
ñThere is probably no magic bullet for species discovery and delimitation, but an 

integrative and evolutionary framework provides taxonomists with a larger arsenal to 

face the realities of inventorying the actual ð and woefully underestimated ï biodiversity 

of the planet.ò (Padial et al. 2010, p.10) 
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ABSTRACT 

The assessment of biological diversity and understanding the evolutionary history of 

organisms is integral to understanding life on earth. The Rhodymeniales is a well-defined 

red algal order for which interfamilial relationships are incompletely understood and 

species identification is complicated by the inability of traditional morphology-based 

approaches to reconcile convergent features and phenotypic plasticity. In this thesis, I 

used an integrative taxonomic approach combining molecular and morphological 

techniques to address rhodymenialean phylogenetic relationships and species diversity. I 

implemented multi-gene phylogenetics and site-stripping analyses to uncover reasonable 

support for interfamilial relationships within the Rhodymeniales for the first time. As part 

of that study, I established the phylogenetic assignment of some taxa (Binghamiopsis, 

Chamaebotrys, Minium) previously missing from molecular analyses, restored 

monophyly to notoriously polyphyletic genera by establishing Perbella gen. nov. and 

Fushitsunagia gen. nov., and described three novel Australian species of Drouetia (D. 

aggregata sp. nov., D. scutellata sp. nov., D. viridescens sp. nov.) after clarifying 

tetrasporangial development for that genus. Identification of recently collected material 

from Australia as the generitype of Leptofauchea facilitated a re-examination of that 

genus and its constituent species. Multigene phylogenetics provided support for 

Leptofauchea as a monophyletic genus for the first time. Additionally, inconsistencies 

with published accounts of some Leptofauchea species were clarified and two novel 

species (L.cocosana sp. nov., L. munseumica sp. nov.) assigned to that genus were 

recognized. A molecular-assisted alpha taxonomic approach employing the 5ô end of the 

mitochondrial cytochrome c oxidase subunit I (COI-5P) DNA barcode was implemented 
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to reassess species diversity and redefine inaccurate or inadequate species concepts for 

rhodymenialean taxa in British Columbia. I resolved 16 species in 10 genera where 13 

species in 11 genera were previously reported, uncovering underestimated diversity for 

the genera Botryocladia, Faucheocolax, Fryeella, Gloiocladia and Rhodymenia. The 

previous necessitated a taxonomic transfer (Fryeella callophyllidoides comb. nov. for 

Rhodymenia callophyllidoides), the resurrection of a previously synonymized species 

epithet (R. rhizoides) and the establishment of novel taxa (B. hawkesii sp. nov., R. 

bamfieldensis sp. nov.). That study also included reassessment of anatomical 

development for the monospecific genus Minium. Lastly, a comprehensive floristic 

survey of the genus Rhodymenia from Australia was performed using molecular-assisted 

alpha taxonomy with COI-5P and ITS sequence data as the genetic markers. Whereas 

five species were previously reported, I resolved 12 genetic groups. Four of those groups 

were attributed to previously recognized species, whereas some collections were 

attributed to a New Zealand species, R. novazelandica, expanding its biogeographical 

range. The remaining seven genetic groups were inconsistent with existing species of 

Rhodymenia and established as novel taxa (R. compressa sp. nov., R. contortuplicata sp. 

nov., R. gladiata sp. nov., R. insularis sp. nov., R. lociperonica sp. nov., R. norfolkensis 

sp. nov., R. womersleyi sp. nov.). 

 

 

 

 

 



iv 

 

 

DEDICATION  

To my parents, thank you for instilling in me a sense of curiosity and a desire to learn. 



v 

 

ACKNOWLEDGEMENTS  

When I arrived in Fredericton, New Brunswick, I never could have imagined the journey 

that would define the next six years. Words will never do justice for how grateful I am for 

having this experience, but this is a start.  

 

First and foremost, this thesis would not have been possible without the support and 

encouragement of my advisor, Dr. Gary Saunders. Thank you for welcoming me into 

your lab and providing me with the incredible opportunity that was learning and studying 

alongside you. You patiently guided me in my transition from thinking like an 

undergraduate student to questioning like a researcher. From the early stages of 

conceptualizing this project through the ups and downs along the way, through countless 

drafts, biogeographical conundrums and marathon meetings, you never gave up on me 

and pushed me to explore my potential as a scientist. Thank you for the opportunities for 

travel, attending conferences and experiences that have enabled my integration into a 

larger scientific community.   

   

To my incredible labmates in the Saunders labð I am honoured to have met each of one 

of you. A special acknowledgement to Drs Bridgette Clarkston, Susan Clayden, Kyatt 

Dixon, Sarah Hamsher, Katy Hind and Dan McDevitt ð as the senior members of the lab 

when I began my degree, you served as my role models. I appreciate everything you did 

to help me over the years. To Tanya Moore, thank you for keeping the lab running 

smoothly and for assisting me with any lab crises as I generated my data. To Dr. Chris 

Jackson ð thank you for teaching me the basics of command line programs. I would 



vi 

 

have been very lost and confused without you! To Trevor Bringloe, Kirby Morrill and 

Cody Brooks ð thank you for helping me remember why I started this journey in the 

first place. I have so enjoyed getting to know each of you and have the opportunity to 

play a small role in your phycological education. To Dr. Caroline Longtin, from field 

adventures and conference road trips, thank you for being a constant form of support and 

keeping my spirits light. To Dr. Meghann Bruce, my officemate and later, roommate, 

ñthank youò just doesnôt do justice for how grateful I am for your generosity and love 

when I needed it the most. I am eternally grateful to call you my colleague and my friend. 

To Amanda Savoie, thank you for always being a willing ear, for encouraging me, 

reminding me to find joy in little things and helping me keep sane especially during the 

writing process. To Josh Evans, thank you for your constant encouragement and for being 

the comedic relief of the office. To Rossella Calvaruso, your friendship over the past few 

years has been such a treasureéthank you for being a constant voice of reason! Lastly, to 

Lesleigh Kraft, there are no words to describe how grateful I am that fate brought us to 

the lab at the same time. Thank you for being my friend, the best travel partner and for 

always helping me keep life in perspective. 

  

To my friends near and far, thank you for your encouragement and support. A special 

thanks to A.B., L.M., D.F., B.C., H.S. and A.S. for their love and thoughtfulness, for 

never giving up on me and sharing memories that will last a lifetime. Each one of you has 

changed my life for the better. 

 



vii  

 

I would like to acknowledge the faculty at the University of New Brunswick, notably, my 

supervisory committee members, Dr. Linley Jesson and Dr. Adrian Reyes-Prieto, who 

provided support and toughtful feedback during the execution of my projects.  Thank you 

to Margaret Blacquier, Rose Comeau and Melanie Lawson for your administrative 

assisstance. Marni Turbull, thank you for all of your help over the years especially when I 

co-organized the Biology Seminar Series and Letôs Talk Science.  

 

Dr. Craig Schneider ð you introduced me to red algae when I was an undergraduate and 

through your influence, I found an outlet for my curiosity and a passion that I could turn 

into a career. Your guidance and encouragement over the years have meant so much. To 

Drs Michael Wynne, Louise Lewis and countless other phycological collegues ð thank 

you for always expressing interest in my projects and serving as a source of inspiration. I 

would be remiss if I did not mention Dr. Frank Trainor ð you taught me that no matter 

how tiny the alga, there is a wealth of knowledge waiting to be explored.  

 

To my extended family who, despite the distance, have supported me every step of the 

way. Mom and dad ð from a very early age, you taught me to explore my sense of 

curiosity and instilled in me an appreciation for education. Your love and support has 

never wavered. Thank you will never be enough. Laura ð you are my rock, my 

inspiration and my role model. ñThere is no better friend than a sister and no better sister 

than youò. 

 



viii  

 

Last but certainly not least, to Tom ð thank you. Your love, dedication and 

overwhelming support have seen me through the most challenging times. Through your 

influence, I have learned to look at the world differently. Thank you simply for being 

you.



ix 

 

Table of Contents 

ABSTRACT ........................................................................................................................ ii  

DEDICATION ................................................................................................................... iv 

ACKNOWLEDGEMENTS ................................................................................................ v 

Table of Contents ............................................................................................................... ix 

List of Tables ................................................................................................................... xiii  

List of Figures .................................................................................................................. xiv 

Chapter 1 General Introduction .......................................................................................... 1 
Statement of Publications and Intented Submissions ................................................... 16 

Statement of Contribution to Research and Writing ..................................................... 17 

References ..................................................................................................................... 18 

Chapter 2 Application of multigene phylogenetics and site-stripping to resolve 

intraordinal relationships in the Rhodymeniales (Rhodophyta) ....................................... 31 
Abstract ......................................................................................................................... 32 

Introduction ................................................................................................................... 33 

Materials and Methods .................................................................................................. 37 

Phylogenetic analyses ............................................................................................... 37 

Site-Stripping ............................................................................................................ 39 

Barcode analyses ...................................................................................................... 40 

Morphological analyses ............................................................................................ 41 

Results ........................................................................................................................... 41 

Molecular results ...................................................................................................... 41 

Taxonomic treatment ................................................................................................ 45 



x 

 

Discussion ..................................................................................................................... 52 

Interfamilial relationships ........................................................................................ 52 

Taxa included in molecular analyses for the first time ............................................. 53 

Assessment of select polyphyletic genera ................................................................. 55 

Taxonomic reassessment of Drouetia........................................................................ 60 

Conclusions ................................................................................................................... 61 

Acknowledgements ....................................................................................................... 62 

References ..................................................................................................................... 63 

Chapter 3 Assessment of the order Rhodymeniales (Rhodophyta) from British Columbia 

using an integrative taxonomic approach reveals overlooked and cryptic species diversity

........................................................................................................................................... 82 
Abstract ......................................................................................................................... 83 

Introduction ................................................................................................................... 84 

Materials and Methods .................................................................................................. 86 

Results ........................................................................................................................... 88 

Molecular results ...................................................................................................... 88 

Morphological results ............................................................................................... 94 

Discussion ................................................................................................................... 104 

Acknowledgements ..................................................................................................... 118 

References ................................................................................................................... 119 

Chapter 4 A re-examination of the genus Leptofauchea (Faucheaceae, Rhodymeniales) 

with clarification of species in Australia and the northwest Pacific ............................... 146 



xi 

 

Abstract ....................................................................................................................... 147 

Introduction ................................................................................................................. 147 

Materials and Methods ................................................................................................ 150 

Results ......................................................................................................................... 152 

COI-5P Barcode results .......................................................................................... 152 

Phylogenetic results ................................................................................................ 152 

Morphological results ............................................................................................. 154 

Discussion ................................................................................................................... 157 

Acknowledgements ..................................................................................................... 163 

References ................................................................................................................... 163 

Chapter 5 Molecular-assisted alpha taxonomy of the genus Rhodymenia 

(Rhodymeniaceae, Rhodymeniales) from Australia reveals overlooked species diversity

......................................................................................................................................... 175 
Abstract ....................................................................................................................... 176 

Introduction ................................................................................................................. 176 

Materials and Methods ................................................................................................ 181 

Results ......................................................................................................................... 182 

Molecular Results ................................................................................................... 182 

Taxonomic Results .................................................................................................. 185 

Discussion ................................................................................................................... 194 

Acknowledgements ..................................................................................................... 201 



xii  

 

References ................................................................................................................... 202 

Chapter 6 General Conclusion ........................................................................................ 214 
Future Research .......................................................................................................... 219 

References ................................................................................................................... 225 

Appendix A Supplementary Data for Chapter 2 ............................................................. 228 

Appendix B Supplementary Data for Chapter 3 ............................................................. 243 

Appendix C Supplementary Data for Chapter 4 ............................................................. 298 

Appendix D Supplementary Data for Chapter 5 ............................................................. 303 

Appendix E Multigene analyses resolve early diverging lineages in the 

Rhodymeniophycidae (Florideophyceae, Rhodophyta) .................................................. 332 

Appendix F Key Kamchatkan collections provide new taxonomic and distributional 

insights for reportedly pan-North Pacific species of Rhodymeniophycidae (Rhodophyta)

......................................................................................................................................... 397 

Curriculum Vitae 



xiii  

 

List of Tables  

Table 1.1 Comparison of the reproductive features currently emphasized for family-level 

distinction within the Rhodymeniales ............................................................................... 23 

Table 2.1 Collection details and COI-5P GenBank accession numbers for Australian 

Drouetia samples .............................................................................................................. 68 

Table 2.2 Bayesian posterior probabilities, RAxML bootstrap values and likelihood 

scores for the full multigene alignment and the site-stripper subalignments.................... 70 

Table 2.3 Intraspecific COI-5P divergence and distance to nearest neighbour for 

Australian species of Drouetia.......................................................................................... 71 

Table 3.1 Intraspecific COI-5P divergence and distance to nearest neighbor for included 

rhodymenialean species .................................................................................................. 122 

Table 4.1 Collection details for samples included in molecular analyses ...................... 166 

Table 4.2 Intraspecific COI-5P divergence and distance to nearest neighbor for species of 

Leptofauchea ................................................................................................................... 168 

Table 5.1 Intraspecific COI-5P divergence and distance to nearest neighbor for 

Australian Rhodymenia species ...................................................................................... 205 

 

  



xiv 

 

List of Figures  

Figure 1.1 Morphological diversity among members assigned to the Rhodymeniales ... 24 

Figure 1.2 A generalized schematic of the triphasic life history of the Rhodymeniales.. 25 

Figure 1.3 Example of rhodymenialean procarp .............................................................. 26 

Figure 1.4 Mature rhodymenialean cystocarps. ............................................................... 27 

Figure 1.5 Schematic of tetrasporangial division patterns ............................................... 28 

Figure 1.6 Major modes of tetrasporangial development used for classifying families in 

the Rhodymeniales ............................................................................................................ 30 

Figure 2.1 RAxML phylogeny for full multigene alignment partitioned by gene and then 

codon with subfamilial bootstrap support values appended. ............................................ 72 

Figure 2.2 Morphology and anatomy of Drouetia aggregata Filloramo & G.W. Saunders 

sp. nov. .............................................................................................................................. 73 

Figure 2.3 Morphology and anatomy of Drouetia scutellata Filloramo & G.W. Saunders 

sp. nov. .............................................................................................................................. 75 

Figure 2.4 Morphology and anatomy of Drouetia viridescens Filloramo & G.W. 

Saunders sp. nov. .............................................................................................................. 77 

Figure 2.5 Morphology and anatomy of  the tetrasporangial holotype of Drouetia 

coalescens (Farlow) G. De Toni ....................................................................................... 79 

Figure 2.6 Morphology and anatomy of Hymenocladia chondricola (Sonder) J. Lewis, 

Hymenocladia conspersa (Harvey) J. Agardh and Perbella minuta (Kylin) Filloramo & 

G.W. Saunders comb. nov. ............................................................................................... 81 

Figure 3.1 Simplified schematic of ITS1 for representatives of Faucheocolax attenuata 

and Gloiocladia species .................................................................................................. 125 



xv 

 

Figure 3.2 Phylogenetic tree resulting from RAxML analysis of the concatenated COI-5P 

and rbcL alignment for representatives of Botryocladia and Rhodymenia .................... 126 

Figure 3.3 Phylogenetic tree resulting from RAxML analysis of the concatenated COI-5P 

and rbcL alignment for representatives of the Faucheaceae and Fryeellaceae . ............. 129 

Figure 3.4 Morphology and anatomy of Botryocladia hawkesii sp. nov. ...................... 131 

Figure 3.5 Morphology and anatomy of Fryeella callophyllidoides (Hollenberg & I.A. 

Abbott) Filloramo & G.W. Saunders comb. nov ............................................................ 133 

Figure 3.6 Morphology and anatomy of Gloiocladia fryeana. ...................................... 135 

Figure 3.7 Morphology and anatomy of Gloiocladia laciniata. .................................... 137 

Figure 3.8 Morphology and anatomy of Gloiocladia media (Kylin) Filloramo & G.W. 

