points of variable regions within the nSSU rRNA gene region 

were easily resolved, facilitating the exclusion of ambiguous sites (sites for which homology 

of nucleotide character could not reasonably be assumed). These sites accounted for 

approximately seven and five percent of nucleotide sites within the Bangiophyceae and 

Florideophyceae alignments respectively. Structurally informed multiple sequence 

alignments increased alignment quality such that when using stochastic models for all sites 

(e.g. GTR), phylogenetic analyses demonstrated increased resolution over nSSU rRNA gene 

phylogenies using alignments derived from non-structural but widely used algorithms such as 

MUSCLE (Edgar, 2004) (results not shown). Generally, the use of structural models further 

improved phylogenetic resolution of ordinal and familial clades within both the 

Bangiophyceae s.s. and Florideophyceae, supporting some current relationships and 

resolving ambiguities within the taxonomy of these classes of Rhodophyta. 

5.4.1 Bangiophyceae sensu stricto 

The phylogenetic treatment of the Bangiophyceae s.s. presented here suggests a significant 

taxonomic revision for the class is required. A formal revision is not proposed, however, as 

this has been completed by the Bangiales Working Group (Broom et al., in press). The 

results pertaining to the Bangiophyceae presented here are part of my contribution to that 

effort. 



 

 133 

There was clear evidence of Bangiales paraphyly (Figure 5-1), a previously 

recognized result (Müller et al., 1998, 2001a, 2005; Broom et al., 2004; Yoon et al., 2006a; 

Lynch et al., 2008); however, this study is the most taxonomically rich treatment of these 

taxa. The Bangiophyceae s.s. contains five recognized genera, three of which are monotypic 

(Pseudobangia, Dione, Minerva). In current taxonomic schemes, the remaining 126 species 

(Guiry and Dhonncha, 2002) are distributed between two genera based on homoplasious 

gametophyte morphology, Bangia (filamentous) and Porphyra (sheet). 

In phylogenetic analyses, there were 17 clades within the Bangiophyceae s.s., 15 of 

which had full or nearly full phylogenetic support or were monotypic (Figure 5-1). Three 

clades corresponded to the monotypic genera of filamentous bangiophytes Dione, Minerva 

and Pseudobangia. The remaining 14 clades corresponded to currently recognized Bangia 

(five clades) and Porphyra (nine clades). The two clades within ‘Bangia’ ‘Clade’ 1 were not 

strongly resolved and occupied a similar area in the phylogeny. Therefore they were treated 

as a single paraphyletic entity. The clades corresponding to the type species of the genera 

Bangia (Bangia atropurpurea (Mert. ex Roth) C. Agardh 1824: 76) and Porphyra (Porphyra 

purpurea (Roth) C. Agardh (1824), p. 191) were maintained as Bangia and Porphyra 

respectively. The remaining clades are designated ‘Bangia’ Clade 1-3 and ‘Porphyra’ Clade 

1-8 corresponding to the order in which they are encountered in the phylogeny (Figure 5-1). 

Nine of the 16 taxonomic lineages contained multiple sequences, while there were four 

monotypic filamentous clades (Minverva, Dione, Pseudobangia and Bangia atropurpurea) 

and three monotypic sheet clades (‘Porphyra’ Clades 1 and 4 and Porphyra purpurea). 
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Figure 5-1. Maximum Likelihood phylogeny inferred using the nSSU rRNA and rbcL genes 

of the Bangiophyceae derived using RAxML v.7.2.2 (Stamatakis, 2006). Data were analyzed 

in five partitions corresponding to structural and non-structural sites (nSSU rRNA) and the 

three codon positions (rbcL). Support values correspond to Maximum Likelihood bootstrap 

and Bayesian posterior probabilities for each node. Grey circles represent full support (100/1) 

and values below 60 % (bootstrap) and 0.9 (posterior probabilities) are not shown. Bars 

representing major clades correspond to filamentous (grey) and sheet (black) gametophyte 

morphologies. Adapted from Broom et al. (in press) 
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5.4.2 Florideophyceae 

The clear distinction between variable (loop) and conserved (helical) regions due to 

alignment to secondary structural models of the nSSU rRNA resulted in reliable alignment of 

characters, even within the loop regions. As a result, only a limited number of alignment sites 

were ambiguous enough to necessitate removal from phylogenetic analyses (<100 alignment 

positions that contained a majority rule consensus nucleotide). Furthermore, the exclusion of 

variable sites only marginally increased the resolution of MLBS within the scope of these 

analyses (supra-familial), and typically in clades that were highly resolved using all 

nucleotide sites (Figures 5-2, 5-3, 5-4). The use of secondary structure models of nucleotide 

evolution in phylogenetic analysis resulted in significant improvements relative to existing 

large-scale phylogenetic treatments of the class (Freshwater et al., 1994; Ragan, 1998; 

Harper and Saunders, 2001a; Saunders, 2005; Verbruggen et al., 2010). Notably, MLBS 

support for supraordinal nodes was typically poor in these analyses; however, MLBS values 

tended to skew towards full support (100%) when greater than 50 %. 

Sequences corresponding to taxa from 24 orders and 77 families of Florideophyceae 

as currently recognized (Schneider and Wynne, 2007; Guiry and Dhonncha, 2002) were 

included in these analyses. Broad phylogenetic topology (Figure 5-2) mirrored existing 

lineage (supra-ordinal) characterizations of the Florideophyceae (Saunders and Hommersand, 

2004) and lineage names are maintained here. Lineage 1, the Hildenbrandiophycidae, is 

generally accepted as sister to the remaining Florideophyceae (Ragan et al., 1994; Saunders 
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and Hommersand, 2004; Harper and Saunders, 2001b). This placement was fully supported 

in these analyses (Figures 5-3) as the Hildenbrandiophycidae contained a single, fully 

supported clade on a long branch sister to remaining Florideophyceae. Lineage 2 was 

resolved in these analyses as two distinct groupings (Figure 5-2). Lineage 2a contained seven 

of the constituent nine orders (Figures 5-2 to 5-4), while the Corallinales and 

Rhodogorgonales strongly resolved separately as Lineage 2b in all phylogenies. Lineage 3 

similarly had full phylogenetic support in all analyses, containing the closely related orders 

Ahnfeltiales and Pihiellales. Lineage 4 contained the majority of orders (12/24, as well as 

two of uncertain taxonomic placement, Incertae sedis) and families (48/76, as well as two 

Incertae sedis) of Florideophyceae. The lineage was nearly fully supported in all analyses. 

Interestingly, the Plocamiales was monophyletic in full taxon analyses; however, in the 

reduced taxon set (Figure 5-5), the two constituent families, the Sarcodiaceae and 

Plocamiaceae, rendered the Plocamiales polyphyletic. Notably, neither phylogenetic 

topology was supported. 

In general, metrics of phylogenetic support tended towards either high or low support 

for nodes, and the large majority of currently established orders and families were reinforced 

by these analyses. In the majority of cases when ordinal clades were monophyletic they were 

well supported by MLBS (Figures 5-2, 5-6) and to a marginally larger extent by BPP 

(Figures 5-5, 5-6). In the few cases where monophyletic ordinal clades were not supported by 

MLBS, they tended to be strongly supported by BPP. For example, two monophyletic ordinal 

clades were not supported by MLBS in either full or reduced taxon analyses (Gigartinales 
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and Batrachospermales); however, in the reduced data set analysis BPP support was very 

strong for both the Gigartinales (1.00) and Batrachospermales (0.98). 

In full taxon analyses, only two of 24 orders were not monophyletic, the paraphyletic 

Acrochaetiales (Figure 5-3) and the polyphyletic Halymeniales (Figure 5-2). For each of 

these orders, taxa traditionally assigned to the order were distributed between two clades, and 

in each case only one of these infraordinal clades was strongly supported. In each of these 

orders the phylogenetic position of the unsupported clades were not strongly resolved and the 

orders could be monophyletic in future analyses; however, the more robust reduced taxon 

analyses (Figure 5-5) did not resolve the Acrochaetiales and Halymeniales as monophyletic. 

Seventeen of the 77 familial clades were not monophyletic in full taxon phylogenetic 

analyses (Figures 5-2, 5-4); however, paraphyletic and polyphyletic relationships among 

these families typically manifested as familial clades containing entire other families. 

Fourteen of the 17 families were ambiguously paraphyletic/polyphyletic (weakly supported 

as such), while the Bonnemaisoniaceae (paraphyletic, Figure 5-2), Dumontiaceae 

(polyphyletic, Figure 5-4) and Gracilariaceae (paraphyletic, Figure 5-2) were each strongly 

supported and were the most significant departures from currently recognized 

Florideophyceae taxonomy. Reduced taxon analyses reflected the paraphyly and polyphyly 

observed in the full taxon set (Figures 5-5, 5-6), maintaining 11 of 17 non-monophyletic 

families. Seven of these 11 families were strongly supported as paraphyletic/polyphyletic 

(Figure 5-5: Bonnemaisoniaceae, Dumontiaceae, Faucheaceae, Gigartinaceae and 

Phyllophoraceae, Figure 5-6: Dasyaceae and Delesseriaceae). Notably, Gigartinaceae and 

Phyllophoraceae were intercalated with each other. For example, Chondrus sp. 
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(Gigartinaceae) and Mastocarpus stellatus (Phyllophoraceae) strongly resolved as sister taxa 

to the exclusion of other Gigartinaceae and Phyllophoraceae taxa (Figure 5-5). The four 

remaining non-monophyletic families occupied a polytomic relationship with other taxa. One 

family, the Cystocloniaceae, which was monophyletic in full taxon analyses, was moderately 

supported as polyphyletic in two clades in reduced taxonomic analyses. In this case, 

Calliblepharis planicaulis, taxonomically a member of the Cystocloniaceae, resolved as 

sister to the Solieriaceae, distinct from the strongly supported remaining members of the 

Cystocloniaceae family. Previously paraphyletic families Lemaneaceae and 

Batrachospermaceae, both of the Batrachospermales, and the Rhodophysemataceae were 

only represented by a single taxon each and were therefore trivially monophyletic 

(monotypic) in reduced analyses. Three families that were paraphyletic in full taxon analyses 

were resolved as monophyletic in the reduced set analyses (Figure 5-5), the Areschougiaceae, 

Hapalidiaceae and Rhodymeniaceae; however, only the monophyly of the Hapalidiaceae was 

strongly supported. 