Saunders comb. nov.. ...................................................................................................... 139 

Figure 3.9 Morphology and anatomy of Gloiocladia vigneaultii sp. nov. ..................... 141 

Figure 3.10 Morphology and anatomy of Minium parvum. ........................................... 142 

Figure 3.11 Morphology and anatomy of Northeast Pacific Rhodymenia spp. ............. 144 

Figure 3.12 Morphology and anatomy of Northeast Pacific Rhodymenia spp. ............. 145 

Figure 4.1 Phylogenetic tree resulting from RAxML analysis of the multigene alignment 

for Leptofauchea spp....................................................................................................... 169 

Figure 4.2 Morphology and anatomy of Leptofauchea nitophylloides.. ........................ 170 

Figure 4.3 Morphology and anatomy of the holotype for Leptofauchea cocosana sp. nov.

......................................................................................................................................... 171 

Figure 4.4 Morphology and anatomy of Leptofauchea leptophylla from Jeju, South 

Korea ............................................................................................................................... 173 



xvi 

 

Figure 4.5 Morphology and anatomy of the holotype for Leptofauchea munseomica sp. 

nov................................................................................................................................... 174 

Figure 5.1 Map of Australia and New Zealand showing Rhodymenia species distributions

......................................................................................................................................... 207 

Figure 5.2 Phylogenetic tree resulting from RAxML analysis of COI-5P data for species 

of Rhodymenia included in this study ............................................................................. 208 

Figure 5.3 Morphology and anatomy of select Australian and New Zealand Rhodymenia 

spp. .................................................................................................................................. 209 

Figure 5.4 Morphology and anatomy of select Australian Rhodymenia spp. ................ 211 

Figure 5.5 Morphology and anatomy of select Australian Rhodymenia spp. ................ 213 



 

1 

 

Chapter 1 General Introduction 
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Humankindôs desire to discover, describe and categorize living things traces its roots to 

early hunter-gatherer societies and has gradually evolved from a means for survival to a 

widespread curiosity to understand life on earth (Godfray & Knapp 2004; Raven 2004). 

During the 18th century, Linnaeus developed a system of binomial nomenclature that 

provided the first standardized common language for the naming of species, which laid 

the framework for a system of hierarchal classification based on common characteristics 

(Paterlini 2007). Later, Darwinôs theory of evolution revolutionized the manner in which 

species were classified and prompted naturalists to consider how a species may have 

diversified over time when classifying an organism (Raven 2004).  

The legacies of Linnaeus and Darwin persist as the scientific fields of taxonomy 

(i.e., the practice of describing, classifying and naming living organisms) and 

phylogenetics (i.e., the practice of inferring evolutionary relationships among taxa), 

which are considered fundamental components of modern science (Hebert 2003). Indeed, 

an understanding of Earthôs biodiversity and the ability to accurately identify species 

provide a reliable foundation for population studies, ecological assessments and 

conservation efforts (Costello et al. 2013). Recent studies of global species diversity have 

predicted that there may be 5 +/-3 million species on Earth; however, only one-third of 

those species have been identified and there has been a substantial bias towards terrestrial 

vs. marine life (Mora et al. 2011; Appeltans et al. 2012; Costello et al. 2013). In an era of 

global changes that threaten marine environments [e.g., habitat loss, hunting, harvesting 

and climate-change induced acidification, stratification and deoxygenation (Brook et al. 

2008; Hoegh-Guldberg & Bruno 2010)], there is increased pressure to rapidly advance 
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our understanding of marine biodiversity so that it can be managed properly and 

organismal prosperity may endure (Gamfeldt et al. 2015).  

The Rhodophyta or red algae are common inhabitants of marine environments. 

They are integral to the stability of marine ecosystems and support unique communities 

of marine organisms. Economically, some red algal species have been cultivated for use 

in the human food industry, to foster marine fisheries, support aquaculture and produce 

pharmaceuticals and fertilizers. Our ability to continue utilizing red algae as an important 

natural resource requires a thorough understanding of their diversity and evolution over 

time (Woelkerling 1990; Graham & Wilcox 2000).   

Red algae are recognized as one of the three major lineages of primary 

photosynthetic organisms that evolved following primary endosymbiosis of a chloroplast 

(Keeling 2004). Red algae are considered a highly diverse assemblage of taxa and are 

distinguished from other eukaryotes by the combination of the following biochemical and 

ultrastructural features: floridean starch stored in the cytoplasm, plastids with equidistant 

thylakoid membranes, accessory pigments phycoerythrin and phycocyanin occuring in 

stalked phycobilisomes on thylakoids, and, perhaps most uniquely, the absence of 

centrioles and flagella in all stages of their life history (Pueschel 1990; Hoek et al. 1995; 

Ragan & Gutell 1995). Currently there are an estimated 7000 species in roughly 700 

genera attributed to the red algae (Guiry & Guiry 2016). 

Traditionally, red algal classification has relied on a morphology-based approach; 

however, that has presented a number of difficulties when applied to this group (Saunders 

2005; Le Gall & Saunders 2007). Red algae are morphologically simple organisms 

providing few characters for taxonomic comparison (Saunders 2005). Although 
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reproductive criteria may be useful for distinguishing taxa, those features become 

problematic when only vegetative specimens are collected (Saunders 2005). Species of 

red algae may be phenotypically plastic (i.e., they have varied morphologies resulting 

from different environmental factors) or can have an alternation of heteromorphic 

generations, which may result in overestimated species diversity. In contrast, 

evolutionary convergence may lead to the misinterpretation of analogous features as 

homologous, while recent speciation and the retention of ancestral features can result in 

an underestimation of diversity (Saunders 2005). Additionally, morphological assessment 

is highly subjective and individual misinterpretations of anatomical and reproductive 

structures has likely served to exacerbate taxonomic confusion over time (Radulovici et 

al. 2010).  

As a result of the numerous challenges associated with traditional morphology-based 

assessment, taxonomists and systematists have become increasingly reliant on molecular 

data, which provide a more objective and reliable alternative for both species diversity 

assessments and inferring evolutionary relationships (Saunders 2005; Cianciola et al. 

2010). At the species level, ñDNA barcodingò (i.e., using a short, standardized portion of 

DNA to assign specimens to distinct genetic species groups according to the degree of 

nucleotide similarity) has been championed as an effective means for accurate species 

identification and discovery (Hebert 2003). The existence of a ñbarcode gapò between 

inter- and intra- specific genetic variation (i.e. interspecific variation should be greater 

than intraspecific variation) has resulted in a practical and standardized method of 

delineating genetic species groups (Hebert et al. 2003; Hebert et al. 2004; Barrett & 

Hebert 2005). Although there is no universal barcode for eukaryotes, many lineages, 
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including the red algae, typically utilize a 664 bp region at the 5ô end of the 

mitochondrial cytochrome c oxidase subunit I (COI-5P) gene to assign collections to 

distinct genetic species groups (Saunders 2005, 2008). Mitochondrial markers are 

recognized as effective for species delineation as a result of their rapid rate of evolution, 

haploid state and uniparental mode of inheritance (Birky et al. 1983). Owing to the 

previous, the effective population size of mitochondrial genes is one quarter than that of 

nuclear genes (Palumbi & Cipriano 1998). As a result, genetic drift (i.e., fixation of 

mutations in a population) acts much faster at mitochondrial loci and closely related 

species are more likely to have fixed sequence differences at mitochondrial gene regions 

than they are at nuclear loci (Neigel & Avise 1986; Palumbi & Cipriano 1998). Analysis 

of intra- and inter- specific variation rates in COI-5P data for red algal species has 

indicated that the typical thresholds for intra- and inter- specific divergence are 0-0.5% 

and >4%, respectively (Saunders 2005). Other markers that are informative at the species 

level include the 3ô end of the plastid ribulose-1,5-biphosphate carboxylase large subunit 

(rbcL-3P) and the nuclear internal transcribed spacer (ITS). Both rbcL and ITS may be 

used as complement to COI-5P data to confirm species identifications (Saunders & 

Moore 2013). As ITS is biparentally inherited, that marker can provide insight into 

hybridization and introgression between populations and becomes particularly useful for 

assessing species boundaries when intra- or inter- specific divergence is resolved between 

0.5-4% (e.g., McDevit & Saunders 2010; Hind & Saunders 2013; Savoie & Saunders 

2015). It is imperative to emphasize that current red algal taxonomy is not exclusively 

inferred from molecular data, as it is standard practice to use morphological observation 

as a compliment to molecular findings to determine any defining characters for each 
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genetic species in an approach termed ñmolecular-assisted alpha taxonomyò [Saunders 

(2005); popularized as ñMAATò in Cianciola et al. (2010)]. One of the benefits of 

MAAT is that once taxonomists are equipped with morphological characters for each 

molecularly supported species, they may then refer to taxonomic guides and algal 

literature to assign each species group to an existing species name, or, if none exists, 

establish a new name (Saunders 2008). With accurate species concepts, it becomes 

possible to assess these groups beyond the species level to understand their phylogeny.  

Over the past 10-15 years, the number of markers available for phylogenetic inference 

has increased substantially and phylogenetic studies have refined those nuclear, plastid 

and mitochondrial markers that are most useful at various taxonomic levels (Maggs et al. 

2007; Verbruggen et al. 2010). Mitochondrial and some plastid markers [e.g., the 

mitochondrial COI-5P & plastid ribulose-1,5-biphosphate carboxylase large subunit 

(rbcL)] have the highest resolution at lower taxonomic levels and are most useful for 

inferring recent evolutionary events (Maggs et al. 2007). Because those markers tend to 

saturate at higher taxonomic levels, resolving deeper evolutionary relationships requires 

use of other plastid [e.g., photosystem II thylakoid membrane protein D1 (psbA)] and 

nuclear markers [e.g., elongation factor 2 (EF2) & large subunit ribosomal DNA (LSU)] 

(Maggs et al. 2007). While past red algal phylogenetics inferred evolutionary 

relationships from a single gene or multiple single gene phylogenies, those analyses 

typically lacked confidence in deeper nodes (e.g., Saunders et al. 1999). Recent 

phylogenetic approaches seldom rely on single gene phylogenies in preference for the 

concatenation of multiple markers from mitochondrial, nuclear and plastid genomes into 

a single comprehensive, robust dataset from which evolutionary relationships can be 
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inferred using improved model-based phylogenetic inference techniques (e.g., Bayesian 

Inference and Maximum Likelihood) (e.g., Dixon et al. 2015; Lam et al. 2016). Although 

there are recommended divergence thresholds for delineation of red algae at the species 

level (see above), at this time there is a lack of standardization among taxonomic ranks 

and molecular thresholds for identifying and distinguishing between higher taxonomic 

categories are not recognized (beyond the requirement that those individual taxonomic 

units are monophyletic) (Groves 2014). As a result, the assignment and distinction of 

taxonomic ranks beyond the species level is somewhat arbitrary and reliant on the 

discretion of taxonomists who may use shared morphological features as a secondary tool 

to genetic data for establishing genera, families, etc. (Avise 2008; Avise & Liu 2011). 

Overall, the application of molecular tools to red algal classification has 

revolutionized, and at times challenged, our present understanding of red algal taxonomy. 

Genetic data have also resulted in the need for revised species concepts that are more 

consistent with evolutionary processes and molecular perspectives (Nixon & Wheeler 

1990). Rather than recognizing species by exclusively employing a traditional 

morphological species concept (i.e. species were distinguished based on discontinuities in 

morphological variation) (Manhart & McCourt 1992; Leliaert et al 2014), contemporary 

red algal taxonomy delimits species based on the unification of diverse species 

definitions (De Queiroz 2007). The process of MAAT employs the genotypic clustering 

species concept (i.e., identification of species as distinct ñgenotypic clustersò in which 

members of the same species are genetically more similar to each other than to members 

of other species and lack intermediate forms; Mallet 1995), which may be reinforced 

secondarily by the morphological species concept. Additionally, the genotypic clusters 



 

8 

 

resolved via the molecular (DNA barcoding) component of MAAT are further 

characterized by the phylogenetic species concept (i.e. species are monophyletic groups 

of organisms diagnosable by qualitative, fixed genetic differences; Nixon & Wheeler 

1990; Mayden 1997), which supports distinction of hierarchal groups and is consistent 

with various evolutionary explanations for the origin of species (i.e., sympatric speciation 

or allopatric speciation). Utilization of an integrative species concept has provided a 

practical, accurate and conclusive system of red algal identification and historical 

relationships while also indicating how greatly red algal biodiversity is underestimated 

(Manhart & McCourt 1992; Davis 1996; Saunders 2005, 2008).  

The red algal group of interest for this thesis was the Rhodymeniales, a well-

defined order of red algae belonging to the subclass Rhodymeniophycidae in the most 

species-rich red algal class, Florideophyceae (Saunders & Hommersand 2004, Le Gall & 

Saunders 2007). Established by Schmitz (1889) to accommodate florideophycean taxa 

united by a uniform female reproductive system (discussed below), the Rhodymeniales 

includes a variety of morphologies including large expansive plants, delicate diminutive 

thalli, anastomosing, peltate or stellate blades, solid thalli and mucilage filled sacs 

(Figure 1.1). Owing to such vast morphological diversity, this group has been the subject 

of many systematic and taxonomic investigations (e.g., Dawson 1941; Sparling 1957; 

Chapman & Dromgoole 1970; Lee 1978; Hawkes & Scagel 1986; Saunders & Kraft 

1996; Saunders et al. 1999; Saunders et al. 2006; Dalen & Saunders 2007; Le Gall et al. 

2008; Saunders & McDonald 2010). At present, there are six families, ~47 genera and 

over 300 species assigned to the Rhodymeniales (Guiry & Guiry 2016).  
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Members of the Rhodymeniales feature a triphasic red algal life history that is 

common among florideophyte lineages (Hommersand & Fredericq 1990). This 

specialized life cycle features an alternation of generations including a haploid 

gametophyte phase, a diploid sporophyte generation (carposporophyte) that develops 

directly on the surface of the female thallus, and a free-living diploid phase 

(tetrasporophyte) (Figure 1.2) (Hommersand & Fredericq 1990). Understanding the 

details of this triphasic life history is essential for understanding traditional and current 

perspectives of rhodymenialean classification as reproductive features are commonly 

used for taxonomic distinction. 

Occurring in subapical sori or scattered in patches on the thallus surface, the male 

gametangia (spermatangia) originate from the outermost cortical layer and produce male 

gametes (spermatia), which lack flagella and rely on water currents for dispersal to the 

female gamete (carpogonium) (Figure 1.2). The carpogonium is a flask-shaped cell, 

which is part of a ñcarpogonial branchò that includes a specific number of cells extending 

from a larger supporting (basal) cell (Figure 1.3). The carpogonium terminates with a 

long apical process called the trichogyne (Figure 1.3), which provides a receptive surface 

for the male gametes. A male nucleus travels down the trichogyne to the base of the 

carpogonium where it fuses with the female nucleus. After syngamy, the diploid nucleus 

is transferred via direct fusion or a connecting cell to a specialized cell called the 

auxiliary cell (Figure 1.3). The position of the carpogonium in relation to the auxiliary 

cell differs among red algal groups. ñProcarpicò red algae are those with a carpogonial 

branch produced from the same supporting cell as the auxiliary cell branch, which is 

composed of two cells (the auxiliary cell and auxiliary mother cell in the Rhodymeniales) 
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(Figure 1.3). Once the diploid nucleus is transferred to the auxiliary cell, the cells of the 

carpogonial branch fuse and the auxiliary cell gives rise to diploid gonimoblast filaments 

that form the carposporophyte, which generates diploid carposporangia (Figure 1.4). An 

opening (ostiole) eventually forms in the pericarp (protective gametophytic tissue 

surrounding the carposporophyte) and serves as a portal for the release of the diploid 

carpospores (Figure 1.4b), which are produced by the carposporangia, carried passively 

in the water column and, after settling, give rise to the free-living tetrasporophyte 

generation (Figure 1.2). Tetrasporophytes produce tetrasporangia in sori or scattered over 

the thallus. Each tetrasporangium undergoes meiotic division (typically in one of four 

division patterns; Figure 1.5) to produce four haloid spores (tetraspores), which are 

released, carried in the water column and, after settling, complete the triphasic life cycle 

by giving rise to the haploid gametophyte generation (Figure 1.2) (Hommersand & 

Fredericq 1990).    

All members of this order are distinctively procarpic with 3- or 4- celled 

carpogonial branches and two-celled auxiliary branches (the auxiliary cell and auxiliary 

mother cell) (Figure 1.3) (Kylin 1931, 1956). In some groups, the layer of nutritive cells 

at the base of the cystocarp ruptures to form a hollow cavity surrounding the 

carposporophyte (Figure 1.4a) or becomes stretched around the mature carposporophyte 

to establish a stellate network of cells (tela arachnoidea) (Figure 1.4b) (Kylin 1931). 

Tetrasporangial initials may be terminal or intercalary in position and mature 

tetrasporangia are typically cruciate (Figure 1.5a,b) or tetrahedral (Figure 1.5d) (Sparling 

1957; Lee 1978; Saunders et al. 1999). Tetrasporangia are either located throughout the 

thallus or in discrete nemathecial sori [elevated, proliferous portions of the thallus that 
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also include sterile filaments (paraphyses) surrounding the developing tetrasporangia (Le 

Gall et al. 2008)]. There are presently two major modes of tetrasporangial development 

attributed to the Rhodymeniales: (1) tetrasporangia that differentiate directly from the 

existing cortical cells (Figure 1.6a) or (2) tetrasporangia and paraphyses that develop 

from adventitious growth of the outer cortical cells (Figure 1.6b-e) (Dalen & Saunders 

2007; Le Gall et al. 2008). In the latter case, during nemathecial development, the cells in 

the outer cortical layer differentiate, swell and produce sterile filaments (paraphyses) 

composed of smaller cells (the number of cells varies per species) (Figure 1.6b,c,d) 

(Dalen & Saunders 2007). During this adventitious development those differentiated cells 

can produce tetrasporangia directly on the modified outer cortical cells, terminally or 

laterally on the paraphyses (Figure 1.6e) (Dalen & Saunders 2007; Le Gall et al. 2008).  

Historically, classification of the Rhodymeniales has been complicated and the 

features emphasized for taxonomic distinction have been highly contested (Bliding 1928; 

Kyl in 1931, 1956; Sparling 1956; Lee 1978). Owing to the previous, this order was an 

ideal candidate for phylogenetic assessment to aid in establishing a more objective, 

natural system of classification. Molecular assessments of the Rhodymeniales have 

confirmed its monophyly and support six distinctive families (Champiaceae, 

Faucheaceae, Fryeellaceae, Hymenocladiaceae, Lomentariaceae and Rhodymeniaceae), 

which are delineated according to a combination of reproductive features including 

ontogeny of tetrasporangia and paraphyses, tetrasporangial division patterns and the 

number of cells in the carpogonial branch (Table 1.1) (Saunders et al. 1999; Le Gall et al. 

2008). These initial molecular phylogenetic studies were significant in providing a solid 

framework for numerous subsequent taxonomic assessments of rhodymenialean genera 
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and species (e.g., Saunders et al. 2006; Dalen & Saunders 2007; Saunders & McDonald 

2010); however, those studies were unable to resolve relationships at the family level 

potentially owing to an inability to gain appropriate signal at the deeper nodes of interest 

(Saunders et al. 1999; Le Gall et al. 2008). Recently, the phylogenetic reconstruction 

method of ñsite-strippingò (the systematic removal of quickly evolving sites, which as a 

result of substitution saturation introduce stochastic noise that overwhelms the signal of 

the historically informative, more slowly evolving sites) has addressed the challenge of 

retaining signal at deeper nodes and has provided means for more confidently resolving 

evolutionary relationships as higher taxonomic levels (Verbruggen et al. 2009; Cocquyt 

et al. 2010).  

The primary objective of this thesis was to integrate molecular and morphological 

tools to reinvestigate evolutionary relationships and assess species diversity (notably 

from the biologically diverse areas of Australia and western Canada) among the 

Rhodymeniales. In Chapter 2 I reassessed supraordinal relationships among families of 

the Rhodymeniales by increasing taxonomic representation (the most comprehensive 

phylogenetic assessment of the order to date), constructing a comprehensive multigene 

dataset of mitochondrial [cytochrome B (COB) & COI/COI-5P], nuclear [EF2 & large 

subunit ribosomal DNA (LSU)], and plastid (psbA & rbcL) markers, and implementing a 

fast-site removal reconstruction technique (i.e., SiteStripper; Verbruggen 2012) to 

prevent phylogenetic inference problems associated with substitution saturation. I 

resolved the Rhodymeniales as two major lineages: (i) the Fryeellaceae as sister to the 

Faucheaceae and Lomentariaceae; and (ii) the Rhodymeniaceae allied to the 

Champiaceae and Hymenocladiaceae and demonstrated that removal of 20% of variable 
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sites provided increased support at deeper nodes. This study was significant as it provided 

reasonable support for interfamilial relationships within the Rhodymeniales for the first 

time. In this study, I included three genera absent from previous phylogenetic 

investigations (Binghamiopsis I.K. Lee, J.A. West & Hommersand, Chamaebotrys 

Huisman and Minium R.L. Moe) and provided solid phylogenetic support to confirm their 

respective family-level assignments (Lomentariaceae, Rhodymeniaceae and Fryeellaceae, 

respectively). In addition, I assessed two genera that were consistently polyphyletic in 

phylogenetic analyses, Erythrymenia and Lomentaria, and proposed the novel genera 

Perbella gen. nov. and Fushitsunagia gen. nov. to restore monophyly. I reinvestigated the 

taxonomic position of the genus Drouetia G. De Toni by re-examining holotype material 

of the generitype species and clarifying tetrasporangial development in this genus. Lastly, 

I recognized three novel Drouetia species in Australia: D. aggregata sp. nov., D. 

scutellata sp. nov., and D. viridescens sp. nov. 

In Chapter 3 I used molecular-assisted alpha taxonomy to reassess species 

diversity, species limits and biogeography for rhodymenialean species in British 

Columbia. Whereas 13 species in 11 genera were previously reported (Hawkes & Scagel 

1986), COI-5P and rbcL-3P data resolved 16 genetic species groups in 10 genera. I 

confirmed the presence of species previously reported from this locale and also 

uncovered overlooked diversity for the genera Botryocladia (J. Agardh) Kylin, Fryeella 

Kylin , Gloiocladia J. Agardh and Rhodymenia Greville, which warranted the description 

of three novel species (B. hawkesii sp. nov., G. vigneaultii sp. nov. and R. bamfieldensis 

sp. nov), the resurrection of R. rhizoides E.Y. Dawson and recognition of F. 

callophyllidoides (Hollenberg & I.A. Abbott) comb. nov. for the misplaced Rhodymenia 
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callophyllidoides Hollenberg & I.A. Abbott. I also uncovered genetic evidence 

suggesting that there may be more species of the parasitic genus Faucheocolax Setchell 

than currently recognized. Lastly, I reassessed anatomical development of the 

monospecific genus Minium R.L. Moe and suggest that M. parvum R.L. Moe represents a 

diminutive blade rather than a red algal crust.  

In Chapter 4 I also used molecular-assisted alpha taxonomy (employing COI-5P) 

to assign recently collected specimens from Australia and South Korea to the genus 

Leptofauchea Kylin. One of the Australian collections was identified as the generitype 

species L. nitophylloides (J. Agardh) Kylin and provided the necessary genetic data to 

assess monophyly of this genus for the first time. I used multigene phylogenetic analysis 

of COI-5P, LSU and rbcL data to demonstrate that species assigned to Leptofauchea in 

previous studies were allied with the generitype in a solidly supported monophyletic 

lineage. In this study, COI-5P data also revealed a second Australian species of 

Leptofauchea from the Cocos (Keeling) Islands, Indian Ocean, which I described as L. 

cocosana sp. nov.  In addition, COI-5P analyses resolved collections assignable to 

Leptofauchea from South Korea as two genetic species groups, which were recognized as 

L. leptophylla (Segawa) Suzuki, Nozaki, Terada, Kitayama, Hashimoto & Yoshizaki and 

the novel species L. munseomica sp. nov. Finally, I discovered that GenBank entries for 

two species of Leptofauchea previously reported in the northwest Pacific (L. leptophylla 

described from Japan and L. rhodymenioides described from the Caribbean) are 

conspecific (based on rbcL analyses) and morphologically assignable to L. leptophylla.   

In Chapter 5 I conducted a comprehensive floristic survey for the genus 

Rhodymenia Greville from Australia using a molecular-assisted alpha taxonomic 
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approach. Whereas five species of Rhodymenia were previously reported in Australia, 

COI-5P data resolved 12 genetic species groups. Subsequent morphological assessment 

confirmed four of those groups as assignable to previously recognized species, viz. R. 

novahollandica G.W. Saunders, R. prolificans Zanardini, R. stenoglossa J. Agardh & R. 

wilsonis (Sonder) G.W. Saunders, while some collections from Lord Howe Island were 

attributed to the New Zealand species R. novazelandica E.Y. Dawson expanding its 

biogeographical range. I found that the remaining seven genetic groups were inconsistent 

with existing species of Rhodymenia and described those groups as novel taxa: R. 

compressa sp. nov., R. contortuplicata sp. nov., R. gladiata sp. nov., R. insularis sp. nov., 

R. lociperonica sp. nov., R. norfolkensis sp. nov. and R. womersleyi sp. nov. Although 

morphological features and biogeography were recognized as adequate for distinguishing 

some species of Rhodymenia, I suggest DNA sequencing in combination with 

morphology and biogeography as the most reliable means of identification.   

Appendix E and Appendix F include additional research that I conducted and 

published while completing my thesis projects. For Appendix E, I used a multigene 

phylogenetic assessment that implemented site-stripping to resolve the earliest 

divergences in the red algal subclass Rhodymeniophycidae. The inclusion of key taxa 

(new to science and/or previously lacking molecular data), sequence data from five 

molecular markers and phylogenetic analyses removing the most variable sites (site-

stripping) have provided resolution for the first time at these deep nodes. The results of 

that study resulted in the establishment of a novel order, three new families, a new genus 

and a novel species all assigned to the Rhodymeniophycidae. For Appendix F, I used 

DNA barcoding to compare Northwestern Pacific specimens of the red algal species 
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Callophyllis radula, Callophyllis rhynchocarpa, Pterosiphonia bipinnata and Sparlingia 

pertusa, all with type localities in Far East Russia, to reportedly conspecific populations 

in the Northeast Pacific. Analyses resolved genetically distinct species with a 

biogeographical split between the Northwest and Northeast Pacific for C. radula, C. 

rhynchocarpa and P. bipinnata. Comparison of Northwest to Northeast Pacific S. pertusa 

revealed COI-5P variation consistent with incipient speciation between these two regions; 

however, subsequent analysis of the ITS2 provided evidence for recognition of a single 

species with a pan-North Pacific distribution. Our results indicated greater floristic 

division between the Northwest and Northeast Pacific than is currently recognized.  
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Table 1.1 Comparison of the reproductive features currently emphasized for family-

level distinction within the Rhodymeniales. Modified from Le Gall et al. (2008; 

Table 1). 

 

 
1  The genus Ceratodictyon is the only member of the Lomentariaceae to include 

cruciately divided tetrasporangia. 

 

2 Based on Lee (1978), who reported a thickening of the cortex during tetrasporangial 

development as well as the conversion of the outermost cortical cells to tetrasporangia in 

species of Lomentaria.  

 

 

 

 

 

 

 

 Female Tetrasporangia 

 Number of cells in 

the carpogonial 

branch 

Division 

pattern 

Ontogeny 

Champiaceae 4 Tetrahedral Directly from existing 

cortical cells 

Faucheaceae 3 Cruciate Adventitious growth of 

cortical cells 

Fryeellaceae 3 Cruciate or 

Tetrahedral 

Adventitious growth of 

cortical cells 

Hymenocladiaceae 4 Cruciate or 

Tetrahedral 

Directly from existing 

cortical cells 

Lomentariaceae 3 Tetrahedral1 Adventitious growth of 

cortical cells2 

Rhodymeniaceae 3 or 4 Cruciate Directly from existing 

cortical cells 
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Figure 1.1 Members assigned to the Rhodymeniales are morphologically diverse 

including: a) large expansive blades, b) delicate, foliose thalli, c) anastomosing, 

peltate or stellate blades, and d), e) mucilage filled sacs of varying size and number. 

All scale bars = 25 mm. 
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Figure 1.2 A generalized schematic of the triphasic life history of the Rhodymeniales 

that includes an isomorphic alternation of generations including gametophyte (1N), 

carposporophyte (2N), and tetrasporophyte (2N) phases. 
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Figure 1.3 The procarp for Sparlingia pertusa featuring a 3-celled carpogonial 

branch (carpogonium and trichogyne labelled) and 2-celled auxiliary branch 

(auxiliary mother cell and auxiliary cell) borne on the same supporting cell. 

Image adapted from Fritsch (1945). 
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Figure 1.4 Mature cystocarps showing absence or presence of tela arachnoidea. a) 

Mature cystocarp of Rhodymenia sp. with hollow cavity surrounding the 

carposporophyte (csp). Scale bar = 300 um. b) Mature cystocarp of Gloiocladia sp. 

showing the carposporophyte (csp) that is surrounded by well-defined tela 

arachnoidea (ta). The ostiole (o) is also visible. Scale bar = 400 um. 
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Figure 1.5 Schematic showing tetrasporangial division patterns: a) cruciate, b) 

cruciate-decussate, c) zonate, and d) tetrahedral. For b and d, only three tetraspores 

are visible in one view and the dotted lines indicate the tetraspore that is not 

observable.  

    a     b    c             d   
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Figure 1.6 Modes of tetrasporangial/paraphyseal development used for 

classifying rhodymenialean families. a) Tetrasporangial development for 

Rhodymenia sp. showing tetrasporangial embedded in an unmodified cortex with 

maturing tetrasporangia (t) positioned on a cell of the inner cortex (icc). No 

adventitious growth of the cortex occurs. Scale bar = 40 um. b) Adventitious 

growth of the outer cortical cells during nemathecial development for Fryeella 

gardneri begins with swelling of the outer cortical cells (arrow), which produces 

paraphyseal filaments (double arrows) composed of smaller cells (the number of 

cells varies per species). Scale bar = 15 um. c) During early nemathecial 

development for Fryeella gardneri paraphyseal filaments retain inflated basal 

cells. Scale bar = 15 um. d) The basal paraphyseal cells eventually become 

compressed (double arrows) as the tetrasporangia mature for Fryeella gardneri. 

Scale bar = 15 um. e) Mature tetrasporangial nemathecium for Leptofauchea sp. 

with tetrasporangia (t) borne on inner cortical cells (icc) and paraphyseal 

filaments (pf) borne from adventitious growth of the outer cortical cells. Scale 

bar = 35 um. Images b-d reproduced with permission from Dalen & Saunders 

(2007). 



 

31 

 

Chapter 2 Application of multigene phylogenetics and site-stripping to 

resolve intraordinal relationships in the Rhodymeniales (Rhodophyta) 
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Abstract 

Previous molecular assessments of the red algal order Rhodymeniales have confirmed 

its monophyly and distinguished the six currently recognized families (viz. 

Champiaceae, Faucheaceae, Fryeellaceae, Hymenocladiaceae, Lomentariaceae, and 

Rhodymeniaceae); however, relationships among most of these families have 

remained unresolved possibly as a result of substitution saturation at deeper 

phylogenetic nodes. The objective of the current study was to improve 

rhodymenialean systematics by increasing taxonomic representation and using a more 

robust multigene dataset of mitochondrial (COB, COI/COI-5P), nuclear (LSU, EF2) 

and plastid markers (psbA, rbcL). Additionally, we aimed to prevent phylogenetic 

inference problems associated with substitution saturation (particularly at the 

interfamilial nodes) by removing fast-evolving sites and analyzing a series of 

progressively more conservative alignments. The Rhodymeniales was resolved as two 

major lineages: (i) the Fryeellaceae as sister to the Faucheaceae and Lomentariaceae; 

and (ii) the Rhodymeniaceae allied to the Champiaceae and Hymenocladiaceae. 

Support at the interfamilial nodes was highest when 20% of variable sites were 

removed. Inclusion of Binghamiopsis, Chamaebotrys and Minium, which were absent 

in previous phylogenetic investigations, established their phylogenetic affinities while 

assessment of two genera consistently polyphyletic in phylogenetic analyses, 

Erythrymenia and Lomentaria, resulted in the proposition of the novel genera 

Perbella and Fushitsunagia. The taxonomic position of Drouetia was reinvestigated 

with re-examination of holotype material of D. coalescens to clarify tetrasporangial 

development in this genus. In addition, we added three novel Australian species to 
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Drouetia as a result of ongoing DNA barcoding assessmentsðD. aggregata sp. nov., 

D. scutellata sp. nov., and D. viridescens sp. nov.   

 

Introduction  

The Rhodymeniales is a well -studied, species-rich florideophycean order of extremely 

diverse frond morphologies united by a uniform procarpic female reproductive system 

(i.e., the auxiliary cell is produced prior to fertilization and in close proximity to the 

carpogonium within a single branch system) and outward carposporophyte development. 