Of the 60 monophyletic familial clades, eight were not supported by MLBS in full 

taxon analyses. These clades were only represented by a single isolate in reduced taxon 

analyses and therefore were trivially supported. 
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Figure 5-2. Maximum Likelihood phylogeny inferred using the nSSU rRNA gene of the 

Florideophyceae derived using RAxML v.7.2.2 (Stamatakis, 2006). Data were analyzed in 

two partitions corresponding to structural and non-structural sites (nSSU rRNA). Nodal 

support values correspond to Maximum Likelihood bootstrap for all alignment sites as well 

as with ambiguous alignment sites removed from analyses. Grey circles correspond to full 

support (100/100). Values below 60 % (bootstrap) are not presented. Independent lineages of 

Florideophyceae consistent with Saunders and Hommersand (2004) are indicated 

numerically (1-4). 
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Figure 5-3. Maximum Likelihood phylogeny inferred using the nSSU rRNA gene of the 

Florideophyceae derived using RAxML v.7.2.2 (Stamatakis, 2006). Focus is on the 

Nemaliophycidae subset of Figure 5-2 (Lineage 2a). All phylogenetic and topological 

characteristics are consistent with Figure 5-2. 
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Figure 5-4. Maximum Likelihood phylogeny inferred using the nSSU rRNA gene of the 

Florideophyceae derived using RAxML v.7.2.2 (Stamatakis, 2006). Focus is on the 

Gigartinales subset of Figure 5-2 (largest order within the Rhodymeniophycidae, Lineage 4). 

All phylogenetic and topological characteristics are consistent with Figure 5-2. 
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Figure 5-5. Reduced taxa subset Maximum Likelihood phylogeny inferred using the nSSU 

rRNA gene of the Florideophyceae derived using RAxML v.7.2.2. (Stamatakis 2006). One 

taxon representing each familial lineage (including paraphyly/polyphyly) was selected from 

full taxa analysis (Figure 5-2). Data was analyzed in two partitions corresponding to 

structural and non-structural sites (nSSU rRNA). Nodal support values correspond to 

Bayesian Posterior Probabilities, BPP, and Maximum Likelihood Bootstrap, MLBS 

(BPP/MLBS). Grey circles correspond to full support (100/100). Values below 60 % 

(bootstrap) are not presented. Independent lineages of Florideophyceae consistent with 

Saunders and Hommersand (2004) are indicated numerically (1-4). Bolded text corresponds 

to paraphyletic or polyphyletic taxa. 
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Figure 5-6. Reduced taxa subset Maximum Likelihood phylogeny inferred using the nSSU 

rRNA gene of the Florideophyceae derived using RAxML v.7.2.2. (Stamatakis 2006). Focus 

on the Ceramiales subset of Figure 5-5. All phylogenetic and topological characteristics are 

consistent with Figure 5-5. Bolded text corresponds to paraphyletic or polyphyletic taxa. 
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5.5 DISCUSSION 

Recent decreases in the cost of DNA sequencing have facilitated a shift away from single-

gene phylogenies in taxonomic treatments. While these developments may effectively 

resolve, and in some cases uncover, much incorrect taxonomy, a concurrent focus on the use 

of recent advances in data analysis (e.g. phylogenetic algorithms) has been lacking in the 

taxonomic literature. The largest available pool of taxonomically useful sequence data is for 

the nSSU rRNA and much of the evolutionary information contained within these genes has 

not been sufficiently explored. By using more biologically realistic models of sequence 

evolution, phylogenetic resolution relative to existing phylogenies can be improved without 

additional sequencing effort. This is desirable as sequencing and computational barriers have 

largely been overcome. As a result, the limiting factors in robust taxonomic studies are now 

the acquisition and processing of specimens with known and reliable provenance. By 

revisiting currently available data pools and improving phylogenetic resolution, researchers 

can take advantage of the significant research investment reflected by these existing data. 

Furthermore, a robust focus on existing data will efficiently act as a ‘road map’ for future 

research efforts, identifying taxonomic priorities. 

 The increase in phylogenetic resolution in the Eurhodophytina observed here likely 

had two contributing factors, the increased quality of sequence alignments when utilizing 

secondary structure information and the use of biologically realistic structural models of 

sequence evolution. Notably, when a node was supported it was usually by relatively high 
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values (>95 MLBS/0.95 BPP), while lack of support for a topology tended to skew towards 

low values. In MLBS this pattern was more exaggerated and is likely due to the 

bootstrapping strategy employed by the RAxML algorithm. Based on evaluations of the 

source code, the resampling strategy of the algorithm is not fully structurally informed and 

pairs can therefore be disproportionately removed from resampled alignments. For example, 

if a paired nucleotide is not included in the resampled alignment its partner is automatically 

removed; however, there is no differential weighting of the resampling for paired vs. non-

paired sites. This results in the composition of resampled alignments skewed towards less 

conserved (non-paired) sites relative to the original sequence alignment. 

5.5.1 Bangiophyceae sensu stricto 

The Bangiophyceae s.s. taxa represent an evolutionary history greater than 1.2 billion years 

(Butterfield, 2000, 2001; Butterfield et al., 1990), consistent with difficulties identifying 

homologous sites in some nucleotide sequence alignments. This was especially problematic 

within the eukaryotic variable regions corresponding to large loops of the nSSU rRNA 

structure. The aggressive exclusion of sites almost exclusively within these variable regions 

eliminated ambiguous sites in downstream analyses. There exists the risk of excluding too 

much information with such an approach; however, in parallel comparison of resulting 

phylogenies the removal of these sites did not affect the phylogenetic topology above the 

‘genus’ level (i.e. topology was only affected within clades that define a genus or proposed 

genus). Rather, it was phylogenetic support metrics such as MLBS that were influenced by 

these variable sites, likely indicative of mutational saturation in the removed sites (i.e. 

homoplaseous characters). 
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The polyphyletic relationship between Bangia and Porphyra is well established in the 

literature; however, this was the first phylogenetic treatment of all currently publicly 

available nSSU rRNA as well as directly corresponding rbcL sequences. The taxonomic 

breadth of this study is important as the identification of as many independent clades as 

possible is required for the construction of an updated and robust taxonomy as discussed by 

Nelson et al., (Nelson et al., 2006). The revised generic delineation identified here as a series 

of “Bangia” and “Porphyra” clades should reflect, at minimum, a monophyly of each 

filamentous and sheet gametophyte. For example, each lineage of the filamentous “Bangia” 

species intercalated with sheet-like “Porphyra” isolates represents a genus. This process was 

observed in the delineation of each independent lineage of Bangiales (Figure 5-1). There 

were two exceptions to this pattern. First, the separation of “Porphyra” Clade 3, Porphyra 

(Type) and “Porphyra” Clade 2, which here were treated as independent entities due to the 

geographic isolation of the sequences in “Porphyra” Clade 3. Second, “Bangia” Clade 1, 

where isolates from two clades were maintained as a single evolutionary entity since one 

clade demonstrated no phylogenetic support and there was some geographic overlap among 

the taxa included. With a higher sampling intensity of isolates in “Bangia” Clade 1, 

taxonomic status will likely be resolved; however, changing taxonomy without resolution 

may require a retraction and is therefore not suggested in this case. The species-rich 

“Porphyra” Clade 8, which was the most morphologically diverse clade, was not further 

subdivided, as the phylogenetic support of constituent clades was not uniformly strong. A 

more detailed morphological and molecular phylogenetic analysis of this clade is required, 

and will likely result in greater phylogenetic resolution and subsequent taxonomic revisions.  
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 The presence of multiple well-supported clades of “Bangia” and “Porphyra”, each 

with consistent biogeography agreed with other gene phylogenies in this thesis (Chapters 2 

and 3). Any revision to current taxonomy would therefore likely require the erection of at 

least three and possibly four new genera for filamentous Bangiophyceae, depending on the 

resolution of isolates in “Bangia” Clade 1. The genus Bangia would be maintained for the 

freshwater Bangia atropurpurea due to taxonomic precedence as Pfeiffer (1871-1873: 361) 

proposed Bangia atropurpurea (Mert. ex Roth) C. Agardh (Conferva atropurpurea Mert. ex 

Roth, 1806: 208, pl. VI) as the lectotype. The presence of this lectotype factored into the 

taxonomic correction of the proposal to rename Bangia atropurpurea as Bangiadulcis 

atropurpurea (Nelson, 2007; Silva and Nelson, 2008). As a result, each of the proposed 

filamentous genera would be for marine specimens. Only one of these filamentous marine 

Bangiophyceae s.s. genera (“Bangia” Clade 2) contained multiple species that were clearly 

morphologically distinct, “Bangia” fuscopurpurea, “Bangia” vermicularis and “Bangia” 

maxima. 