Published phylogenetic analyses of florideophycean taxa regard the Rhodymeniales as 

monophyletic and closely related to the Halymeniales and Sebdeniales (e.g., Saunders & 

Hommersand 2004, Withall & Saunders 2006, Le Gall & Saunders 2007, Verbruggen et 

al. 2010). Historically, subordinal classification of the Rhodymeniales has been 

complicated by conflicting perspectives regarding the most useful anatomical features for 

taxonomic distinction. A brief summary of rhodymenialean systematics is provided 

below; the reader is referred to Saunders et al. (1999) and Le Gall et al. (2008) for a more 

comprehensive review.  

When Schmitz (1889) established the Rhodymeniales, he included six families: 

Bonnemaisoniaceae, Ceramiaceae, Delesseriaceae, Rhodomelaceae, Rhodymeniaceae 

and Sphaerococcaceae. Soon after, all of those families were removed except for the 

Rhodymeniaceae (Oltmanns 1904, Sjöstedt 1926). Bliding (1928) subsequently added the 

Champiaceae, which was differentiated from the Rhodymeniaceae according to thallus 

construction (hollow thalli with longitudinal filaments bordering the cavity present vs. 
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solid thalli or hollow thalli but lacking longitudinal filaments), tetrasporangial division 

patterns (tetrahedral vs. cruciate), number of cells in the carpogonial branch (four vs. 

three) and the degree to which cells differentiated into carposporangia (only the terminal 

cells vs. most of the gonimoblast). Kylin (1931) maintained Blidingôs two families and 

further defined them by assigning subfamilies to each. Sparling (1957) rejected Kylinôs 

subclassifications and emphasized the presence (Champiaceae) or absence 

(Rhodymeniaceae) of longitudinal filaments bordering the hollow parts of thalli for 

family-level distinction. Later, Lee (1978) used a combination of vegetative (thallus 

septation) and reproductive criteria (number of cells in the carpogonial branch and the 

position of the tetrasporangia) to define the Champiaceae, Rhodymeniaceae, and a third 

family, Lomentariaceae. Leeôs three-family classification system was widely accepted; 

however, some rhodymenialean genera featured diagnostic characters of more than one 

family and, therefore, could not be classified confidently (e.g., Dictyothamnion, 

Ceratodictyon, Gelidiopsis, Hymenocladia, Hymenocladiopsis and Semnocarpa, see 

Saunders et al. 1999).  

The application of molecular techniques to systematic studies of the red algae has 

enabled a more objective means of assessing evolutionary relationships within the 

Rhodymeniales. Although rhodymenialean taxa were represented in some of the earliest 

red algal molecular phylogenetic investigations (e.g., Freshwater et al. 1994, Ragan et al. 

1994, Saunders & Kraft 1994, Saunders & Kraft 1996), these studies only included 

enough taxa to establish the order as monophyletic and allied to the Halymeniales. 

Subordinal relationships remained largely unresolved until Saunders et al. (1999), using 

the nuclear small subunit ribosomal gene (SSU), embarked on the first extensive 
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molecular systematic study specific to the Rhodymeniales. That study included 56% of 

the recognized genera (Saunders et al. 1999). Challenging Leeôs three-family system, 

Saunders et al. (1999) resolved the Rhodymeniales as six monophyletic assemblages 

distributed in two major lineages ï the first included only a reduced Rhodymeniaceae 

while the second consisted of the Champiaceae, Lomentariaceae, their newly established 

Faucheaceae, and two unassigned lineages. In light of their results, Saunders et al. (1999) 

emphasized reproductive features, including the number of cells in the carpogonial 

branch, tetrasporangial cleavage patterns and tetrasporangial position for family-level 

classification. Although that study was significant for providing a more natural system of 

classification for the Rhodymeniales, it was limited by its low representation of 

rhodymenialean taxa (both the absence of entire genera and many generitype species) and 

lack of resolution among interfamilial nodes (Saunders et al. 1999). Poor resolution was 

partially due to gene choice as SSU displayed highly variable rates in some families, 

which increased the potential for long-branch attraction artefacts (Saunders et al. 1999). 

In a subsequent study Le Gall et al. (2008) sought to circumvent potential long-branch 

attraction artefacts by increasing taxonomic representation (by ~13%) and basing 

phylogenetic inference on two nuclear genes: elongation factor 2 (EF2) and the large-

subunit nuclear ribosomal DNA (LSU). Le Gall et al. (2008) again resolved six fully 

supported family-level lineages. Although their newly described Fryeellaceae was 

strongly allied to the sister families Faucheaceae and Lomentariaceae, the relationships 

among the remaining families remained inconclusive (Le Gall et al. 2008). 

The inability of the previous molecular phylogenetic analyses to generate 

meaningful interfamilial support was due at least in part to the general difficulty of 
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obtaining strong phylogenetic signal for lineages that have diverged deeper in 

evolutionary time (Verbruggen et al. 2009, Pisani et al. 2012, Zeng et al. 2014). Although 

a common approach for improving phylogenetic inference is to use larger datasets 

(Holton & Pisani 2010), increasing the number of taxa and genes does not guarantee that 

signal at deeper epochs of interest will be enhanced and this approach may actually 

increase the potential for systematic errors (Jeffroy et al. 2006, Sperling et al. 2009, Pick 

et al. 2010). One of the major challenges for resolving deep evolutionary relationships is 

overcoming issues associated with substitution saturation at quickly evolving sites 

(Cocquyt et al. 2010). Typically deep phylogenetic nodes are recorded in the historical 

signal of the more slowly evolving positions in an alignment; however, the stochastic 

noise introduced by quickly evolving sites can overwhelm this signal, which can lead to 

incorrect or poorly supported deep phylogenetic nodes (Ho & Jermiin 2004, Kostka et al. 

2008). Fast site removal (site-stripping) is one technique that has been applied to reduce 

issues associated with systematic errors and substitution saturation to facilitate resolution 

of deeper relationships (Ruiz-Trillo et al. 1999, Morgan-Richards et al. 2008, Cocquyt et 

al. 2010). By removing quickly evolving sites, the signal to noise ratio is increased so that 

the signal of the historically informative more slowly evolving sites is maximized 

(Brinkmann & Philippe 1999, Waddell et al. 1999, Delsuc et al. 2005, Rodríguez-

Ezpeleta et al. 2007, Kostka et al. 2008). The command line program SiteStripper 

(Verbruggen 2012) was originally designed to better resolve deep nodes within the 

Ulvophyceae (Chlorophyta). SiteStripper systematically removes variable sites from an 

alignment, 5% each time, to create a series of progressively more conservative sub-

alignments that can be analyzed by phylogenetic inference techniques (Cocquyt et al. 
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2010). One of those sub-alignments should have enough of the quickly evolving sites 

removed while retaining sufficient signal to elucidate deeper relationships (Cocquyt et al. 

2010). 

The goals of the present study were: 1) to reassess and improve rhodymenialean 

systematics by expanding taxonomic representation (in conjunction with the Red Algal 

Tree of Life project, http://dblab.rutgers.edu/redtol/home.php) and generating a more 

robust multigene dataset of mitochondrial (COB & COI/COI-5P), nuclear (EF2 & LSU) 

and plastid (psbA & rbcL) markers; 2) to minimize phylogenetic inference problems 

associated with substitution saturation and improve resolution at interfamilial nodes by 

assessing this dataset with a fast-site removal reconstruction technique (SiteStripper); 3) 

to revisit the classification system proposed by Le Gall et al. (2008) based on our 

generated topology; 4) to establish the phylogenetic affinities of some genera 

(Binghamiopsis, Chamaebotrys, and Minium) absent from previous large-scale 

phylogenetic studies; 5) to assess genera consistently polyphyletic in published molecular 

analyses (notably Erythrymenia and Lomentaria); 6) to reinvestigate the taxonomic 

position of the problematic genus Drouetia; and, 7) to characterize novel taxa included in 

our analyses.  

 

Materials and Methods 

Phylogenetic analyses  

Specimens used in phylogenetic analyses (Appendix A, Table S1) were pressed on 

herbarium paper or dried in silica to serve as vouchers with subsamples preserved in 

http://dblab.rutgers.edu/redtol/home.php
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silica for molecular analyses. Genomic DNA was extracted following Saunders & 

McDevit (2012) with amplification of the following markers following Saunders & 

Moore (2013): the mitochondrial cytochrome b gene (COB); the mitochondrial 

cytochrome c oxidase subunit 1 extended fragment or barcode region (COI and COI-5P, 

respectively); the nuclear elongation factor 2 gene (EF2); the nuclear large-subunit 

ribosomal RNA gene (LSU); the plastid photosystem II thylakoid membrane protein D1 

(psbA); and the plastid ribulose-1, 5-biphosphate carboxylase large subunit gene (rbcL) 

(Appendix A, Table S1). Amplicons were sequenced by the Génome Québec Innovation 

Centre and raw data were edited in SequencherÊ 5.0 (Gene Codes Corporation, Ann 

Arbor, MI, USA) and aligned in Geneious R7 version 7.1.7 (http://www.geneious.com, 

Kearse et al. 2012) with additional sequences acquired from GenBank (Appendix A, 

Table S1).  

Six single-gene alignments were produced [COB (49% of ingroup taxa, 942 bp); 

COI/COI-5P (90% of ingroup taxa, 1232 bp); EF2 (72% of ingroup taxa, 1641 bp); LSU 

(100% of ingroup taxa, 2588 of 2841bp included in analyses,); psbA (62% of ingroup 

taxa, 953 bp) and rbcL (89% of ingroup taxa, 1358 bp); (Appendix A, Table S1)] and 

analyzed independently using Bayesian inference and Maximum likelihood under the 

GTR+I+G model with partitioning by codon for protein-coding genes. Bayesian analyses 

were completed using MrBayes v.3.2.1 (Ronquist & Huelsenbeck 2003) in Geneious R7 

version 7.1.7 with parameter settings (Tratio, Revmat, Statefreq, Pinvar, Shape, 

Switchrates) unlinked, rate differentiation across the partitions enabled and branch 

lengths unconstrained with the branch length priors set to exponential (default 

exponential prior setting: 10.0). Analyses were run in parallel for 1,000,000 generations 

http://www.geneious.com/
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with sampling performed every 100 generations. The burn-in was determined when both 

analyses converged into the stationary phase. Maximum likelihood analyses were 

performed using RAxML in Geneious R7 version 7.1.7 with a non-parametric bootstrap 

of 1,000 replicates.  

All genes resolved congruent phylogenetic relationships and were combined to 

generate a multigene alignment (8,714 bp, 78% complete by site) for further phylogenetic 

analyses. Percent completeness for each taxon included in this study was recorded in 

Table S1 (Appendix A). The multigene alignment was analyzed by Bayesian inference 

and Maximum likelihood under the GTR+I+G model with parameters settings as 

specified above with the exception of running Bayesian analyses for 3,500,000 

generations with sampling performed every 3,500 generations. The impact of partitioning 

was evaluated by completing analyses first by partitioning data by gene and codon 

(noPF) and then according to the evolutionary models and partitioning schemes 

determined by implementing PartitionFinder (PF) (Lanfear et al. 2012) under the BIC 

model selection criteria with linked branch length estimation. To assess the impact of 

missing data, Bayesian and Maximum likelihood analyses were repeated after first 

removing taxa less than 50% (n= 8) complete by site and then removing taxa less than 

70% (n= 25) complete by site.  

 

Site-Stripping 

To assess the impact of substitution saturation on phylogenetic inference, site-specific 

rates were calculated for the multigene alignment using the program HyPhy (Pond et al. 
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2005) under the JC69 model with a Bayes phylogram as a guide tree. SiteStripper 

(Verbruggen 2012) was used to order sites by rate and then remove quickly evolving 

sites, 5% at a time, to generate a series of progressively more conservative sub-

alignments that were analyzed using RAxML version 7.3.5 (Stamatakis 2012) with a 

command line script available through SiteStripper. Analyses were partitioned by gene 

and then codon (noPF) under a GTR+I+G model and with the partitioning schemes and 

models of evolution as determined by PartitionFinder (PF). Branch support was estimated 

by 1,000 non-parametric bootstrap replicates.  

To determine if site-stripping biases downstream analyses towards the phylogeny 

used as a guide tree, we recalculated site rates using an alternative starting tree topology 

(Appendix A, Supplementary Fig. S1) that was generated using a neighbor-joining 

analysis under the HKY genetic distance model in Geneious R7.  The resulting site rates 

were used by SiteStripper to generate a series of subalignments, which were analyzed by 

RAxML. To assess the neighbor-joining tree against the original starting tree (Bayesian 

Inference tree with partitioning by gene and codon), the Shimodaira-Hasegawa test (ñ-f 

hò option) was implemented using RAxML.  

 

Barcode analyses 

A total of 16 collections field identified to the genus Drouetia were collected from the 

subtidal in Coffs Harbour, New South Wales, Australia (Table 2.1) and dried in silica gel 

with voucher preservation, DNA extraction, and COI-5P amplification, sequencing, 
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editing and aligning as outlined above. The DNA barcode alignment (664 bp) was 

analyzed in BOLD to determine intraspecific variation and nearest neighbour distances. 

 

Morphological analyses 

Vegetative and reproductive features were analyzed by rehydrating algal tissue in 5% 

formalin and seawater and preparing sections using a freezing microtome (Leica 

CM1850, Leica Microsystems, Wetzlar, Germany). Sections were stained with 1% 

analine blue solution in 6% 5N hydrochloric acid, rinsed with distilled water and 

permanently mounted in 50% corn syrup with 4% formalin. Photographs were taken 

using a Leica digital camera (DFC480) mounted to a Leica microscope (CTR5000) and 

plates were made using Adobe Photoshop Elements 11 (2012).  

 

Results 

Molecular results 

To resolve subordinal relationships among the Rhodymeniales, a six gene concatenated 

alignment (80 species representing 42 genera) was assessed using Bayesian analysis and 

Maximum likelihood (ML). Analyses were completed using the model GTR+I+G with 

partitioning by gene and codon. Then, analyses were performed again according to the 

model (GTR+I+G) and partitioning scheme (LSU) (COB1) (COB2, psbA1) (COB3, 

COI3) (COI1, rbcL1) (COI2, psbA2, rbcL2) (EF21) (EF22) (EF23) (psbA3) (rbcL3) as 

determined by PartitionFinder. The phylogram inferred by ML analysis with partitioning 
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by gene and then codon is presented (Fig. 2.1) with bootstrap support values shown for 

subfamilial branches. Familial and interfamilial branch support are presented separately 

(Table 2.2). The topology in Fig. 2.1 was resolved for all analyses of the full alignment 

except Bayesian inference with partitioning by gene and then codon, which failed to 

resolve branch C (lacked support in all full alignment analyses) (Table 2.2). Posterior 

probabilities and bootstrap support values were essentially not changed whether the 

alignment was fully partitioned or used the scheme selected by PartitionFinder. For both 

Bayesian and ML analyses, tree scores were slightly better when data were partitioned by 

gene and codon rather than the partitioning schemes as defined by PartitionFinder (Table 

2.2). Exclusion of incomplete taxa (both those < 50% and < 70% complete by site; 

Appendix A, Table S1) did not change the tree topology (Fig. 2.1) and had little impact 

on posterior probabilities and bootstrap support values (data not shown). Maximum 

likelihood analyses of the progressively more conservative sub-alignments (partitioned 

by gene and codon only) produced the same tree topology (Fig. 2.1) as analyses of the 

full dataset; however, interfamilial branch support increased at three key branches (Table 

2.1, branches B, C & I) with optimal signal gained when 20% of the quickly evolving 

sites were eliminated (i.e., 80% of the sites were retained).  The results of the 

Shimodaira-Hasegawa test indicated that the neighbor-joining guide tree topology 

(likelihood -144156.83; Appendix A, Fig. S1) was significantly different (p<0.01) than 

the Bayes guide tree topology (likelihood -143596.69). Despite the previous, use of the 

neighbor-joining topology as the guide tree for calculating sites rates did not impact 

downstream site-stripping analyses as support for interfamilial and familial branches was 

consistent with SiteStripping analyses that used a Bayes guide tree.  
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 All analyses (i.e., full alignment, site-stripped alignments, those for which 

incomplete taxa were removed) solidly resolved the Rhodymeniales (branch A, Fig. 2.1, 

Table 2.2) as comprised of six monophyletic families distributed in two major lineages. 