 A more complete examination of the ecological, biogeographic and molecular 

sequence characteristics defining each of these 16 taxonomic lineages is not presented here 

as this is the focus of an upcoming publication that I am contributing to, but not exclusively 

responsible for (Broom et al., in press). 

5.5.2 Florideophyceae 

The nSSU rRNA gene sequence alignment for the Florideophyceae was less variable than the 

corresponding Bangiophyceae s.s. alignment. As a result, fewer character sites required 
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removal from the alignment and removal of sites did not have an effect on phylogenetic 

topology at the genus level or higher. Additionally, due to increased morphological 

complexity relative to the Bangiophyceae s.s. the presence of cryptic species was less 

prevalent in the Florideophyceae. The general topology of the Florideophyceae phylogeny 

was, for the most part, consistent with the taxonomy of recent treatments (Saunders and 

Hommersand, 2004; Verbruggen et al., 2010). In Saunders and Hommersand (2004) four 

subclass lineages of Florideophyceae were recognized based on ultrastructure and literature-

based consensus taxonomy. Three of those proposed lineages were fully monophyletic and 

well supported in these analyses (Figures 5-2, 5-5), Hildenbrandiophycidae (Lineage 1), 

Ahnfeltiophycidae (Lineage 3) and Rhodymeniophycidae (Lineage 4). Alternatively, the 

Nemaliophycidae (Lineage 2) was polyphyletic, with the Corallinales and Rhodogorgonales 

well supported and distinct from the remaining orders in the Nemaliophycidae. 

The bifurcation of the Nemaliophycidae does not change the parsimony state (i.e. is 

equally parsimonious) inferred from pit-plug morphologies as presented in Saunders and 

Hommersand (2004). This separation is also consistent with more recent taxonomic 

treatments within the Florideophyceae (Le Gall and Saunders, 2007; Verbruggen et al., 

2010). Notably, in the analyses presented here the resolution of the Corallinales was achieved 

using a single gene (nSSU rRNA), whereas the similar resolution and support of the 

analogous Corallinophycidae by Le Gall and Saunders (2007) required three separate genes 

(EFP2, nSSU rRNA, nLSU rRNA). Since there is a broader taxonomic sampling for the 

nSSU rRNA relative to the genes used in mutigene phylogenies, a more inclusive resolved 

taxonomy can be proposed when this single gene is used effectively. Furthermore, the 
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phylogenetic resolution achieved in a 14-loci multigene analysis of the Rhodophyta 

(Verbruggen et al., 2010) showed only a moderate improvement over the single gene nSSU 

rRNA analyses here, and none of these differences were supported sufficiently to propose 

taxonomic changes. It is likely that multigene analyses taking advantage of secondary 

structure models of evolution for suitable gene regions (i.e. RNA) would result in a higher 

degree of support for phylogenetic metrics. Such analyses should be undertaken when the 

multigene data sets are suitably mature. 

The subclasses Hildenbrandiophycidae, Nemaliophycidae, Corallinophycidae and 

Ahnfeltiophycidae are relatively species poor, which has resulted in a predominantly stable 

taxonomy. One notable exception is the Batrachospermales (Nemaliophycidae). While the 

Batrachospermales were monophyletic in these analyses, the Batrachospermaceae was 

strongly paraphyletic and would benefit from a formal taxonomic revision. Furthermore, 

based on the phylogenetic analyses here, Audouinella macrospora (Wood) Sheath & 

Burkholder should be recognized as a lineage within the Batrachospermales and not the 

Acrochaetiales, consistent with its homotypic synonym Batrachospermum macrospora 

(Wood) Collins (Guiry and Dhonncha 2002) and previous phylogenetic results (Necchi and 

Zucchi, 1997; Pueschel et al., 2000; Müller et al., 2002). In contrast to the relative taxonomic 

stability of the species poor subclasses, the Rhodymeniophycidae presented several notable 

discrepancies. These are discussed in the order encountered in the phylogeny (Figure 5-5). 

The larger of the two families within the strongly supported Bonnemaisoniales, the 

Bonnemaisoniaceae was strongly polyphyletic in these analyses. While the majority of taxa 

belonging to this family formed a clade, one isolate, Delisea hypneoides Harvey, was 
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strongly supported as monophyletic within the other family in the order, the Naccariaceae. In 

the only other phylogeny with broad taxonomic sampling across the Florideophyceae (Le 

Gall and Saunders, 2007), Delisea hypneoides was resolved within the Bonnemaisoniaceae; 

however, there was no phylogenetic support noted in that study. It is possible that the broader 

taxonomic sampling and choice of nucleotide model of evolution uncovered a homoplasious 

morphology in Delisea hypneoides as all other members of genus Delisea resolved correctly 

within the Bonnemaisoniaceae (Figure 5-2). This scenario would require a re-evaluation of 

the taxonomic status of Delisea hypneoides. The more likely scenario is either the sequence 

was incorrectly identified or the phylogenetic placement is an artifact of the nSSU rRNA 

gene itself. Regardless, the sequence of this organism (Accession # EF033585) needs to be 

verified before it is used in further taxonomic research. Notably, a recent family-level 

phylogenetic analysis of 14 genes (Verbruggen et al., 2010) utilized the Delisea hypneoides 

nSSU rRNA gene sequence. Of the 14 genes in that study, only six were present from the 

Bonnemaisoniaceae and from five different species. The use of the potentially problematic 

Delisea hypneoides sequence did not influence the phylogenetic topology in that case as the 

Bonnemaisoniaceae and Naccariaceae were each represented by a single concatenated 

sequence set. Future studies, however, need to address the provenance of this sequence. 

In these analyses the Calosiphoniaceae (Smitzia) and Acrosymphytaceae 

(Acrosymphyton) were strongly excluded from the Gigartinales (Figures 5-2, 5-4, 5-5). The 

Acrosymphytales was recently erected (Withall and Saunders 2006), containing the 

Acrosymphytaceae and since the type genus Acrosymphyton has gene sequence data 

available that taxonomy was adopted here. In contrast, the Calosiphoniaceae type genus, 
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Calosiphonia, was not included in these analyses therefore the family was designated as 

Incertae sedis (I.s.; Figures 5-2, 5-5). 

While phylogenetic resolution of the nSSU rRNA gene region has previously not 

been harnessed, the correct use of multigene data sets can also be very useful for resolving 

phylogenetic relationships. The order Plocamiales in particular appears to benefit from the 

use of several genes in phylogenetic analyses. The monophyletic relationship of two families 

within the Plocamiales (Sarcodiaceae and Plocamiaceae) was not supported here. This 

monophyly was strongly resolved in multigene analyses (Verbruggen et al., 2010) and 

therefore maintained in the taxonomy presented here despite lack of phylogenetic resolution 

with the nSSU rRNA gene. 

In these analyses there was a strongly supported monophyletic lineage containing the 

Halymeniales, Sebdeniales and Rhodymeniales; however, the Halymeniales were a 

polyphyletic taxon. Within the Halymeniales these analyses further supported the separation 

of the genus Tsengia from its traditional class the Nemastomataceae sensu Masuda and Guiry 

(1995) and elevation to the Tsengiaceae subordinate to the Halymeniales sensu Saunders et al 

(2004). However, while this placement within the Halymeniales was strongly supported in 

multigene analyses (Verbruggen et al., 2010), it was not supported here. As the Halymeniales 

and Sebdeniales are not fully resolved here, the taxonomy suggested by the results of 

Verbruggen et al., (2010) was maintained. In this taxonomy, the Sebdeniaceae constitute 

their own order, the Sebdeniales, consistent with the taxonomy of Withall and Saunders 

(2006). While the Rhodymeniales was strongly supported as monophyletic in these analyses, 

there appeared to be a phylogenetic affinity between Gelidiopsis variabilis (Lomentariaceae) 
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and Gloioderma fruticulosa (Faucheaceae), resolved in both full-taxon and reduced-taxon 

analyses (Figures 5-2, 5-5), but only supported in reduced taxon-analyses (0.91 BPP/86 

MLBS). Large-scale phylogenies of the Rhodymeniales do resolve the sister-relationship 

between Faucheaceae and Lomentariaceae (Le Gall and Saunders, 2007; Verbruggen et al., 

2010); however, these studies do not include multiple members of the Faucheaceae, which is 

the case here, and therefore the paraphyly of Faucheaceae was not observed. A phylogenetic 

analysis of this relationship with higher taxon sampling is required to characterize this 

relationship. Similarly, the Rhodymeniaceae were paraphyletic in full taxon analysis (Figure 

5-2); however, it was weakly supported as monophyletic in reduced taxon analysis (Figure 5-

5). It is likely that this family is monophyletic and would require more thorough taxon 

sampling in future analyses. 

The Gracilariaceae was a fully supported lineage but was paraphyletic due to the 

inclusion of the Pterocladiophilaceae. As the higher order branching within the Gracilariales 

was not fully resolved, it is likely that this placement of the Pterocladiophilaceae was an 

artifact. Interestingly, the Pterocladiophilaceae was only represented by multiple Holmsella 

pachyderma (Reinsch) Sturch, a species parasitic on Gracilaria and Gracilariopsis. Cross-

contamination of these samples may have contributed to the ambiguous resolution observed. 

Unfortunately, there were no other sequences from the Pterocladiophilaceae with which to 

test this hypothesis. 