The first lineage (branch B, Fig. 2.1) was strongly resolved in all analyses and included 

the Faucheaceae (branch G, Fig. 2.1), Fryeellaceae (branch D, Fig. 2.1) and 

Lomentariaceae (branch F, Fig. 2.1).  The second lineage (branch C, Fig. 2.1) included 

the Champiaceae (branch J, Fig. 2.1), Hymenocladiaceae (branch K, Fig. 2.1) and 

Rhodymeniaceae (branch H, Fig. 2.1) and was variably supported in analyses of the full 

alignment; however, support at branch C increased (up to 75%, Table 2.2) as quickly 

evolving sites were removed. Within the first lineage the sister relationship of the 

Faucheaceae to the Lomentariaceae (interfamilial branch E, Fig. 2.1) was fully supported 

across all analyses (Table 2.2). Within the second lineage, the Champiaceae was 

moderately resolved (Table 2.2) as sister to the Hymenocladiaceae (interfamilial branch I, 

Fig. 2.1). Support at branch I (Fig. 2.1, Table 2.2) initially decreased (down to 71%, 

Table 2.2) when 5% of the quickly evolving sites were removed (i.e., 95% of the sites 

were retained) and continued to fluctuate up and down with the generation of each sub-

alignment; however, support was highest (81%, Table 2.2) when 20% of the sites were 

eliminated. 

Analyses resolved phylogenetic relationships for genera included in a molecular 

context for the first time. The monospecific genus Binghamiopsis was positioned within 

the Lomentariaceae and strongly associated with Lomentaria hakodatensis (Fig. 2.1). 

Within the Rhodymeniaceae, Chamaebotrys (represented by the generitype C. 

boergesenii and an unidentified species from Australia) was solidly allied to the sister 
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genera Halichrysis and Halopeltis (Fig. 2.1), while collections assigned to the genus 

Drouetia were resolved as a fully supported monophyletic lineage distantly related to a 

lineage containing species of Chrysymenia and Maripelta (Fig. 2.1). The monospecific 

genus Minium was fully resolved within the Fryeellaceae as an unexpectedly close sister 

to Fryeella gardneri (Fig. 2.1). 

 Inclusion of select generitype species enabled assessment of monophyly for a few 

genera. Within the Hymenocladiaceae, species of Erythrymenia failed to form a 

monophyletic lineage with Erythrymenia minuta sister to Hymenocladia spp. rather than 

the type of the genus, Erythrymenia obovata (Fig. 2.1). The genus Perbella was 

established (below) to accommodate Erythrymenia minuta and render Erythrymenia 

monophyletic. Within the Lomentariaceae, species of Lomentaria were resolved as four 

independent lineages: (i) the generitype L. articulata joined L. clavellosa and L. 

orcadensis to form a fully supported monophyletic lineage; (ii) L. catenata and 

Ceratodictyon spp. were allied with full support; (iii) L. divaricata resolved as sister to 

Stirnia; and (iv) L. hakodatensis was fully resolved as sister to Binghamiopsis (Fig. 2.1). 

The genus Fushitsunagia was established to accommodate L. catenata while the generic 

assignments of L. divaricata and L. hakodatensis could not formally be determined at this 

time (discussed below).  

 Analyses resolved some additional genera as polyphyletic (Fig. 2.1). Rather than 

resolving with other species of Botryocladia, the species B. leptopoda was more closely 

allied with Chrysymenia wrightii (which failed to resolve with other included 

Chrysymenia spp. Fig. 2.1). The species R. delicatula was resolved as relatively distinct 
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from other species of Rhodymenia (including the generitype) and was most closely 

related to Cordylecladia erecta (Fig. 2.1).  

 Sixteen collections from Coffs Harbour, New South Wales, Australia were 

resolved as three genetic species groups and assigned to the genus Drouetia as novel taxa 

(see below). Maximum COI-5P intraspecific divergence for these species was 0.31% 

(Table 2.3). The nearest neighbour to D. aggregata was D. scutellata (7.19% divergent, 

Table 2.3) while the closest species to D. scutellata was D. viridescens (2.5% divergent, 

Table 2.3). The species D. scutellata and D. viridescens were included in multigene 

analyses where they were resolved in the Rhodymeniaceae and distantly related to an 

unidentified species of Drouetia from South Africa (Fig. 2.1).  

 

Taxonomic treatment 

Drouetia aggregata Filloramo & G.W. Saunders, sp. nov. (Fig. 2.2) 

Description. Blades irregular in outline, peltate, typically anastomosing where they 

overlap (Fig. 2.2a), stipe 12-15 mm long x 2 mm wide (Fig. 2.2b); blades ca. 950 µm in 

transverse section at mid-thallus with 9-13 medullary layers of large axially elongated, 

non-pigmented cells (250-400 µm long x 80-100 µm wide) with frequent secondary pit 

connections (Fig. 2.2c) and distinct aggregations of smaller, round cells (50 µm in 

diameter) (Fig. 2.2d); medullary cells typically reducing in size toward the ~2 inner 

cortical layers of smaller cells subtending a dorsal cortex of 2-3 layers of densely packed, 

columnar-shaped, darkly staining cells (~10 µm in diameter) and a single-layered ventral 
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cortex of larger round cells (15-18 µm in diameter) (Fig. 2.2c); dorsal and ventral cuticle, 

10 µm and 7.5 µm thick, respectively (Fig. 2.2c). Reproductive structures not observed. 

Holotype. GWS032793 collected on December 12, 2012 at Mutton Bird Island (South), 

Coffs Harbour, New South Wales, Australia (-30.30467, 153.14796), by G.W. Saunders 

and K. Dixon and deposited in the Connell Memorial Herbarium (UNB) of the University 

of New Brunswick, Fredericton, Canada. Images of holotype Figs 2.2a-c. 

Holotype COI-5P Barcode. KU707873. 

Isotype. GWS032792 (deposited in UNB, Table 2.1). 

Etymology. Named for the aggregates of small cells interspersed throughout the larger 

cells of the medulla ï this feature being pronounced when compared to other species of 

Drouetia.  

Geographical Distribution. Thus far only known from the type location. 

Comments. Drouetia aggregata is distinguished from the other species of Drouetia in 

Australia owing to its long stipe, thick thallus in cross section, larger medullary cells, and 

the aggregation of small round cells interspersed among the other medullary cells. 

  

Drouetia scutellata Filloramo & G.W. Saunders, sp. nov. (Fig. 2.3) 

Description. Peltate blades depressed at center and borne on short, narrow stipes 6-10 

mm long x 0.5 mm wide (Fig. 2.3a); blades typically remaining saucer-shaped upon 

maturity, at times anastomosing at the margins (Fig. 2.3b); blades ca. 250-375 µm thick 

in transverse section at mid-thallus with (3-) 4-5 medullary layers of large elongated cells 

(90-145 µm long x 72-87.5 µm wide) grading to 1-2 inner cortical layers of elongated 

cells subtending 2 dorsal cortical layers of darkly staining cells (12.5 µm in diameter) and 
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2 ventral layers of slightly larger rounded cells (17.5 µm in diameter) (Fig. 2.3c). Plants 

dioecious. Cystocarps clustered centrally on dorsal (upper) blade surface (Fig. 2.3b), 

rounded, ostiolate, 800-1000 µm in diameter, nutritive tissue present at base (Fig. 2.3d). 

Spermatangial sori formed on the dorsal surface with spermatangia cut off from 

elongated spermatangial mother cells (Fig. 2.3e). Tetrasporophytes not observed.  

Holotype. Female gametophyte GWS032729 collected on December 11, 2012 at Mutton 

Bird Island (North), Coffs Harbour, New South Wales, Australia (-30.304706, 

153.150959), by G.W. Saunders and K. Dixon and deposited in the Connell Memorial 

Herbarium (UNB) at the University of New Brunswick, Fredericton, Canada. Images of 

holotype Figs 2.3b-d.  

Holotype COI-5P Barcode. KU707880  

Isotype. Male gametophyte GWS032752 (deposited in UNB, Table 2.1).  

Etymology. Named for the plantôs typically saucer-shaped blades.  

Representative specimen examined. GWS032664 (deposited in UNB, see Table 2.1 for 

collection details). 

Geographical Distribution. Thus far known only from the type location and nearby South 

Solitary I., Coffs Harbour, New South Wales, Australia.  

Comments. Drouetia scutellata features a thin thallus in cross section with few medullary 

cell layers rendering it rather distinct when compared to other species of Drouetia from 

Australia. Differences in internal anatomy are especially useful for distinguishing 

between D. scutellata and D. viridescens, which also has a single peltate blade with a 

depressed center and short stipe. Additionally, while some reproductive plants of D. 
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scutellata have been encountered as single blades, reproductive plants of D. viridescens 

have only been observed as anastomosed blades (below).  

 

Drouetia viridescens Filloramo & G.W. Saunders, sp. nov. (Fig. 2.4) 

Description. Juvenile blades peltate with shallow central depression (Fig. 2.4a), 

becoming stellate or lobed with age and typically anastomosing at margins and where 

blades overlap (Fig. 2.4b), borne on a short stipes 3-6 mm long x 1 mm wide. Transverse 

sections at mid-thallus 310-500 µm thick with 9-12 medullary layers of large, axially 

elongated cells (90-140 µm long x 50-80 (-120) µm wide) decreasing in size to 2 dorsal 

cortical layers of small, densely packed, darkly staining cells (10-15 µm in diameter) and 

1-2 ventral cortical layers of round darkly staining cells (17.5-20 µm in diameter); 

outgrowths of the ventral cortical cells presumably involved in secondary attachments to 

substratum and other blades (Figs 2.4c-d); dorsal (~7.5 µm thick) and ventral cuticles (5 

um thick) obvious (Fig. 2.4c). Tetrasporangial sori confined to the dorsal surface (Fig. 

2.4d), tetrasporangia cruciately divided (30-40 µm long x 15-20 µm wide) (Fig. 2.4e), 

differentiating from existing cortical cells (Figs 2.4f-g); all outer cortical cells appear 

capable of differentiating into sporangia but do not convert simultaneously causing 

undifferentiated cortical cells to become elongated and compressed between developing 

tetrasporangia giving the appearance of paraphyses (Figs 2.4f-g). Cystocarps and 

spermatangia not observed.   

Holotype. Tetrasporophyte GWS032612 collected on December 9, 2012 in Split Solitary 

Island (Northwest) Coffs Harbour, New South Wales, Australia (-30.24210, 153.17921), 

by G.W. Saunders and K. Dixon and deposited in the Connell Memorial Herbarium 
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(UNB) at the University of New Brunswick, Fredericton, Canada. Images of holotype 

Figs 2.4b, 2.4d-g. 

Holotype COI-5P Barcode. KU707855  

Isotype. GWS032624 (Table 2.1). 

Etymology. The species epithet acknowledges the plantôs green iridescent glow 

underwater observed at the time of collection.  

Representative specimens examined. GWS032599, GWS032600, GWS032642, 

GWS032643, GWS032665, GWS032672, GWS032682, GWS032740, GWS032790 

(deposited in UNB, see Table 2.1 for collection details). 

Geographical Distribution. Thus far known only from the type locality and nearby sites 

in Coffs Harbour, New South Wales, Australia. 

Comments. This species has the shortest stipe and the center of the blade typically 

ñglowsò green when encountered underwater. Although D. viridescens has a similar 

number of medullary cell layers as D. aggregata, the former is much thinner in cross 

section with smaller medullary cells. The upper range of thallus thickness for D. 

scutellata overlaps with the lower range for D. viridescens; however, the fewer number 

of medullary cell layers for D. scutellata distinguishes it from the latter.  

 

Generitype observations of Drouetia coalescens (Farlow) G. De Toni (Fig. 2.5) 

Holotype material of D. coalescens was provided on loan from the Farlow Herbarium 

(FH) (Fig. 2.5a). Blades were ca. 500 µm thick with 8-11 medullary cell layers of 

typically axially elongated cells of varying sizes (Fig. 2.5b). The dorsal blade surface was 

ca. 3 cortical layers thick while the ventral surface was composed of up to 6 layers of 
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small, round, tightly packed cells subtending a thick cuticle (Fig. 2.5b). Tetrasporangia 

were observed as deeply embedded in only the dorsal cortex (Figs 2.5b-c), cruciately 

divided (52-55 µm long x 15-18 µm wide) (Fig. 2.5d) with the tetrasporangial initials 

arising from the cells of the inner cortex (Fig. 2.5e). As the tetrasporangia matured, they 

lengthened and swelled causing neighboring cortical cells to become compressed and 

elongated between the developing tetrasporangia, taking on the appearance of paraphyses 

(Figs 2.5c-e).  

Comments. The generitype species shares a similar gross morphology with the novel 

species D. aggregata and D. viridescens in that all three species feature decumbent, 

peltate blades, which commonly anastomose at the margins. Compared to D. aggregata, 

the generitype is thinner in cross section and lacks aggregations of small cells within the 

medulla. The generitype species features longer tetrasporangia compared to those of D. 

viridescens and has never been reported to ñglowò green underwater as is diagnostic of 

D. viridescens. Although the habitat of the type specimen of D. coalescens is unknown, 

Taylor (1945) collected material from the low-intertidal that was observed by Saunders et 

al. (2006) who recognized it as morphologically consistent with D. coalescens. 

According to the previous, D. coalescens is distinct in its intertidal habitat relative to the 

three Australian Drouetia species, which have only been collected subtidally.  

 

Fushitsunagia Filloramo & G.W. Saunders, gen. nov. 

Diagnosis: Lomentariaceaen algae with hollow thalli divided by multi-rowed cellular 

septa. Spermatangial sori are borne on specialized fertile ramuli. The cells of the medulla 

become elongated and stretched appearing almost filamentous as they form a 
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conspicuous stellate network surrounding the developing tetrasporangia, which, when 

mature, are tetrahedrally divided.   

Etymology: In recognition of the Japanese name ñFushitsunagiò (ñfushiò= joint, knot, and 

node; ñtsunagiò= connection) that was assigned to Lomentaria catenata by Okamura (Lee 

1978).  

Type and only species: Fushitsunagia catenata (Harvey) Filloramo & G.W. Saunders, 

comb. nov. 

Basionym: Lomentaria catenata Harvey 1857 (Algae. In: Account of the Botanical 

specimens. Gray, A., [Eds.] Narrative of the expedition of an American squadron to the 

China Seas and Japan, performed in the years 1852, 1853 and 1854, under the command 

of Commodore M.C. Perry, United States Navy. Volume II ï with illustrations. Anon. 

[Eds.]. Senate of the Thirty-third Congress, Second Session, Executive Document. House 

of Representatives, Washington, USA, pp. 331-332).  

 

Perbella Filloramo & G.W. Saunders, gen. nov. 

Diagnosis: Hymenocladiaceaen algae with smaller cells intermixed among the larger 

medullary cells from which they likely develop. Tetrasporangia are decussately divided. 

Etymology: Latin for ñvery beautifulò, attributed to the breathtaking appearance of the 

type species when observed underwater or immediately after collection.  

Type and only species: Perbella minuta (Kylin) Filloramo & G.W. Saunders, comb. nov. 