The Ceramiales is a well-studied species rich lineage within the Florideophyceae and 

the taxonomy resolved here significantly varied from the most recent large-scale taxonomic 

review by Schneider and Wynne (2007). For example, the genus Sciurothamnion, 
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canonically within the Ceramiaceae, was fully supported within the Callithamniaceae, 

consistent with Hommersand et al., (2005). These analyses resolved three well supported but 

independent lineages within the Ceramiaceae sensu Schneider and Wynne (2007). As these 

lineages, the Ceramiaceae, Callithamniaceae and Wrangeliaceae, were each well resolved in 

all phylogenetic analyses and covered a broad evolutionary distance they should be 

maintained as independent families sensu Choi et al., (2008). Interestingly, Inkyuleeaceae is 

moderately well supported as part of the Ceramiales in these analyses reflecting its current 

taxonomic placement (Choi et al., 2008). This is directly contradictory to multigene analyses 

(Verbruggen et al., 2010), which resolved it as sister to the Calosiphoniaceae (Gigartinales), 

although it was not well supported by all metrics in that analysis. The family 

Calosiphoniaceae was not included in these analyses, so this relationship was not tested; 

however, it is unlikely the Inkyuleeaceae would resolve outside the Ceramiales. 

More derived families within the Ceramiales were also considerably polyphyletic 

consistent with previous work (Verbruggen et al., 2010; Lin et al., 2001; Choi et al., 2008). 

The families Dasyaceae and Delesseriaceae contained several independent lineages (Figures 

5-2, 5-6). While there was no strong phylogenetic support to suggest taxonomy for these 

taxa, there are clearly a number of distinct lineages. If the Rhodomelaceae and 

Sarcomeniaceae were to remain separate families, each distinct lineage would require the 

same rank and at least six classes would need to be erected to replace the Dasyaceae and 

Delesseriaceae. A full phylogenetic treatment of these taxa is therefore required. 

The Gigartinales is the most family-rich order in the Florideophyceae and its 

infraordinal phylogenetic structure has been difficult to resolve (Saunders et al., 2004; 
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Verbruggen et al., 2010). This study is the largest taxonomic treatment of these taxa to date. 

Similar to a recent multigene analysis (Verbruggen et al., 2010) most of the higher-order 

branching relationships within the Gigartinales were not well resolved in these analyses and 

consequently characterized as a polytomy (Figure 5-5). In full taxon analysis many higher 

order branching relationships were not supported by phylogenetic metrics of support 

(MLBS), although many of the familial clades were. While this is consistent with published 

multigene phylogenies, some suprafamilial relationships were either very well supported or 

moderately so. Novel phylogenetic topologies observed within the Gigartinales are discussed 

in the order in which they are encountered in the reduced taxon set analyses (Figure 5-5). 

The intercalation of the Gigartinaceae and Phyllophoraceae was well supported 

within only the reduced taxon set analyses (Figure 5-5). In this case the genus Mastocarpus 

(Phyllophoraceae) resolved as sister to Chondrus (Gigartinaceae). The taxonomic placement 

of Mastocarpus is not stable, previously being a member of the Gigartinaceae. In a previous 

molecular study using the rbcL gene region (Fredericq and Ramirez, 1996) Mastocarpus 

allied strongly with the Phyllophoraceae. Conversely, in more recent studies phylogenetic 

resolution with the nSSU rRNA gene was weak and inconclusive (Saunders et al., 2004). 

Based on strong rbcL taxonomic resolution the genus was placed within the 

Phyllophoraceae, where it remains (Saunders et al., 2004; Schneider and Wynne, 2007). 

These results suggest strong support for the genus to be reverted back to the Gigartinaceae 

and demonstrate a direct specific example for the utility of structural models of sequence 

evolution in phylogenetic analyses. A revision of the taxonomy of Mastocarpus should not 
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be formally suggested until the disagreement between the nSSU rRNA and rbcL genes is 

resolved or confirmed. 

The Peyssonneliaceae, also generally considered to be part of the Gigartinales, has 

been the subject of a recent taxonomic revision (Krayesky et al., 2009). There the elevation 

of the family to the ordinal level, the Peyssonneliales, was suggested based on morphological 

and molecular sequence evidence. Notably, phylogenetic position of the Peyssonneliaceae 

was not resolved in recent multigene sequence analyses (Verbruggen et al., 2010). While the 

Peyssonneliaceae was resolved as monophyletic with the Gigartinales in all analyses 

presented here, the branch length leading to the clade as well as the stronger support for the 

Gigartinales excluding the Peyssonneliaceae (Figure 5-5) suggests support for the 

Peyssonneliales and Gigartinales sensu Krayesky et al., (2009) and such taxonomy is adopted 

here. 

The Schmitziellaceae sensu Saunders et al. (2004) are similarly supported in these 

analyses, clearly locating the constituent genus Schmitziella within the Gigartinales. The 

taxonomy of Schmitziella has been particularly problematic, being assigned to the 

Corallinaceae (Batters, 1892; Kylin, 1956) at various levels of tribe (Svedelius, 1911) and 

subfamily (Johansen, 1969). Investigations by Woelkerling and Irvine (1982) recognized 

Schmitziella as not associated with the Corallinaceae, showing some similarities to the 

Acrochaetiaceae. This taxonomy was further corroborated (Pueschel, 1989), eliminating 

Schmitziella from both the Corallinaceae and Acrochaetiaceae based on pit plug morphology, 

proposing its placement within the Gigartinales, a proposal supported by the results here and 

of Verbruggen et al., (2010). 
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The Acrotylaceae consisted of an almost fully supported clade, which contained 

multiple taxa including Amphiplexia and Antrocentrum (Figure 5-4) with the other 

representative taxa (Hennedya, Acrotylus and Claviclonium) as monotypic lineages with no 

resolved phylogenetic affiliation. This was not resolved with the reduced taxa analyses 

(Bayesian). Similarly, The Caulacanthaceae contained a single sequence interrupting 

monophyly of the remaining taxa in the family. Additionally, Cystocloniaceae was a 

polyphyletic taxon in these analyses; however, the genera Cystoclonium and Stictosporum 

were strongly monophyletic and the genus Calliblepharis was ambiguously placed sister to 

the Solieriaceae. The unresolved monotypic lineages for each of these three families likely 

have two significant causes disrupting monophyly, poor taxon sampling and reduced 

phylogenetic resolution or poor sequence quality, which cannot be evaluated without source 

material. The phylogenetic topology of these clades does not suggest a taxonomic 

restructuring at this time as the disparate taxa are not separately resolved, merely unresolved. 

Some suprafamilial phylogenetic resolution was observed in the Dumontiaceae-

containing clade within the Gigartinales (Figures 5-4, 5-5), which contained the families 

Dumontiaceae, Gainiaceae, Kallymeniaceae and Rhizophyllidaceae. These taxa do form a 

monophyletic lineage in multigene phylogenies (Verbruggen et al., 2010), and consequently 

likely do represent a monophyletic taxon. Multiple strongly supported clades within this 

group strongly suggest the Dumontiaceae is a polyphyletic taxon. Reduced taxon analyses 

reduced the number of clades of Dumontiaceae to three (from four in full taxon analyses). 

The extra clades in full taxon analyses collapsed into the large clade of Dumontiaceae. 

Regardless, the resolution of the clades is not sufficient in these analyses to suggest a 
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taxonomic revision. A more specific and taxon rich analysis of the clade should be 

undertaken. 

The remaining phylogenetic relationships were no more resolved than multigene 

phylogenies and require further analyses before taxonomic revisions can be suggested. 

Interestingly, the subsetting of taxa and introduction of Bayesian analyses (Figure 5-5) did 

not significantly change phylogenetic topology, reinforcing full-taxa analyses. Furthermore, 

as these analyses were, on average, at least as successful as multigene analyses with 

stochastic models of sequence evolution (Saunders et al, 2004; Verbruggen et al., 2010) it 

appears as though conflicting phylogenetic signal from biologically naive models interfered 

with multigene analyses. As it is generally accepted that more sequence data will improve 

phylogenetic resolution, assuming orthology (Dunn et al., 2008), the reanalysis of multigene 

alignments using structurally informed models of sequence evolution for non-translated RNA 

molecules would improve phylogenetic resolution. 

5.6 Conclusions 

Incorporating parametric structural models of RNA sequence evolution into the phylogenetic 

analysis of Eurhodophytina taxa resulted in a significant increase in phylogenetic resolution. 

As a goal, taxonomy should be congruent with evolutionary history; however, this is not 

currently the case within the Eurhodophytina. The Bangiophyceae sensu stricto, including 

only the Bangiales, were very strongly characterized as having a minimum of 16 generic 

lineages. In all previous work, however, resolution of some filamentous and sheet 

gametophyte clades was weak or unresolved. In order to accommodate these results, marine 
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filamentous isolates previously deemed Bangia require at least three new genera. Similarly, a 

total of eight new genera should be erected to accommodate species of Porphyra. Monotypic 

generic lineages Bangia atropurpurea, Dione arcuata, Minerva aenigmata, Porphyra 

purpurea and Pseudobangia kaycoleia should be maintained. These changes are fully 

proposed in Broom et al. (in press). 

 In contrast to the Bangiophyceae sensu stricto, the taxonomic changes within the 

Florideophyceae suggested by these results are subtle, which is likely a function of the 

increased morphological variation within the Class and therefore fewer cryptic species or 

lineages. This is the most taxon rich phylogenetic analysis of the Florideophyceae and 

resolved topologies typically already have precedence within the taxonomic literature; 

however, topologies here were resolved with a single gene and typically with a higher degree 

of confidence. For example, the separation of the Nemaliophycidae sensu Saunders and 

Hommersand (2004) into the Corallinophycidae and the Nemaliophycidae increases the 

number of Florideophyceae subclasses to five. Furthermore, pre-existing taxonomic 

suggestions at the ordinal level were also corroborated. The Acrosymphytales were supported 

here as an independent order as was the demarcation of the Peyssonneliales from the 

Gigartinales sensu Kreyesky et al. (2009). Family-level results indicated the elevation of 

Tsengia to the Tsengiaceae subordinate to the Halymeniales and the resolution of three 

independent lineages (Ceramiaceae, Callithamniaceae and Wrangeliaceae) within the 

Ceramiaceae sensu Schneider and Wynne (2007). 

Some novel taxonomic observations were also resolved in these analyses. For 

example, there was strong support for the return of Mastocarpus (Phyllophoraceae) to the 
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Gigartinaceae, potentially resolving the ambiguous familial placement of this genus. 

Phylogenetic results also noted sequences with unclear derivation. One example is Holmsella 

pachyderma (Pterocladiophilaceae), which resolved within the Gracilariaceae potentially due 

to cross contamination, as the species is parasitic on members of the Gracilariaceae. 

The most significant contribution that single-gene phylogenies offer taxonomy is a 

consistent, easily generated dataset. The largest such pool for Rhodophyta is the nSSU rRNA 

gene, and to date the phylogenetic signal has not been fully utilized in analyses of this gene 

region. As such, large-scale analysis of the Florideophyceae identified areas of the 

phylogenetic tree that require further taxonomic analyses. These include the strong 

phylogenetic association between Lomentariaceae and Faucheaceae within the 

Rhodymeniales. The polyphyly between Dasyaceae and Delesseriaceae, with several lineages 

of each, also requires significant taxonomic revision. Additionally, there was evidence of 

poor phylogenetic resolution in some lineages caused by either insufficient taxonomic 

sampling or poor sequence quality. For example, the families Acrotylaceae, Caulacanthaceae, 

and Cystocloniaceae had the majority of isolates predominantly monophyletic interrupted by 

ambiguous placement of monotypic lineages. 

The phylogenetic resolution of molecular sequences is highly dependent on the use of 

appropriate models of sequence evolution. As parametric secondary structure models of RNA 

are much more biologically realistic than stochastic models currently widely used, 

reevaluating current mature data sets of RNA sequences, e.g. nuclear rRNA, would provide 

significant improvement over current phylogenetic treatments with minimal research 
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investment. As demonstrated, the utility of these data has not been fully realized and will 

help to direct future multigene and phylogenomic research. 
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Chapter 6 

  
Taxonomic signatures in the nSSU of Rhodophtya and the potential 

for species identification 

6.1 OVERVIEW 

Phylogenetic relationships among taxa over broad evolutionary scales are often difficult to 

resolve due to mutational saturation of orthologous genes. Incorporating additional gene 

sequence information is one promising method for improving phylogenetic resolution; 

however, generation of taxonomically consistent multigene datasets has proven difficult and 

expensive. Alternatively, investigation of higher order secondary structure of orthologous 

RNA molecules has been proposed as a complimentary approach to phylogenetic analyses.  

The nuclear small subunit ribosomal RNA (nSSU rRNA) gene sequence dataset is the 

most complete orthologous dataset for the early-diverging crown eukaryotic phylum 

Rhodophyta (red algae). By using secondary structure signatures or molecular 

morphometrics the evolutionary relationships within the Rhodophyta were evaluated in order 

to address ambiguous phylogenetic relationships. Furthermore, there is currently no easy 

method for screening large datasets for the presence of taxonomically useful or biologically 

active secondary structure characteristics of the nSSU rRNA. Computational tools developed 

for analyses here were made publicly available under the General Public License (GPL) 

v.3.0. 
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Morphometrics of the nSSU rRNA secondary structure were useful in supporting and 

improving phylogenetic and taxonomic resolution of non-Eurhodophytina red algae, 

including support for the recently erected Dixoniellales. More recently derived 

Eurhodophytina taxa, however, did not show appreciable improvement in phylogenetic 

resolution, due primarily to lack of variation among structures. This novel approach to 

phylogenetic analyses, although able to distinguish isolates at all taxonomic levels, requires 

the development of a distance metric tailored to the types of data generated. Euclidian 

distance among structures appeared to obscure relationships for more recently derived taxa 

and seemed to be highly susceptible to sequence and structural artifacts such as missing or 

poorly aligned characters. Addressing these concerns is an area of ongoing investigation. 

 An unforeseen utility of this approach to nSSU rRNA morphometrics was the easy 

and rapid identification of deviations from the consensus secondary structure. These 

deviations manifested as long branches to terminal nodes and topological incongruence 

between the species tree and the morphometric clustering. 

6.2 INTRODUCTION 

Species identification and the development of taxonomy congruent with evolutionary history 

have been difficult within the red algae (Rhodophyta), particularly due to homoplasious and 

simple morphologies within most Bangiophyceae s.l. lineages. Using molecular sequence 

data and phylogenetics to address these problems has been the focus of considerable research 

(Freshwater et al., 1994; Ragan et al., 1994; Müller et al., 2005; Nelson et al., 2005; 

Saunders, 2005; Robba et al., 2006; Lynch et al., 2008); however, the age of the phylum, 
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>1.3 billion years (Butterfield, 2000; Butterfield, 2001) to as many as 2 billion years 

(Tappan, 1976), makes phylogenetic resolution of some relationships difficult due to loss of 

phylogenetic signal in sequence data. 

Woese (1987) rationalized that the phylogenetic examination of the higher-order 

structure of ribosomal RNA (rRNA) would clarify the evolutionary stages of its structure and 

aid in extrapolating the significance of changes and variation in rRNA. This concept helped 

differentiate the bacterial subdivisions (Woese, 1987) and lead to the delineation of the 

domains Eukarya, Eubacteria and Archaea (Winker and Woese, 1991) using structural 

characteristics, or signatures, from the nuclear small subunit (nSSU) rRNA. There are 

different types of phylogenetically constrained elements, ranging from single nucleotides and 

base pairs to hairpin loops, non-canonical pairings and insertions/deletions. Based on the 

findings of Woese (1987) and Winker and Woese (1991), such sequence signatures can be 

synapomorphic for different phylogenetic levels. Furthermore, there is evidence for using 

structural signatures from the nSSU rRNA as support for taxonomic revisions within the 

Rhodophyta (Müller et al., 2004), an approach that has not been fully explored. 

The objective of this study is two-fold. First, exploring nucleotide and secondary 

structure signatures in a taxonomically diverse set of Rhodophyta nSSU rRNA genes using 

structural element encoding and molecular morphometrics. Second, using multivariate 

analysis of encoded secondary structure information for the nSSU rRNA gene to resolve 

ambiguous phylogenetic relationships within the Rhodophyta. There is currently no easy 

method for screening large data sets for the presence of taxonomically useful secondary 

structure characteristics (e.g. synapomorphies). Until now such screening has primarily been 
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done manually using small datasets. The computational tools presented here provide a simple 

screening and analysis workflow to derive a set of molecular morphometric characters and 

display abstracted structural distance among taxa. This workflow accepts sequences of any 

RNA gene for which the secondary structure of at least one sequence is known. 

6.3 METHODS 

6.3.1 Sequence alignment and structure prediction 

Rhodophyta nSSU rRNA gene sequence alignments, provided by the Comparative RNA 

Website (Cannone et al., 2002) using sequences available from GenBank and appended with 

novel sequences from the Bangiales Working Group (Broom et al. in press), were 

constructed based on evaluations of compensatory substitutions using comparative sequence 

analysis of eukaryotic nSSU rRNA gene. In order to reduce null comparisons (comparing 

lengths of structural elements when one sequence is truncated and is therefore of length 

zero), only sequences of full or nearly full length were included. Sequences truncated to less 

than 95% of the gene region were removed and remaining sequences were screened against 

NCBI’s GenBank database to ensure current user-submitted taxonomic status. Additionally, 

preliminary phylogenetic analysis using the BioNJ algorithm (Gascuel, 1997) was performed 

using SeaView v.4.0 (Gouy et al., 2010) in order to evaluate the alignment for any obvious 

identification errors not reflected in GenBank annotations. To facilitate screening of 

sequences, the data were analyzed in three subsets, non-Eurhodophytina, Bangiophyceae 

sensu stricto (s.s.) and Florideophyceae fractions using taxon membership similar to 

phylogenies in previous chapters, including outgroup taxa (Figures 4-2,5-1,5-5). Sequence 
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alignments were subsequently evaluated for secondary structure signatures using a series of 

text processing and analysis algorithms outlined in the following sections. Programs were 

implemented in the Python programming language and are publicly available and released 

under the GNU General Public License v.3.0. 

6.3.2 Structural variation and abstraction of the nSSU rRNA 

A limited number of Rhodophyta lineages have fully derived secondary structure diagrams 

for the nSSU rRNA gene making direct comparisons of the phylogenetic distribution of 

structural elements challenging. A total of eight non-Florideophyceae and 26 

Florideophyceae structures are currently available (Cannone et al., 2002) and are not evenly 

distributed among different lineages. Regardless, comparisons of derived structures through 

digital overlays were used to establish a baseline presence of structural variations during 

Rhodophyta evolution. 