Basionym: Erythrymenia minuta Kylin 1931 [Die Florideenordung Rhodymeniales. Acta 

Universitatis Lundensis 27(11):1-48]. 
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Discussion 

Interfamilial relationships 

The present study represents the most comprehensive molecular phylogenetic analysis of 

the Rhodymeniales based on the number of taxa included and markers used. Further, we 

have applied a technique to remove the most rapidly evolving sites from our multigene 

alignment to enhance resolution at the interfamilial nodes (Fig. 2.1). Results were largely 

congruent with previously published phylogenetic assessments of the order (Saunders et 

al. 1999, Le Gall et al. 2008) in that all of our analyses resolved the Rhodymeniales as 

comprised of six monophyletic families (Fig. 2.1); however, those previous studies 

consistently resolved only an alliance between the Faucheaceae and Lomentariaceae 

(Saunders et al. 1999, Le Gall et al. 2008) while the current study resolved most 

interfamilial relationships with solid support (Fig. 2.1, Table 2.2). The Faucheaceae and 

Lomentariaceae were resolved as sister groups and allied to the Fryeellaceae while the 

Champiaceae and Hymenocladiaceae were resolved together and associated with the 

Rhodymeniaceae (Fig. 2.1). Site-Stripping had the greatest impact on the short internal 

branch (branch C, Fig. 2.1) leading to the Champiaceae, Hymenocladiaceae and 

Rhodymeniaceae. It is possible that this branch represents a lineage that radiated over a 

short period of evolutionary time. Generally, the limited signal associated with short 

branches is masked by more recent substitution events, which impacts accurate resolution 

of evolutionary relationships occurring over those short time intervals (Pisani et al. 2012). 

Removing the quickly evolving sites (i.e., those prone to substitution saturation) from our 

original alignment reduced the stochastic noise and uncovered the historical signal. We 
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were able to provide meaningful resolution for previously unresolved relationships within 

the Rhodymeniales. The interfamilial relationships resolved herein were consistent with 

the classification system proposed by Le Gall et al. (2008) emphasizing ontogeny of the 

tetrasporangia.  

 

Taxa included in molecular analyses for the first time 

Molecular data solidly resolved the monospecific genus Binghamiopsis within the 

Lomentariaceae (Fig. 2.1), which was expected given that it has the diagnostic 

characteristics of this family (tetrahedrally divided tetrasporangia, three-celled 

carpogonial branches and characteristic lomentariaceous fusion cell in carposporophyte 

development, Lee et al. 1988, Saunders et al. 1999, Le Gall et al. 2008). The only species, 

B. caespitosa, was closely allied to Lomentaria hakodatensis (Fig. 2.1). While 

Binghamiopsis features thalli with a multilayered cortex and loosely interwoven 

medullary filaments in a central cavity (Lee et. al. 1988), L. hakodatensis is characterized 

by thalli with cortical and medullary layers surrounding a central cavity that is articulated 

at various intervals by multi-rowed cellular septa (Lee 1978). As L. hakodatensis was 

polyphyletic relative to Lomentaria sensu stricto, its proper generic-level assignment 

awaits future assessments of Lomentaria (see below); however, such substantial 

differences in thallus construction between B. caespitosa and L. hakodatensis warrant 

their recognition as belonging to distinct genera.  

 The generitype of Chamaebotrys, C. boergesenii, was resolved within the 

Rhodymeniaceae (Fig. 2.1) where it was placed by Huisman (1996) when he established 
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this genus to accommodate some taxa originally assigned to another rhodymeniaceaen 

genus, Coelarthrum. Based on the species included here, his decision to recognize 

Chamaebotrys was fully supported (Fig. 2.1). Unfortunately, our analyses did not include 

the generitype of Coelarthrum, C. cliftonii, and therefore, the distinction of Coelarthrum 

and Chamaebotrys remains untested by molecular analyses.  

 At the time that Moe (1979) described the only crustose rhodymenialean taxon, 

Minium parvum, only two families (Champiaceae and Rhodymeniaceae) were recognized 

in the order. The criteria delimiting these families was greatly contested and poorly 

understood and Moe (1979) struggled to assign the monospecific genus Minium to either 

group especially after observing a variety of characteristics (tetrasporangial nemathecia, 

auxiliary cell branches with their associated sterile cells and the arrangement of the cells 

in the three-celled carpogonial branch) that did not ally Minium to either family. Moe 

(1979) determined that the genus was best placed in the Rhodymeniaceae on account of a 

solid thallus construction, cruciately divided tetrasporangia and the overall appearance 

and development of the carposporophyte. Our molecular results solidly resolved Minium 

within the Fryeellaceae as an unexpected close sister to Fryeella gardneri (Fig. 2.1). 

Analysis of tetrasporangial collections will confirm if one of the diagnostic features of 

the Fryeellaceae, the adventitious growth of the cortex in the formation of tetrasporangia 

and short, 3-4 celled paraphyses, is also characteristic of Minium. Those observations will 

be included in a future manuscript specific to rhodymenialean diversity in Canada. 
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Assessment of select polyphyletic genera 

The present study was consistent with a previous molecular study that failed to resolve 

the type of the genus Erythrymenia, E. obovata from South Africa, and E. minuta from 

Australia as monophyletic (Saunders et al. 2006). To accommodate E. minuta we 

established the novel monospecific genus Perbella, which was solidly resolved as sister 

to Hymenocladia (Fig. 2.1). The latter two genera are distinguished primarily by 

tetrasporangial division patterns, which are tetrahedral in Hymenocladia and cruciate in 

Perbella, respectively. Additionally, Perbella is characterized by obovate blades while 

Hymenocladia features pinnate blades (e.g., H. usnea) or complanate, broad, palmate, 

subdichotomously divided blades (e.g., H. chondricola, Womersley 1996). Nonetheless, 

we uncovered inconsistencies and taxonomic confusion in the literature related to the 

identification of E. minuta (= P. minuta) relative to species of Hymenocladia. Specimens 

of H. conspersa collected by Harvey from Garden Island, Western Australia (Trinity 

College Dublin Herbarium, TCD) included foliose, irregularly divided plants with 

abundant laminar and marginal tooth-like proliferations [Harvey 132, TCD, annotated 

ñtypeò by Womersley, lectotypified by Lewis (1994)] and separately mounted smaller 

obovate plants (Harvey 300-A, TCD). Harvey (1862) considered the former to be mature 

H. conspersa while the latter were juveniles. Additional juvenile specimens were 

collected from Port Fairy, Victoria (e.g., Harvey 300-D, TCD). Lewis (1994) and 

Womersley (1996) concluded that Harveyôs ñjuvenilesò were actually E. minuta (= P. 

minuta). Further, they speculated that the juvenile H. conspersa specimens (that they 

attributed to E. minuta), reportedly from Western Australia, were likely collected from 

Port Fairy, Victoria (Lewis 1994). Owing to the previous, Lewis (1994) and Womersley 
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(1996) interpreted H. conspersa as limited to Western Australia with E. minuta (= P. 

minuta) restricted to Victoria.  

 As part of an ongoing barcode (COI-5P) survey of southern Australia (South 

Australia, Victoria and Tasmania), three genetic species groups were resolved for 

Hymenocladia including H. chondricola, H. conspersa and H. usnea. The first two were 

closely related species groups (1.24% maximum interspecific variation in COI-5P) and 

are in need of further molecular study. Our specimens identified as H. chondricola sensu 

stricto (Fig. 2.6a) were restricted to South Australia while collections attributed to H. 

conspersa were more widely distributed from South Australia, Tasmania and Victoria 

and included mature lanceolate morphs (Fig. 2.6b), intermediate morphs (Fig. 2.6c) and 

small, obovate juvenile morphs (Fig. 2.6d) similar to those collected by Harvey and 

superficially reminiscent of P. minuta specimens (Fig. 2.6e). As the type of H. conspersa 

is from Western Australia and our isolates from southern Australia lacked the laminar 

papillae considered by Harvey (1862) to be characteristic of this species (Fig. 2.6b), our 

assignment of H. conspersa remains tentative pending inclusion of topotype material. If 

our collections do represent H. conspersa, we provide genetic evidence that this species 

is indeed found in southern Australia and that small plants resembling P. minuta should 

be considered with caution as they are potentially juveniles of H. conspersa.  

 Previous and current phylogenetic assessments have consistently resolved the 

speciose genus Lomentaria as polyphyletic (e.g., Le Gall et al. 2008). Our molecular 

analyses resolved species assigned to Lomentaria as four independent lineages in the 

Lomentariaceae (Fig. 2.1). The type of Lomentaria, L. articulata, was joined by L. 

clavellosa and L. orcadensis (Fig. 2.1). As L. articulata features branches with 
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multilayered septa while L. clavellosa and L. orcadensis have multilayered plugs only at 

the branch base, results herein do not support previously recommended revisions of this 

genus based on thallus construction and septation (Irvine & Guiry 1983). Thus, 

Lomentaria sensu stricto remains a broadly defined genus characterized by various 

modes of thallus construction, tetrahedrally divided tetrasporangia in invaginated sori and 

conical cystocarps with prominent pores (Lee 1978). 

 The novel genus Fushitsunagia was established to accommodate L. catenata, 

which was resolved as sister to Ceratodictyon (Fig. 2.1). These genera are distinguished 

by tetrasporangial division patterns, which are tetrahedral in F. catenata (Lee 1978) and 

cruciate in Ceratodictyon (Price & Kraft 1991). The genus Fushitsunagia is unique from 

other lomentariaceaen taxa in that during tetrasporangial development, medullary cells 

become modified and form a conspicuous filamentous network that surrounds the 

developing tetrasporangia (Lee 1978). 

 The remaining Lomentaria species included in our multigene analyses, L. 

divaricata and L. hakodatensis, were resolved as sister to Stirnia and Binghamiopsis, 

respectively (Fig. 2.1). Lomentaria divaricata is distinguished from Stirnia according to 

thallus structure (hollow in the former and solid in the later) and the respective 

production of spermatangia and tetrasporangia on specialized fertile proliferations 

described only for the latter genus (Wynne 2001). Lomentaria hakodatensis is separated 

from Binghamiopsis based on overall thallus construction (see above). There are two 

available names to accommodate L. divaricata and L. hakodatensis: Hooperia J. Agardh 

(1896), which would apply directly to its generitype taxon L. divaricata and, 

Chondrosiphon Kützing (1843) for which the generitype species, L. firma, was not 
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available for inclusion in our molecular analyses. As L. firma shares numerous vegetative 

and reproductive characteristics with L. hakodatensis (flattened thalli, anastomosed 

intricate branches and well-developed cortication formed of a single layer of pigmented 

cells and 3-4 inner layers of subcortical cells, Curiel et al. 2006) it seems likely that these 

taxa will resolve together in the resurrected genus Chondrosiphon; however, it is possible 

that L. firma will resolve with L. divaricata, which would render Hooperia a synonym of 

Chondrosiphon necessitating a new genus for L. hakodatensis. Until L. firma is 

molecularly assessed, L. divaricata and L. hakodatensis should remain incertae sedis in 

the Lomentariaceae. While we have established Lomentaria sensu stricto as a 

monophyletic lineage and clarified some of its taxonomic conflicts, there remains 

significant molecular and morphological work until this genus and the many species 

attributed to it are properly assigned. 

 Recent molecular assessment of Australian species assigned to Gloiosaccion [G. 

brownii Harvey (including G. brownii var. firmum and G. brownii var. coriaceum) and G. 

pumilum J. Agardh], in relation to species of Chrysymenia [including the generitype 

species C. ventricosa (J.V. Lamouroux) J. Agardh] warranted transfer of the former 

genus to the latter (Schmidt et al. 2016). In that study, ñG.ò brownii var. firmum 

(collected from South Australia) was supported as distinct from G.ò brownii var. 

coriaceum (collected from Western Australia) and the latter variety was raised to specific 

rank (Schmidt et al. 2016). Our routine barcoding studies in Australia have resolved 

collections (n= 31) field assigned to ñGò. brownii in five genetically distinct 

morphologically cryptic species groups (data not shown). Two of those groups (one being 

our concept of ñG.ò brownii, which included specimens collected from near the type 
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locality, Tasmania) were included in the current study (Fig. 2.1; Appendix A, Table S1). 

The rbcL data from our two ñG.ò brownii genetic groups did not match the GenBank 

rbcL data representative of ñG.ò brownii or ñG.ò coriacea from the Schmidt et al. 

(2016) study and further study of ñG.ò brownii from Australia is needed. 

 Consistent with Le Gall et al. (2008), our analyses resolved the genus 

Chrysymenia as polyphyletic with one of the species, C. wrightii most closely related to 

Botryocladia leptopoda (rendering this genus polyphyletic as well). Assessment of that 

conundrum was beyond the scope of this study. Future molecular assessments including 

the generitype taxa for Botryocladia, Chrysymenia and Cryptarachne (previously 

recognized as a subgenus or a section of Chrysymenia, Guiry & Guiry 2015) are needed 

to clarify the species appropriately assigned to those genera.  

 Former morphological and molecular assessments of rhodymenialean taxa also 

identified the close alliance between Cordylecladia erecta and species of Rhodymenia, 

which are distinguished primarily according to habit (Brodie & Guiry 1988, Millar et al. 

1996, Saunders et al. 1999). The addition of R. delicatula here goes further by resolving 

as sister to C. erecta and calling into question monophyly of Rhodymenia (Fig. 2.1). 

While C. erecta features fully terete axes, species of Rhodymenia are typically 

compressed or foliose; however, the recent description of the novel Australian species R. 

compressa, which features compressed and sparsely branched thalli (Filloramo & 

Saunders in press), challenges the utility of thallus habit for distinguishing C. erecta from 

Rhodymenia spp. and more study is needed.  
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Taxonomic reassessment of Drouetia 

Prior to this study inclusion of the monotypic genus Drouetia in molecular analyses has 

been uncertain due to frequent misidentifications of numerous taxa currently assigned to 

Asteromenia and Halichrysis as the reportedly cosmopolitan generitype of Drouetia, D. 

coalescens (Saunders et al. 2006). A recent study resolved material from South Africa 

that was vegetatively representative of Drouetia and identified as ñD. coalescensò as an 

independent lineage in the Rhodymeniaceae (Saunders et al. 2006). In that study, 

Saunders et al. (2006) viewed a prepared mica slide of holotype tetrasporangial material 

for the generitype, D. coalescens, and reported what they interpreted as adventitious 

growth of the cortex to form nemathecia of paraphyseal filaments and tetrasporangia on 

the dorsal surface only. Those observations were inconsistent with reports of 

tetrasporangial development for the South African samples (terminal tetrasporangia on 

both surfaces, Norris 1991) which, as a result, were not regarded as representative of D. 

coalescens (Saunders et al. 2006). The present study resolved three novel species from 

Australia as morphologically assignable to the genus Drouetia (none were consistent with 

D. coalescens) and two of these were included in multigene phylogenetic analyses where 

they were resolved in the Rhodymeniaceae sister to the previously discussed South 

African collection (Fig. 2.1). Our observation of tetrasporangial development for the 

novel species D. viridescens did not suggest adventitious cortical growth in the formation 

of the tetrasporangial nemathecia (i.e., true paraphyses were absent) as reported by 

Saunders et al. (2006) for the generitype, which prompted re-examination of holotype 

material of D. coalescens to clarify tetrasporangial development for this genus. That 

material was provided on loan from the Farlow Herbarium (FH) and freshly prepared 
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sections were examined. We observed cruciately divided tetrasporangia deeply embedded 

in the dorsal cortex only (Figs 2.5b-c). Tetrasporangial initials developed from the cells 

of the inner cortex and during maturation, became elongated and swollen, which resulted 

in neighbouring cortical cells becoming compressed and elongated between the 

developing tetrasporangia, taking on the appearance of paraphyses (Figs 2.5c-e). This 

mode of development was more consistent with that observed in D. viridescens and other 

rhodymeniaceaen taxa, which are typically characterized by tetrasporangia that 

differentiate from pre-existing cortical cells and lack true adventitious filaments 

(paraphyses) (Le Gall et al. 2008, Saunders & McDonald 2010). More study of 

tetrasporangial development for the South African collections is needed to determine if 

previous reports of tetrasporangial sori occurring on both sides of the blade (Norris 1991) 

are incorrect and confounded by taxonomic misidentifications or if that species has an 

atypical mode of development. Either way, the South African species represents a fifth 

species best assigned to Drouetia, a conclusion that ultimately awaits inclusion of D. 

coalescens in phylogenetic analyses to provide molecular confirmation, as well as our 

decision to assign the three Australian species D. aggregata, D. scutellata and D. 

viridescens to Drouetia as distinct from the generitype. 

 

Conclusions 

The intention of this study was to enhance understanding of evolutionary relationships in 

the Rhodymeniales. Fast-site removal successfully improved resolution at a key node and 

provided clarification of interfamilial relationships. By expanding taxonomic 
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representation we have addressed the phylogenetic affinities of rhodymenialean genera 

absent from previous molecular assessments and have clarified two consistently 

polyphyletic genera. Additionally, re-examination of holotype material for Drouetia 

coalescens clarified rhodymeniacean tetrasporangial development for the genus and 

provided evidence that the three novel Australian species are correctly assigned to this 

genus, and that this genus is correctly assigned to the Rhodymeniaceae.  

 

Acknowledgements 

We thank all of the collectors for their efforts and contributions to this study 

(http://www.boldsystems.org/index.php/MAS_Management_OpenDataSet?datasetcode=

DS-RHDYPHY). Thank you to Chris Lane and Thea Popolizio for supplying collections 

of L. divaricata from Rhode Island. Our sincerest gratitude to Genevieve Tocci at the 

Farlow Herbarium for organizing a loan of D. coalescens type material. Many thanks to 

former and current members of the Saunders lab who generated some of the sequence 

data especially K. Dixon, L. Le Gall, D. McDevit and T. Moore. Thank you to C.W. 

Schneider for his assistance with Latin nomenclature. Thank you to Hiroshi Kawai for his 

assistance translating Japanese names assigned to species of Lomentaria. Support for this 

research was provided by the Canada Research Chair Program, the Canada Foundation 

for Innovation, the New Brunswick Innovation Foundation, the Red Algal Tree of Life 

project (part of the National Science Foundation Assembling the Tree of life activity; 

AToL), the Canadian Barcode of Life Network and Genome Canada through the Ontario 

Genomics Institute and Natural Sciences and Engineering Research Council of Canada.  

http://www.boldsystems.org/index.php/MAS_Management_OpenDataSet?datasetcode=DS-RHDYPHY
http://www.boldsystems.org/index.php/MAS_Management_OpenDataSet?datasetcode=DS-RHDYPHY


 

63 

 

 

References 

Agardh, J.G. 1896. Analecta algologica, Continuatio III. Lunds Universitets Års-Skrift, 

Andra Afdelningen, Kongl. Fysiografiska Sällskapets i Lund Handlingar 32:1-

140. 

Bliding C. 1928. Studien über die Florideenordnung Rhodymeniales. Universitets 

Årsskrift Ny Följd Lunds 24:1-74. 

Brinkmann, H. & Philippe, H. 1999. Archaea sister group of Bacteria? Indications from 

tree reconstruction artifacts in ancient phylogenies. Mol. Biol. Evol. 16:817-25.  

Brodie, J. & Guiry, M. D. 1988. Life history of Cordylecladia erecta. Brit. Phycol. J. 

23:347-64. 

Cocquyt, E., Verbruggen, H., Leliaert, F. & De Clerck, O. 2010. Evolution and 

cytological diversification of the green seaweeds (Ulvophyceae). Mol. Biol. Evol. 

27:2052-61.  

Curiel, D., Bellemo, G., Scattolin, M. & Marzocchi, M. 2006. First report of Lomentaria 

hakodatensis (Lomentariaceae, Rhodophyta) from the lagoon of Venice (Adriatic 

Sea, Mediterranean). Acta. Adriat. 47:65-72. 

Delsuc, F., Brinkmann, H. & Philippe, H. 2005. Phylogenomics and the reconstruction of 

the tree of life. Nat. Rev. Genet. 6:361-75. 

Filloramo, G.V. & Saunders, G.W. in press. Molecular-assisted alpha taxonomy of the 

genus Rhodymenia (Rhodymeniaceae, Rhodymeniales) from Australia reveals 

overlooked species diversity. Eur. J. Phycol.  

Freshwater, D. W., Fredericq, S., Butler, B. S., Hommersand, M. H. & Chase, M. W. 

1994. A gene phylogeny of the red algae (Rhodophyta) based on plastid rbcL. 

Proc. Natl. Acad. Sci. USA. 91:7281-5.  

Guiry, M.D. & Guiry, G.M. 2015. Algaebase. World-wide electronic publication, 

National University of Ireland, Galway. http://www.algaebaseorg; searched on 15 

August 2015.   

Harvey, W.H. 1862. Phycologia australica: or, a history of Australian seaweeds; 

comprising coloured figures and descriptions of the more characteristic marine 

algae of New South Wales, Victoria, Tasmania, South Australia, and Western 

Australia, and a synopsis of all known Australian algae. Vol. 4. pp. viii, Plates 

CLXXXI -CCXL. Lovell Reeve & Co., London, 254 pp. 

Ho, S. Y. W. & Jermiin, L. S. 2004. Tracing the decay of the historical signal in 

biological sequence data. Syst. Biol. 53:623-37.  

Holton, T. A. & Pisani, D. 2010. Deep genomic-scale analyses of the Metazoa reject 

Coelomata: evidence from single- and multigene families analyzed under a 

supertree and supermatrix paradigm. Genome Biol. Evol. 2:310-24. 

Huisman, J. M. 1996. The red algal genus Coelarthrum Børgesen (Rhodymeniaceae, 

Rhodymeniales) in Australian seas, including the description of Chamaebotrys 

gen. nov. Phycologia 35:95-112.   

http://www.algaebaseorg/


 

64 

 

Irvine, L. M. & Guiry, M. D. 1983. Rhodymeniales. In Irvine, L.M. [Ed.] Seaweeds of the 

British Isles. Vol. 1. Rhodophyta. Part 2A. Cryptonemiales (sensu stricto), 

Palmariales, Rhodymeniales. British Museum (Natural History), London, pp. 73-

98. 

Jeffroy, O., Brinkmann, H., Delsuc, F. & Philippe, H. 2006. Phylogenomics: the 

beginning of incongruence? Trends Genet. 22:225-31.  

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S., 

Cooper, A., Markowitz, S., Duran, C., Thierer, T., Ashton, B., Mentjies, P. & 

Drummond, A. 2012. Geneious Basic: an integrated and extendable desktop 

software platform for the organization and analysis of sequence data. 

Bioinformatics 28:1647-9. 

Kostka, M., Uzlikova, M., Cepicka, I. & Flegr, J. 2008. SlowFaster, a user-friendly 

program for slow-fast analysis and its application on phylogeny of Blastocystis. 

BMC Bioinformatics 9:341-6. 

Kützing, F.T. 1843. Phycologia generalis oder anatomie, physiologie und systemkunde 

der tange. Mit 80 farbig gedruckten tafeln, gezeichnet und gravirt vom verfasser. 

pp. [part 1]: [i]-xxxii, [1] -142, [part 2:] 143-458, 1, err.], pls 1-80. Leipzig: F.A. 

Brockhaus. 

Kylin, H. 1931. Die Florideenordnung Rhodymeniales. Acta. Univ. Lundensis 27:1-48. 

Lanfear, R., Calcott, B., Ho, S. Y. W. & Guindon, S. 2012. PartitionFinder: combined 

selection of partitioning schemes and substitution models for phylogenetic 

analyses. Mol. Biol. Evol. 29:1695-1701. 

Le Gall, L. L., Dalen, J. L. & Saunders, G. W. 2008. Phylogenetic analyses of the red 

algal order Rhodymeniales supports recognition of the Hymenocladiaceae fam. 

nov., Fryeellaceae fam. nov., and Neogastroclonium gen. nov. J. Phycol. 44:1556-

71.  

Le Gall, L. L. & Saunders, G. W. 2007. A nuclear phylogeny of the Florideophyceae 

(Rhodophyta) inferred from combined EF2, small subunit and large subunit 

ribosomal DNA: establishing the red algal subclass Corallinophycidae. Mol. 

Phylogenet. Evol. 43:1118-30. 

Lee, I. K. 1978. Studies on Rhodymeniales from Hokkaido. J. Fac. Sci. Hokkaido Univ. 

Ser. V (Bot.) 11:1-203.  

Lee, I. K., West, J. A. & Hommersand, M. H. 1988. Binghamiopsis caespitose gen. et sp. 

nov. (Lomentariaceae, Rhodophyceae) from the eastern Pacific. Korean J. Phycol. 

3:1-13.  

Lewis, J. A. 1994. Transfer of the Australian red algae Kallymenia nitophylloides to 

Cryptonemia (Halymeniaceae) and Halymenia chondricola to Hymenocladia 

(Rhodymeniaceae). Taxon 43:3-10.  

Millar, A. J. K., Saunders, G. W., Strachan, I. M. & Kraft, G. T. 1996. The morphology, 

reproduction and small-subunit rRNA gene sequence of Cephalocystis 

(Rhodymeniaceae, Rhodophyta), a new genus based on Cordylecladia furcellata 

J. Agardh from Australia. Phycologia 35:48-60.  

Moe, R. L. 1979. Minium parvum gen. et sp. nov., a crustose member of the 

Rhodymeniales (Rhodophyta). Phycologia 18:38-46. 



 

65 

 

Morgan-Richards, M., Trewick, S. A., Bartosch-Haerlid, A., Kardailsky, O., Phillips, M. 

J., McLenachan, P. A. & Penny, D. 2008. Bird evolution: testing the Metaves 

clade with six new mitochondrial genomes. BMC Evol. Biol. 8:20. 

Norris, R. E. 1991. Some unusual marine red algae (Rhodophyta) from South Africa. 

Phycologia 30:582-596. 

Oltmanns, F. 1904. Morphologie und Biologie der Algen. Verlag von Gustav Fisher, 

Jena, 733 pp.  

Pick, K. S., Phillipe, H., Schreiber, F., Erpenbeck, D., Jackson, D. J., Wrende, P., Wiens, 

M., Alie, A., Morgenstern B., Manuel, M. & Wörheide, G. 2010. Improved 

phylogenomic taxon sampling noticeably affects nonbilaterian relationships. Mol. 

Biol. Evol. 27:1983-7.  

Pisani, D., Feuda, R., Peterson, K. J. & Smith, A. B. 2012. Resolving phylogenetic signal 

from noise when divergence is rapid: a new look at the old problem of 

echinoderm class relationships. Mol. Phylogenet. Evol. 62:27-34.  

Price, I. R. & Kraft, G. T. 1991. Reproductive development and classification of the red 

algal genus Ceratodictyon (Rhodymeniales, Rhodophyta). Phycologia 30:106-16. 

Pond, S. L. K., Frost, S. D. W. & Muse, S. V. 2005. HyPhy: hypothesis testing using 

phylogenies. Bioinformatics 21:676ï9. 

Ragan, M. A., Bird, C. J., Rice, E. L., Gutell, R. R., Murpy, C.A. & Singh, R. K. 1994. A 

molecular phylogeny of the marine red algae (Rhodophyta) based on the nuclear 

small-subunit rRNA gene. Proc. Natl. Acad. Sci. USA 91:7276-80.   

Rodriguez-Ezpeleta, N., Brinkmann, H., Roure, B., Lartillot, N., Lang, B. F. & Phillipe, 

H. 2007. Detecting and overcoming systematic errors in genome-scale 

phylogenies. Syst. Biol. 56:389-99.  

Ronquist, F. & Huelsenbeck, J. P. 2003. MrBayes 3: Bayesian phylogenetic tree 

selection. Syst. Biol. 51:492-508.  

Ruiz-Trillo, I., Riutort, M., Littlewood, D. T. J., Herniou, E. A. & Baguna, J. 1999. Acoel 

flatworms: earliest extant bilaterian metazoans, not members of Platyhelminthes. 

Science 283:1919-23. 

Saunders, G. W. & Hommersand, M. H. 2004. Assessing red algal supraordinal diversity 

and taxonomy in the context of contemporary systematic data. Am. J. Bot. 

91:1494-507. 

Saunders, G. W. & Kraft, G. T. 1994. Small subunit rRNA gene sequences from 

representatives of selected families of the Gigartinales and Rhodymeniales 

(Rhodophyta). 1. Evidence for the Plocamiales ord. nov. Can. J. Bot. 72:1250-63.  

Saunders, G. W. & Kraft, G. T. 1996. Small subunit rRNA gene sequences from 

representatives of selected families of the Gigartinales and Rhodymeniales 

(Rhodophyta). 2. Recognition of the Halymeniales ord. nov. Can. J. Bot. 74:694-

707 

Saunders, G. W. & McDevit, D. C. 2012. Methods for DNA barcoding photosynthetic 

protists emphasizing the macroalgae and diatoms. Methods Mol. Biol. 858:207-

22.  

Saunders, G. W. & McDonald, B. 2010. DNA barcoding reveals multiple overlooked 

Australian species of the red algal order Rhodymeniales (Florideophyceae), with 



 

66 

 

resurrection of Halopeltis J. Agardh and description of Pseudohalopeltis gen. nov. 

Botany 88:639-67.  

Saunders, G. W. & Moore, T. E. 2013. Refinements for the amplification and sequencing 

of red algal DNA barcode and RedToL phylogenetic markers: a summary of 

current primers, profiles and strategies. Algae 28:31-43.  

Saunders, G. W., Lane, C. E., Schneider, C. W. & Kraft, G. T. 2006. Unravelling the 

Asteromenia peltata species complex with clarification of the genera Halichrysis 

and Drouetia (Rhodymeniaceae, Rhodophyta). Can. J. Bot. 84:1581-607. 

Saunders, G. W., Strachan, I. M. & Kraft, G. T. 1999. The families of the order 

Rhodymeniales (Rhodophyta): a molecular-systematic investigation with a 

description of Faucheaceae fam. nov. Phycologia 38:23-40.  

Schmidt, W.E., Gurgel, C.F.D. & Fredericq, S. 2016. Taxonomic transfer of the red algal 

genus Gloiosaccion to Chrysymenia (Rhodymeniaceae, Rhodymeniales), 

including the description of a new species, Chrysymenia pseudoventricosa, for the 

Gulf of Mexico. Phytotaxa 243: 54-70. 

Schmitz, F. 1889. Systematische ubersicht der bisher bekannten gattungen der Florideen. 

Flora 72:435-56. 

Sjöstedt, L. G. 1926. Floridean studies. Acta. Univ. Lundensis. 22:1-95. 

Stamatakis, A., Hoover, P. & Rougemont, J. 2008. A rapid bootstrapping algorithm for 

the RAxML web-servers. Syst. Biol. 57:758-71.  

Sparling, S. R. 1957. The structure and the reproduction of some members of the 

Rhodymeniaceae. Univ. Calif. Publ. Bot. 29:319-96. 

Sperling, E. A., Peterson, K. J. & Pisani, D. 2009. Phylogenetic-signal dissection of 

nuclear housekeeping genes supports the paraphyly of sponges and the 

monophyly of Eumetazoa. Mol. Biol. Evol. 26:2261-74.  

Taylor, W.R. 1945. Pacific marine algae of the Allan Hancock Expeditions to the 

Galapagos Islands. Allan Hancock Pac. Exped. 12:1-528. 

Verbruggen, H. 2012. SiteStripper v.1.01. GNU General Public 

License. http://www.phycoweb.net/software/SiteStripper/index.html 

Verbruggen, H., Ashworth, M., LoDuca, S. T., Vlaeminck, C., Cocquyt, E., Sauvage, T., 

Zechman, F. W., Littler, D. S., Littler, M. M., Leliaert, F. & De Clerck, O. 2009. 

A multi-locus time-calibrated phylogeny of the siphonous green algae. Mol. 

Phylogenet. Evol. 50:642-53. 

Verbruggen, H., Maggs, C. A., Saunders, G. W., Le Gall, L., Yoon, H. S. & De Clerck, 

O. 2010. Data mining approach identifies research priorities and data 

requirements for resolving the red algal tree of life. BMC Evol. Biol. 10:16.  

Waddell, P. J., Cao, Y., Hauf, J. & Hasegawa, M. 1999. Using novel phylogenetic 

methods to evaluate mammalian mtDNA, including amino acid-invariant sites-

LogDet plus site stripping to detect internal conflicts in the data, with special 

reference to the positions of hedgehog, armadillo, and elephant. Syst. Biol. 48:31-

53.  

Withall, R. & Saunders, G. W. 2006. Combining small and large subunit ribosomal DNA 

genes to resolve relationships among orders of Rhodymeniophycidae 

(Rhodophyta): recognition of the Acrosymphytales ord. nov. Eur. J. Phycol. 

41:379-94.  

http://www.phycoweb.net/software/SiteStripper/index.html


 

67 

 

Womersley, H. B. S. 1996. The marine benthic flora of southern Australia ï Part IIIB- 

Gracilariales, Rhodymeniales, Corallinales and Bonnemaisoniales. Vol. 5. 