While there is a lack of derived secondary structure diagrams for organisms within 

the Rhodophyta, structurally informed alignments contain most of the information on 

secondary structure and can be used as a surrogate for structural comparisons. The basic 

secondary structure of the nSSU rRNA gene is highly conserved across the Rhodophyta, with 

almost all of the known variation occurring as length polymorphisms of individual structural 

elements (e.g. helices and loops). To examine the evolutionary distribution of these length 

polymorphisms, the secondary structure of the nSSU rRNA gene was codified as a series of 

length measurements of structural elements starting from the 5’ end of the molecule. The 

sequence alignment was partitioned based on pairing and non-pairing sites derived from 
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secondary structure. Transitions in the alignment from paired to non-paired sites accounted 

for helical, loop and bulge structural elements (Figure 6-1). As bulges can occur on a single 

side of a helical structure, each side of such structures was treated independently. Structural 

elements that comprise of combinations of these secondary structure elements (e.g. helix 

junctions) were characterized by their constituent parts and not as a whole unit in order to 

more easily identify and weigh length polymorphisms. The nucleotide length of each element 

was then calculated independently for each sequence in the alignment. 
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Figure 6-1. Schematic indicating structural elements accounted for within the structural 

abstraction of RNA molecules. This segment is comprised of 11 individual structural 

elements, numbered sequentially. Grey and black text is alternated to delineate elements. 
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 The partitioning of the data into three groups of taxa reflects the general conservation 

of structure across most lineages of Rhodophyta compared to the relative diversity of 

secondary structure observed within the Florideophyceae. This also enabled the use of 

different consensus structures for each partition and mirrored partitions used in previous 

chapters (Chapters 4 and 5). Consensus secondary structures used for each partition were 

derived from Erythrotrichia carnea (GenBank Accession #: L26189; non-Eurhodophytina), 

Bangia fuscopurpurea NWT (GenBank Accession #: AF043355; Bangiophyceae s.s.) and 

Palmaria palmata (GenBank Accession #: Z14142; Florideophyceae). Each of the three 

alignments was trimmed to the smallest included sequence to ensure that no artificial null 

comparisons were performed, which can strongly influence clustering algorithms. 

 Encoded length polymorphisms were transformed into a distance matrix using the 

Euclidian distance metric and subsequently clustered using the unweighted pair group 

method with arithmetic mean (UPGMA) hierarchical clustering and Neighbor Joining 

algorithms. Distance, UPGMA and Neighbor Joining calculations were performed using the 

r-project for statistical computing environment (R Development Core Team, 2006) and the 

analysis of phylogenetics and evolution (APE) package (Paradis et al., 2004). 

Secondary structure diagrams, based on the comparative structure models, are 

available from the Comparative RNA Website (Cannone et al., 2002). 

6.4 RESULTS 

When existing secondary structure diagrams were compared using digital overlay some small 

structural variations were almost exclusively observed as length polymorphisms of existing 
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structural elements (e.g. loops, helices). Furthermore, patterns of structural variation 

observed within existing diagrams were highly conserved within lineages across sequences in 

the structural alignment. These variations appeared to be phylogenetically distributed, where 

structures within an order formed morphometric islands (i.e. there were few intermediate 

states between structures among different ordinal lineages and there was very little flexibility 

within those lineages). A limited subset of variation for the non-Florideophyceae taxa is 

presented in Figure 6-2. Such conservation patterns suggested further investigation of the 

phylogenetic distribution of structural length polymorphisms was warranted. 
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Figure 6-2. Secondary structure elements from four regions of the nuclear small subunit 

ribosomal RNA for currently derived secondary structure diagrams of non-Florideophyceae 

taxa. The starting number of the corresponding structural element from the Escherichia coli 

secondary structure identifies each of the four regions. Structures were obtained from the 

Comparative RNA Website (Cannone et al., 2002). 
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 Cluster topologies resulting from the UPGMA algorithm tended to have compressed 

branch lengths at higher order branching events (i.e. above the genus level). This made it 

difficult to resolve some clades and made taxonomic inferences at the scope of this study, 

i.e., ordinal and supraordinal, problematic. Cluster results from UPGMA are therefore not 

presented. In contrast to UPGMA clustering, Neighbor Joining resulted in tree topologies that 

were, for the most part, unambiguous. The tree topologies were generally consistent with 

nucleotide-based phylogenies (Chapters 2-5), but were most similar for non-Eurhodophytina 

taxa. 

6.4.1 Non-Eurhodophytina nSSU rRNA morphometrics 

The tree topology from nSSU rRNA morphometrics of non-Eurhodophytina taxa closely 

mirrored phylogenetic inference from sequence data (Figure 6-3). In general, each ordinal 

clade from phylogenetic analysis was monophyletic in this analysis. Exceptions included a 

mixed clade of three taxa, Stylonema alsidii (AY617153), Purpureofilum apyrenoidigerum 

(AY617151) and Chlidophyllon kaspar (AY126431) as well as two taxa in a long-branch 

association, Rhodella cyanea (AB045605) and Galdieria sulphuraria (AB091230). All 

remaining isolates from these orders (Stylonematales, Rhodellales, Erythropeltidales and 

Cyanidiales) were monophyletic, which accounted for the large majority of isolates. 
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Figure 6-3. Neighbor Joining tree of non-Eurhodophytina taxa derived from a Euclidean 

pair-wise distance matrix constructed from helix and loop length measurements of the 

consensus nSSU rRNA secondary structure. Consensus structure was derived from the model 

for Erythrotrichia carnea (GenBank Accession #: L26189). Polyphyletic orders are bolded. 
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 Most taxa with incorrect placement relative to molecular phylogenies likely had 

sequence artifacts that influenced the morphometric analysis. The sequence for Rhodella 

cyanea (GenBank Accession #: AB045605), for example, was partially offset in the sequence 

alignment, which had the effect of displacing one of the loop regions thereby making it 

considerably larger than other Rhodellales taxa and similar in size to the Galdieria 

sulphuraria sequence (GenBank Accession #: AB091230). Furthermore, the three taxa in the 

mixed clade, Stylonema alsidii, Purpureofilum apyrenoidigerum and Chlidophyllon kaspar, 

all had the same gap at the beginning of the alignment, which influenced the size of the first 

helix element. This is likely an alignment error as all three sequences had nucleotides offset 

5’ of this gap that closely matched the anticipated sequence data that should have been 

present in this gap based on other, related taxa. Correction of the two above points resolved 

the mixed clade and the position of Rhodella cyanea, leaving only Galdieria sulphuraria 

distinct from its ordinal clade, Cyanidiales (results not shown as they were derived from a 

modified structural alignment). 

Although the topology of Neighbor Joining clustering contained monophyletic 

ordinal lineages consistent with previous phylogenetic work (Chapter 4), some supraordinal 

taxonomy was incongruent with previous results. Here the Porphyridiales were sister to the 

majority of taxa instead of their placement within the Porphyridiophyceae sensu Chapter 4 

(i.e. Porphyridiales, Compsopogonales, Rhodochaetales and Erythropeltidales). Notably, all 

three sequences from Dixoniella grisea formed a distinct clade consistent with an ordinal 

delineation, the Dixoniellales sensu Yokoyama et al. (2009). 
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6.4.2 Bangiophyceae sensu stricto nSSU rRNA morphometrics 

Molecular morphometric analysis of the nSSU rRNA gave mixed results for the 

Bangiophyceae s.s. (Figure 6-4) relative to phylogenies inferred from sequence data. 

Notably, Bangia clade 1 was distinctly more polyphyletic in these analyses relative to its 

ambiguous resolution in molecular phylogenies (Chapters 2 and 5). Four previously 

monophyletic groups were not in this analysis. Isolates from Porphyra clade 7 and Porphyra 

clade 8 were distributed throughout the tree, while Porphyra clade 6 and Bangia clade 3 were 

not monophyletic due to a single incongruous sequence. Porphyra clade 3 interestingly 

contained within it both lineages of Bangia clade 1 in contrast to their sister relationship in 

molecular phylogenies. In these analyses the majority of the nine multi-isolate clades were 

monophyletic (two), or nearly so (five). 

 Some isolates in these analyses occupied long branches, including P. schizophylla, P. 

gardneri, P. purpurea, Bangia sp. NWT and Porphyra clade 2 (Figure 6-4). The long 

branches in these analyses corresponded to unique structural signatures resulting in 

exaggerated Euclidian distances. For example, in P. purpurea the tenth loop element from 

the 5’ end of the sequence was 33 nucleotides long whereas all other Bangiales taxa had 

fewer than 25 nucleotides at this site, and all but three had 22 or fewer. 
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Figure 6-4. Neighbor Joining tree of Bangiophyceae sensu stricto taxa derived from a 

Euclidean pair-wise distance matrix constructed from helix and loop length measurements of 

the consensus nSSU rRNA secondary structure. Consensus structure was derived from the 

model for Bangia fuscopurpurea NWT (GenBank Accession #: AF043355). Paraphyletic and 

polyphyletic groups are bolded. 
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As structures are highly conserved within the Bangiales, including the lengths of most 

structural signatures evaluated here, the presence of artifactual null comparisons can strongly 

influence distance measurements (e.g. comparing lengths of an element for which one 

sequence in a pair-wise comparison has been misaligned or is missing sequence data). To 

ensure such comparisons were not influencing tree topology an aggressive exclusion of sites 

with missing or unaligned sequence data was performed, but did not resolve taxonomic 

inconsistencies. 

6.4.3 Florideophyceae nSSU rRNA morphometrics 

Morphometric analysis of the Florideophyceae nSSU rRNA secondary structure was largely 

inconsistent with current phylogenetic and taxonomic schemes (Figure 6-5) and the majority 

of order and family level clades were paraphyletic or polyphyletic. Furthermore, only one of 

five Florideophyceae subclasses (see Figure 5-5), the Hildenbrandiophycidae (Lineage 1 

sensu Saunders and Hommersand (2004)), was monophyletic in these analyses; however, its 

position was derived within one of the two major groups of taxa here, a significant deviation 

from its phylogenetic position (Figures 5-2, 5-5). Notably, while few distinct taxonomic 

patterns consistent with phylogenetic consensus were observed in the molecular 

morphometric Neighbor Joining topology, two orders that were previously resolved as 

paraphyletic were monophyletic (Chapter 5), the Acrochaetiales and Halymeniales. 

 Morphometric structural analysis was able to clearly identify sequences that deviated 

from the consensus secondary structure (Palmaria palmata, GenBank Accession #: Z14142). 

The majority of the isolates occupied relatively short branches indicating that structure 
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abstractions were largely consistent across most taxa. One major exception was a lineage of 

three taxa, Rhodogorgon carriebowensis (GenBank Accession #: AF006089), 

Batrachospermum louisianae (GenBank Accession #: AF026047) and Thorea hispida 

(GenBank Accession #: AF506273), which each occupied long branches within a single 

clade. Each of these three sequences had a single large loop expansion relative to other 

Florideophyceae isolates. Batrachospermum louisianae and Thorea hispida contained very 

large expansions (65 nucleotides vs. five and 70 nucleotides vs. eight respectively), while 

Rhodogorgon carriebowensis contained a smaller expansion (22 nucleotides vs. seven). 

Although these sequences grouped together in this analysis, the loop expansion for each of 

these sequences occurred in different regions of the nSSU rRNA.  
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Figure 6-5. Neighbor Joining tree of Florideophyceae taxa derived from a Euclidean pair-

wise distance matrix constructed from helix and loop length measurements of the consensus 

nSSU rRNA secondary structure using the structural model for Palmaria palmata (GenBank 

Accession #: Z14142). Paraphyletic and polyphyletic groups (order and family) are bolded. 

Orders identified by block arrows are paraphyletic or polyphyletic in phylogenetic analyses 

but monophyletic here. 
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6.5 DISCUSSION 

In almost all cases variation in length elements of the nSSU rRNA secondary structure was 

sufficient to distinguish taxa, including among Florideophyceae, as only conspecific isolates 

occupied the same terminal nodes in the trees (Figures 6-3 to 6-5); however, only non-

Eurhodophytina taxa demonstrated enough accumulated variation for accurate taxonomic 

resolution. Although few taxonomic insights were clearly observed in these analyses, the 

monophyly of the Dixoniellales (Figure 6-3) does support the recent erection of the order 

(Yokoyama et al., 2009); however, other genera belonging to the Dixoniellales, 

Glaucosphaera and Neorhodella, were not present. 

Structural changes in biomolecules such as proteins and RNA tend to accumulate 

slowly relative to its sequence and it is likely that Florideophyceae taxa have evolved too 

recently for enough structural changes to accumulate. The Rhodophyta are an early diverging 

lineage of eukaryotes, with putative fossil evidence of unicellular species superficially 

similar to the extant Porphyridiales ca. 2 billion years before present (Tappan, 1976). Even 

morphologically modern Rhodophyta fossils similar to modern Bangiales taxa have a 

considerable fossil history, dated from ca. 1.2 billion years before present (Butterfield et al., 

1990; Butterfield, 2000). In contrast, the Florideophyceae is the most recently evolved class 

of Rhodophyta. Although the radiation of the major subclass lineages of Florideophyceae 

was likely to have occurred as much as 600 million years ago and there is evidence for early 

divergence of orders (see Saunders and Hommersand (2004) for review), it appears as though 
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nSSU rRNA structural changes have been too slow to be phylogenetically useful within the 

class. 

The Neighbor Joining algorithm was an improvement over UPGMA clustering in 

analysis of these nSSU rRNA morphometric data, particularly due of the lack of gradual 

transition between nSSU rRNA structures of different taxa. In general structures were 

identical or nearly so for closely related taxa and there were few to no intermediate steps 

existing in current sequences among taxonomic groups. For UPGMA clustering this resulted 

in long branches to terminal nodes relative to the compressed branch lengths present for 

higher order relationships. Consequently, broader taxonomic relationships were obscured. 

Corresponding tree topology was not as ambiguous in Neighbor Joining analyses, most likely 

due to algorithm differences (e.g. optimality criterion). The lack of gradual transitions among 

taxa also made these analyses very susceptible to data artifacts such as unknown characters 

and truncations, which resulted in artificial exaggeration of distances. For example, nSSU 

rRNA gene sequences from Stylonema alsidii, Purpureofilum apyrenoidigerum and 

Chlidophyllon kaspar, all had the same missing data for the 5’ region of the alignment, which 

influenced the size of the first helix element and forced the sequences into a polyphyletic 

group (Figure 6-3). 

The Euclidian distance metric is likely not the most appropriate metric for these data. 

Structural abstractions of the SSU have been attempted in previous work (Caetano-Anolles 

2002a); however, previously existing model derivations do not scale well to the type of 

structural abstraction performed here. Similarly it is likely that a tree topology is not the 

optimal display method for these data and future analysis should contrast the use of 
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ordination in addition to different, more biologically realistic distance metrics. Furthermore, 

support metrics such as bootstrapping that are suitable for these analyses should be proposed. 

Since different regions are constrained by different evolutionary pressures, a straight forward 

resampling procedure would be inappropriate. Improving resolution with customized non-

Euclidian distance metrics may also broaden the timescale at which this method is useful 

with nSSU rRNA molecules. Notably, since the method is dependent on accumulated 

structural changes, other orthologous RNA molecules could be used for resolution at 

different evolutionary timescales. 

A secondary utility for this method, independent of lineage age, is the rapid screening 

of sequences for unique (large or small) structural elements that deviate from the consensus 

nSSU rRNA secondary structure. For example, sequences within the genus Thorea have 

previously observed unique secondary structure elements in the nSSU rRNA (Müller et al., 

2002) that was clearly manifested here as a long terminal branch to the genus (Figure 6-5). 

Such information could be useful for similar branching patterns observed here, including 

Bangiophyceae s.s. sequences in ‘Porphyra’ clade 2 and Porphyra purpurea (T) (Figure 6-4) 

and Florideophyceae isolates Batrachospermum louisianae and Rhodogorgon carriebowensis 

(Figure 6-5). Each of the large loop expansions present in these sequences likely has a 

specific non-loop secondary structure. Furthermore, as these analyses were performed on a 

dataset filtered by sequence identity and phylogeny, each of these sequences with potential 

unique structural elements represents complete clades of taxa, increasing the potential 

taxonomic utility of these findings. 
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The outlined methodology for evaluating nSSU rRNA secondary structure is useful 

for several reasons. It is much faster than phylogenetic analyses, with results obtained 

instantly for small data sets and within minutes for thousands of taxa. As such, this approach, 

as it matures, can be used to complement traditional phylogenetic analyses. Additionally, 

RNA morphometrics can be used to determine significant sites (active sites, structural 

synapomorphies in RNA, etc.) based on differences, primarily branch lengths, between the 

morphometric and species tree topologies. These characteristics were not addressed here 

because a quantification and qualification of topological incongruence, the reliability of the 

Euclidian distance metric for these types of data and the clarification of the influence of 

single topology differences requires a more thorough and directed investigation. 

6.6 CONCLUSIONS 

Morphometrics of the nSSU rRNA secondary structure, specifically the multivariate analysis 

of length polymorphisms in constituent helix and loop elements, was useful in supporting and 

improving phylogenetic and taxonomic resolution of non-Eurhodophytina red algae. This 

novel approach to phylogenetic analyses, although able to distinguish isolates at all 

taxonomic levels, requires the development of a distance metric tailored to the types of data 

generated. Euclidian distance did not adequately represent the morphometric islands within 

these data (i.e. the general conservation of structure among closely related species) as well as 

factors such as the differing potential of expansion/contraction of helices and loops enforced 

by structural constraints on the molecule. As a result, Euclidian distance among structures 

appeared to obscure relationships within the data for recently derived taxa and seemed to be 
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highly susceptible to sequence and structural artifacts such as missing or poorly aligned data. 

Addressing these concerns is an area of ongoing investigation. 

 An unforeseen utility of this approach to nSSU rRNA morphometrics was the easy 

and rapid identification of deviations from the consensus secondary structure. These 

deviations manifested as long branches to terminal nodes and topological incongruence 

between the species tree and the morphometric clustering. This approach to RNA 

morphometrics was sensitive enough for a deviation within one of hundreds of structural 

elements to be manifested as a divergent topology. Specifically tailoring these analyses 

towards filtering for these deviations, including modeling approximate secondary structure of 

large deviations, will be useful in the characterization of synapomorphic structural elements 

within rRNA specifically and active or functional sites of RNA molecules in general. 
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Chapter 7 

General Conclusions 

Despite active research into Rhodophyta taxonomy there still exists considerable ambiguity 

in the definition and identification of species, resulting in cryptic species and widespread 

errors in taxonomy. Furthermore, there are limited data for characteristics such as 

biogeography and inter and intra-specific genetic diversity for Rhodophyta taxa, especially 

for the Bangiophyceae sensu lato (s.l.) defined as all non-Florideophyceae taxa. The 

definition, clear identification and resolved taxonomy of species are crucial for understanding 

and framing questions regarding the ecology and evolutionary history of an organism. 

Research into this aspect of Rhodophyta biology is especially important, as this crown 

eukaryotic group provides insights into the development of multicelluarity, sexuality and 

chloroplast diversification. Furthermore, there is urgency for a phylogenetic and taxonomic 

framework of these organisms due to the ongoing North American commercialization of the 

aquaculture crop Porphyra (Bangiales) and the anticipated release of the Porphyra 

umbilicalis Kützing genome, which will stimulate a considerable volume of research due to 

its novelty (the closest neighbouring genome, the biologically unique Cyanidioschyzon 

merolae, shared a common ancestor as much as 2 billion years ago). 

Due to the significant amount of cryptic diversity within the Rhodophyta, specifically 

most non-Florideophyceae taxa, a baseline of intraspecific genetic diversity for different 

lineages and species is required. The work presented in Chapter 2 was the first attempt at 

such quantification for non-Florideophyceae Rhodophyta. The intraspecific genetic variation 
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and population dynamics over a series of localized boulders for the highly endemic species 

Bangia maxima N.L. Gardner were evaluated, providing insights in the sexuality, genetic 

variation and population structure of species within the Bangiales. The phylogenetic position 

of the morphologically unique Bangia maxima within one clade of the paraphyletic 

filamentous Bangia fuscopurpurea further supported the proposal of multiple cryptic species 

within the currently recognized genus Bangia. Moreover, the morphology of Bangia maxima 

may further indicate the homoplasious transition to the bladed thallus of Porphyra species 

within the Bangiales. While genetic variation in species of Bangia as a whole, specifically 

over gene regions such as nSSU rRNA, is well established, more work is necessary to 

understand the dynamics of genetic variation over small spatial scales. Since Bangia maxima 

is only known from one restricted location, it is possible that it is a true endemic species and 

its population dynamics may differ from other Bangia species. Consequently, the finding of 

highly consistent localized within-boulder and divergent among-boulder ISSR banding 

patterns may not be typical of the genus as a whole. 

Sequence-based molecular identification of taxa is a useful construct for studying 

species, especially non-Florideophyceae Rhodophyta due to simple unicellular, filament or 

sheet gametophyte morphologies. Identification of Bangiophyceae s.l. through so-called 

DNA barcodes demonstrated promise in Chapter 3, although some taxonomic and 

phylogenetic inconsistencies were observed using protocols proposed for the Rhodophyta. 

The 5’ 500-600 nucleotide cytochrome oxidase c subunit I fragment (COI) was proposed for 

the Rhodophyta, but not thoroughly tested for non-Florideophyceae taxa (Saunders, 2005), 

which, while currently not as species rich as the Florideophyceae, does account for the 
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majority of the evolutionary distance within the phylum. Results in Chapter 3 indicated that 

although the COI gene is suitable for many cases of molecular identification of Bangiales 

taxa, amplification of non-Eurhodophytina taxa with current primers is very limited. 

Furthermore, even when amplification was successful, there was unequal efficiency among 

lineages. Additionally, while discrimination was often strong (sequence identity among 

conspecifics was typically > 99% and different groups formed sequence ‘islands’ in the 

phylogeny), some groupings of isolates directly contradicted phylogenies using orthologous 

genes such as nSSU rRNA and rbcL. Furthermore, discrimination of endemic species (e.g. 

Bangia vermicularis) was unclear. Due to these limitations, COI, while promising, should not 

exclusively be used as the barcoding region for Rhodophyta. Ongoing research has 

determined that highly degenerate primers have been able to solve amplification concerns. 

Despite stated limitations, the work presented here is, to date, the most complete study of the 

biogeography of northern Atlantic and Pacific Bangiales isolates. 

Certainly the most useful methodology for the clarification of cryptic and unresolved 

phylogenetic relationships presented in this thesis was the incorporation of secondary 

structure information into sequence alignment and models of sequence evolution used in 

phylogenetic analysis. It is clear that the evolutionary information in available nSSU rRNA 

gene sequence data has not being fully utilized in typical phylogenetic work, which is almost 

exclusively performed under the assumption that each nucleotide is an independent character. 

Incorporating secondary structure information by using more biologically realistic parametric 

secondary structure models of RNA successfully resolved many previously ambiguous 

phylogenetic relationships within the Rhodophyta. In fact, it was often more successful in 
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resolving these relationships than the incorporation of multiple genes. Analyses presented. 

This work, using the most diverse collection of samples currently assembled, demonstrated 

the utility of secondary structure models in resolving ambiguous phylogenetic relationships 

within the Rhodophyta and demonstrating how pervasive cryptic lineages are. 

The Bangiophyceae s.l., specifically non-Eurhodophytina taxa, demonstrated limited 

cryptic species in these analyses; however, increased taxon sampling would likely increase 

cryptic diversity based on the observed genetic diversity of isolates with the same species 

designation and the paucity of morphological and ecological characters for these taxa. The 

analyses presented in Chapter 4 represents a significant improvement over current taxonomic 

treatments, providing phylogenetic structure to what has previously been considered an 

unresolved polytomy (Yoon et al., 2006a). Both phylogenetic metrics and nucleotide 

signatures supported this resolution, specifically for the Compsopogonales, Erythropeltidales, 

Rhodochaetales and Porphyridiales group. The addition of sequences from more 

Bangiophyceae s.l. isolates will likely further increase taxonomic resolution. 

Nuclear SSU rRNA analysis of the Bangiales (Chapter 5) was the most taxonomically 

complete phylogenetic analysis so far undertaken and demonstrated a large degree of 

homoplasious evolution of filamentous and foliose gametophyte morphologies. The 

Bangiophyceae sensu stricto (s.s.), including only the Bangiales, were very strongly 

characterized as having a minimum of 16 independent generic lineages, requiring three new 

genera of filamentous Bangia-like species and eight new genera of foliose Porphyra-like 

species. Monotypic generic lineages Bangia atropurpurea, Dione arcuata, Minerva 
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aenigmata, Porphyra purpurea and Pseudobangia kaycoleia should be maintained. The work 

presented here clarified the cryptic diversity present in the Bangiales and was the basis for 

the taxonomic revision of the order (Broom et al., in press).  

Despite being less prone to cryptic species due a higher degree of morphological 

complexity relative to other Rhodophyta, there is still considerable ambiguity in many 

evolutionary relationships within the Florideophyceae. Chapter 5 presented the most species-

rich, comprehensive phylogenetic analysis of the class. In contrast to the Bangiophyceae s.s. 

the taxonomic changes within the Florideophyceae suggested by these results were subtle. 

Most observed phylogenetic topologies typically had precedence in the taxonomic literature; 

however, topologies here were resolved with a single gene and typically with a higher degree 

of confidence. For example, the separation of the Nemaliophycidae sensu Saunders and 

Hommersand (2004) into the Corallinophycidae and the Nemaliophycidae, which increases 

the number of Florideophyceae subclasses to five was previously only observed in 

phylogenies with several gene loci (e.g. Verbrugget et al. 2010). Furthermore, pre-existing 

yet not fully accepted taxonomic suggestions were also corroborated, such as the 

Peyssoneliales sensu Kreyesky et al. (2009). In contrast, some novel taxonomic observations 

were resolved in this analysis of the Florideophyceae. For example, there was strong support 

for the return of Mastocarpus (Phyllophoraceae) to the Gigartinaceae, potentially resolving 

the taxonomic ambiguity of this genus. 

The analysis of the Florideophyceae presented in Chapter 5 also identified areas of 

the phylogenetic tree that require further taxonomic attention. These include the strong 

phylogenetic association between Lomentariaceae and Faucheaceae within the 
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Rhodymeniales. The widespread polyphyly between Dasyaceae and Delesseriaceae, with 

several independent lineages of each, also requires significant taxonomic revision. 

Additionally, there was evidence of poor phylogenetic resolution in some lineages caused by 

either insufficient taxonomic sampling or poor sequence quality. For example, the families 

Acrotylaceae, Caulacanthaceae, and Cystocloniaceae each had the majority of isolates 

resolved as monophyletic groups interrupted by ambiguous placement of monotypic lineages. 

Structural characteristics of the nSSU rRNA have been used to infer ancient 

evolutionary relationships (Woese, 1987; Winkler and Woese, 1991; Caetano-Anolles, 

2002). By examining secondary structure characteristics of all known nSSU rRNA 

Rhodophyta sequences, the work presented in Chapter 6, although preliminary, demonstrated 

that secondary structure characteristics could provide additional support for phylogenies 

inferred from sequence analysis. Furthermore, this technique of molecular morphometrics 

could potentially be used to examine more than just evolutionary relationships, as it was 

adept at finding unique molecular characteristics of RNA molecules in general, which could 

represent either conserved or functional motifs. 

Erection of taxonomic ranks based on molecular sequence analysis can be difficult, 

especially in the Rhodophyta where most lineages with cryptic species have no consistent 

discernable morphological, environmental or ecological support for their separation. 

Potentially, the genetic divergence and well-supported phylogenies presented here will help 

direct research into the novel suggested taxonomy that will identify characteristics further 

supporting these results. The analyses presented here significantly advanced understanding of 

the evolutionary distribution of cryptic species within the Rhodophyta. Furthermore, useful 
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methods for the characterization of such species were presented, as is a demonstration of the 

utility biologically realistic sequence models that parameterize nSSU rRNA structure in 

resolving ambiguous and problematic phylogenetic relationships. Most importantly, this 

work also represents a significant improvement toward taxonomy congruent with 

evolutionary history for the Rhodophyta.  
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