Australian Biological Resources Study & the State Herbarium of South Australia, 

Canberra & Adelaide, 392 pp. 

Wynne, M. J. 2001. Stirnia prolifera gen. et sp. nov. (Rhodymeniales, Rhodophyta) from 

the Sultanate of Oman. Bot. Mar. 44:163-9. 

Zeng, L., Zhang, Q., Sun, R., Kong, H., Zhang, N. & Ma, H. 2014. Resolution of deep 

angiosperm phylogeny using conserved nuclear genes and estimates of early 

divergence times. Nat. Commun. 5:1-12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

6
8 

Table 2.1 Collection details and COI-5P GenBank accession numbers for Australian Drouetia samples used in molecular and 

morphological analyses. All samples were collected from Coffs Harbour, New South Wales, Australia. All data were generated 

for the present study. 

Species 

  Voucher 

Number Habitat  Geography 

COI-5P GenBank 

Accession 

Drouetia aggregata 

Filloramo & G.W. Saunders 

  GWS032792 4 m on rock Mutton Bird Island (South) KU707859 

 

   GWS032793 4 m on rock Mutton Bird Island (South) KU707873 

Drouetia scutellata 

Filloramo & G.W. Saunders 

  GWS032664 6 m on invert South Solitary Island (Southeast) KU707850 

 

   GWS032729 5 m on rock Mutton Bird Island (North) KU707846 

   GWS032752 5 m on invert Mutton Bird Island (North) KU707880 

Drouetia viridescens 

Filloramo & G.W. Saunders 

  GWS032599 5 m on rock Korora Beach KU707869 

   GWS032600 5 m on rock Korora Beach KU707868 

   GWS032612 8 m on rock Split Solitary Island (Northwest) KU707855 

   GWS032624 8 m on rock Split Solitary Island (Northwest) KU707881 

   GWS032642 10 m on invert  Split Solitary Island (East)  KU707878 

   GWS032643 10 m on coral rubble South Solitary Island (East) KU707874 

   GWS032665 6 m on invert South Solitary Island (Southeast) KU707863 

   GWS032672 10 m on invert Black Rock KU707870 

   GWS032682 6 m on invert Black Rock KU707847 
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Species 

  Voucher 

Number Habitat  Geography 

COI-5P GenBank 

Accession 

   GWS032740 5 m on invert Mutton Bird Island (North) KU707852 

   GWS032790 4 m on rock Mutton Bird Island (South) KU707872 
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Table 2.2 Bayesian posterior probabilities, RAxML bootstrap values and likelihood scores for the full multigene alignment 

with partitioning by gene and then codon (noPF) and with partitioning as determined by PartitionFinder (PF). RAxML 

bootstrap values and likelihood scores for the site-stripper subalignments with partitioning by gene and then codon (noPF). 

Dashes (-) indicate branch support below 50% and n/a indicates a branch that was not resolved. 
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     S 

 

 Bayes RAxML  RAxML  

% of sites 

retained 
100% 95% 90% 85% 80% 75% 70% 

 noPF PF noPF PF noPF 

 -143267 -143395 -143595 -143787 -112089 -86686 -65296 -47116 -32139 -20852 

A 1 1 100 100 100 100 100 100 100 100 

B 1 1 95 95 93 95 97 99 98 79 

C n/a - - 50 n/a 51 68 75 65 62 

D 1 1 100 100 100 100 100 100 100 100 

E 1 1 100 100 100 100 100 100 100 100 

F 1 1 100 100 100 100 100 100 100 100 

G 1 1 100 100 100 100 100 100 100 98 

H 1 1 100 100 100 100 100 100 100 100 

I 1 1 79 80 71 78 71 81 71 80 

J 1 1 100 100 100 100 100 100 100 100 

K 1 1 100 100 100 100 100 100 100 100 

 

    ML 

   scores 
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Table 2.3 Intraspecific COI -5P divergence and distance to nearest neighbour for Australian species of Drouetia included in 

this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species 

Max intraspecific 

divergence (%) 

Nearest 

species 

Distance to nearest 

neighbour (%) 

D. aggregata (n= 2) 0 D. scutellata 7.19 

D. scutellata (n= 3) 0.15 D. viridescens 2.5 

D. viridescens (n= 11) 0.31 D. scutellata 2.5 
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Figure 2.1 RAxML phylogeny for full multigene alignment partitioned by gene and then 

codon with subfamilial bootstrap support values appended. Branch letters correspond to 

the support values in Figure 2.2. Taxa in bold represent generitype species. Asterisks 

denote fully supported branches. Species transferred to new genera have the previous 

genus name in parentheses. Outgroup species of the Halymeniales and Sebdeniales were 

compressed to ordinal level to facilitate presentation. 
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Figure 2.2 Drouetia aggregata Filloramo & G.W. Saunders sp. nov. a. Top view 

of vegetative holotype (GWS032793). Scale bar = 8.75 mm. b. Side view of 

vegetative holotype with distinct stipes subtending anastomosed blades 

(GWS032793). Scale bar = 8 mm. c. Transverse section at mid-thallus showing 

medulla and dorsiventral aspect (GWS032793). Scale bar = 200 µm. d. 

Transverse section at mid-thallus showing ventral surface and aggregates of 

small cells interspersed among the larger cells of the medulla (GWS032792). 

Scale bar = 100 µm. 
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Figure 2.3 Drouetia scutellata Filloramo &  G.W. Saunders sp. nov. a. Habit of 

single peltate blades showing distinct stipes and central depressions, lighter 

patches indicate spermatangial sori (arrows) (Isotype, GWS032752). Scale bar = 1 

cm. b. Habit of cystocarpic holotype (GWS032729). Scale bar = 1 cm. c. 

Transverse section at mid-thallus showing medulla and dorsiventral aspect 

(GWS032729). Scale bar = 100 µm. d. Transverse section through mature 

cystocarp (GWS032729). Scale bar = 250 µm. e. Transverse section of male plant 

showing spermatangial development on the dorsal surface (GWS032752). Scale 

bar = 10 µm. 
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Figure 2.4 Drouetia viridescens Filloramo &  G.W. Saunders sp. nov. a. Habit of 

single peltate blades attached to substratum by single stipe (not pictured) 

(GWS032740). Scale bar = 1 cm.b. Habit of tetrasporic holotype showing 

anastomosed blades that form an irregular outline (GWS032612). Scale bar = 1 cm. 

c. Transverse section at mid-thallus of vegetative plant (GWS032682). Scale bar = 

93 µm. d. Transverse section at mid-thallus of tetrasporic holotype (GWS032612). 

Scale bar = 108 µm. e. Mature cruciately divided tetrasporangium (GWS032612). 

Scale bar = 33 µm. f. Transverse section at mid-thallus of tetrasporic holotype 

showing cortical cell (arrow) compressed between developing and mature 

tetrasporangia creating the appearance of paraphyses. Tetrasporangial initials pit 

connected (arrowheads) to inner cortical cell (GWS032612). Scale bar = 25 µm. g. 

Intercalary tetrasporangial initial pit connected (arrowheads) to two neighboring 

cortical cells (GWS032612). Scale bar = 20 µm. 
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Figure 2.5 Tetrasporangial holotype of Drouetia coalescens (Farlow) G. De Toni 

(Harvard University Herbaria & Libraries, No. 00777108). a. Herbarium label and 

gross morphology of holotype. Scale bar = 21 mm. b. Transverse section of 

tetrasporangial thallus showing dorsal tetrasporangial sorus. Scale bar = 91 µm. c. 

Developing tetrasporangia deeply embedded in the dorsal cortex. Scale bar = 47 µm. 

d. Cruciately divided tetrasporangia (arrows). Scale bar = 23 µm. e. Pit connection 

(arrow) between two cortical cells modified into tetrasporangia surrounded by 

compressed cortical cells creating the appearance of paraphyses. Scale bar = 18 µm. 
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Figure 2.6 Hymenocladia chondricola (Sonder) J. Lewis, Hymenocladia conspersa 

(Harvey) J. Agardh and Perbella minuta (Kylin) Filloramo & G.W. Saunders comb. 

nov. a. Gross morphology of a vegetative specimen of H. chondricola from South 

Australia (GWS029560). Scale bar = 25 mm. b. Mature morphology of a vegetative 

specimen of H. conspersa from Victoria (GWS017300). Scale bar = 25 mm. c. 

Intermediate morphology of vegetative specimen of H. conspersa from Tasmania 

(GWS015238). Scale bar = 19 mm. d. Juvenile morphology of vegetative specimen of 

H. conspersa from Tasmania (GWS016539). Scale bar = 13 mm. e. Gross 

morphology of a vegetative specimen of Perbella minuta from Tasmania 

(GWS015206). Scale bar = 25 mm. 
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Chapter 3 Assessment of the order Rhodymeniales (Rhodophyta) from 

British Columbia using an integrative taxonomic approach reveals 

overlooked and cryptic species diversity 
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Abstract 

Molecular-assisted alpha taxonomy using COI-5P and rbcL-3P was employed to reassess 

species diversity for the Rhodymeniales (Rhodophyta) in British Columbia. A total of 

563 collections from British Columbia were resolved as 16 genetic species groups, 

whereas 13 were previously reported. Collections attributed to B. pseudodichotoma 

(Farlow) Kylin from British Columbia were resolved as distinct from collections of that 

species from California (type locality) and were assigned to B. hawkesii sp. nov. 

Molecular data resolved an additional species of Fryeella for which the combination F. 

callophyllidoides (Hollenberg & I.A.Abbott) comb. nov. (for Rhodymenia 

callophyllidoides Hollenberg & I.A.Abbott) was established. Although two species of 

Gloiocladia were recognized, genetic analyses resolved three: G. fryeana (Setchell) 

N.Sánchez & Rodríguez-Prieto, G. laciniata (J.Agardh) N.Sánchez & Rodríguez-Prieto 

and G. vigneaultii sp. nov. Data also resolved G. media (Kylin) comb. nov. from 

California. For the genus Rhodymenia, where two species were expected, molecular data 

resolved four. Both R. californica Kylin  and R. pacifica Kylin  were confirmed in British 

Columbia, while some collections field identified as R. californica were genetically 

distinct and assigned to the novel species, R. bamfieldensis sp. nov. Some collections 

initially identified as R. pacifica were also resolved as a distinct group and assigned to the 

resurrected species R. rhizoides E.Y.Dawson. Anatomical development for the 

monospecific genus Minium was also reassessed in light of that taxonôs assignment to  

the Fryeellaceae. Our investigation clarified the number of rhodymenialean species in 

British Columbia and resolved taxonomic and distributional uncertainties associated with 

some of these taxa.  
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Introduction  

Bordered by the North Pacific, British Columbia is the westernmost province in Canada 

and is regarded as one of the most biologically diverse provinces in the country (Hebda 

2007). Included in this province is Haida Gwaii, an archipelago situated west of the 

mainland and identified as a past glacial refugium (Warner et al. 1982; Clague & Ward 

2011; Saunders 2014). The advance and retreat of glaciers during the Pleistocene in 

British Columbia has made that province a particularly interesting locale for studying 

species diversification and evolution (Hebda 2007). An accurate understanding of species 

diversity in a given area requires the ability to accurately identify and distinguish taxa. 

Traditional taxonomy and systematics for the marine organisms collectively termed 

seaweeds employed morphological features to identify and describe species; however, the 

subjective nature of this approach made it both frustrating and unreliable (Saunders 

2005). Molecular-assisted alpha taxonomy (MAAT) aims to overcome the challenges of 

traditional morphology-based identification by using genetic similarity to assign algal 

specimens to distinct species groups, which are subsequently assessed morphologically 

and assigned to existing species or described as novel taxa (Saunders 2005, 2008; 

Cianciola et al. 2010; Saunders & McDonald 2010). 

A common molecular marker for assessing red algal species is the 5ô end of the 

mitochondrial cytochrome c oxidase subunit I gene (COI-5P), often referred to as the 

ñDNA barcodeò (Saunders 2005). In cases where COI-5P amplification is unsuccessful, 

the 3ô end of the plastid ribulose-biphosphate carboxylase gene (rbcL-3P) has been 
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recognized as an alternative barcode marker (Saunders & Moore 2013). Although not as 

variable as COI-5P, rbcL-3P is effective for distinguishing individuals of the same 

species as well as individuals of different species.  

The Rhodymeniales is a red algal order whose members display extremely diverse 

habits and frond morphologies (expansive blades, small turf-like varieties, hollow sacs 

and mucilage-filled vesicles), which are united by a distinct pattern of procarpy and 

outward carposporophyte development (Saunders et al. 1999; Le Gall et al. 2008). 

Currently, the Rhodymeniales includes six families, 49 genera and over 300 species 

distributed worldwide (Guiry & Guiry 2016). In 1986, Hawkes & Scagel published a 

monograph of the Rhodymeniales from British Columbia and northern Washington using 

traditional morphology-based methods and reported 12 species in 9 genera from British 

Columbia: Botryocladia pseudodichotoma (Farlow) Kylin, Fauchea fryeana Setchell, 

Fauchea laciniata J.G.Agardh, Faucheocolax attenuata Setchell, Fryeella gardneri 

(Setchell) Kylin, Gastroclonium subarticulatum (Turner) Kützing, Lomentaria 

hakodatensis Yendo, Minium parvum Moe, Rhodymenia californica Kylin, Rhodymenia 

pacifica Kylin , Rhodymenia pertusa (Postels & Ruprecht) J.Agardh and 

Rhodymeniocolax botryoidea Setchell. Subsequent to their monograph, F. fryeana and F. 

laciniata were transferred to the genus Gloiocladia (Rodriguez-Prieto et al. 2007), while 

the novel genera Neogastroclonium L.Le Gall, Dalen & G.W.Saunders and Sparlingia 

G.W.Saunders, I.M.Strachan & Kraft were established to accommodate G. 

subarticulatum (Le Gall et al. 2008) and R. pertusa (Saunders et al. 1999). In addition, 

Leptofauchea pacifica E.Y.Dawson was recognized in British Columbian waters (Dalen 
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& Saunders 2007). Nevertheless, the monograph of Hawkes & Scagel (1986) remains the 

only large-scale assessment of the rhodymenialean flora in British Columbia. 

In light of the underestimated and cryptic diversity that MAAT has revealed for 

other red algal groups in British Columbia (e.g., Clarkston & Saunders 2013; Hind et al. 

2014; Saunders & Millar 2014; Saunders et al. 2015), this study aimed to use an 

integrative taxonomic approach to reassess species richness, species limits and 

biogeography for rhodymenialean taxa in British Columbia. We confirmed for British 

Columbia most of the species reported by Hawkes & Scagel (1986), while also 

identifying cryptic complexes for Botryocladia, Gloiocladia and Rhodymenia, an 

additional species of Fryeella, and potentially a second parasitic species of 

Faucheocolax. We also analyzed recently collected specimens of Minium parvum to 

provide detailed anatomical observations in light of the recent phylogenetic assignment  

of this genus to the family Fryeellaceae (Filloramo & Saunders 2016a).  

 

Materials and Methods 

British Columbian specimens (n= 563) that were field identified to various 

rhodymenialean genera were collected from either the intertidal as attached or drift 

material or in the subtidal by SCUBA (Appendix B, Table S1). Additional 

rhodymenialean collections from California (n= 41), Oregon (n= 2) and Washington (n= 

7) were also included in this study to explore species distributions along the west coast of 

North America (Appendix B, Table S1). All specimens were either pressed on herbarium 

paper or dried in silica gel to serve as vouchers (housed at the Univeristy of New 
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Brunswick Connell Memorial Herbarium; UNB) with a subsample preserved in silica for 

molecular analyses (Saunders & McDevit 2012).  

Total Genomic DNA was extracted following Saunders & McDevit (2012). The 

5ô end of the mitochondrial cytochrome c oxidase I gene (COI-5P; DNA barcode; 664 

bp) was amplified (Saunders & Moore 2013) with primer combinations recorded on the 

Barcode of Life Database (BOLD; www.boldsystems.org) and GenBank. Full-length 

rbcL (1358 bp) sequences were amplified (Saunders & Moore 2013) for at least one 

representative of each genetically verified COI-5P species group. Full-length rbcL was 

used as a reference for amplicons of the 3ô end of the plastid ribulose-1, 5-bisphosphate 

carboxylase oxygenase region (rbcL-3P, 786 bp), which were amplified as a secondary 

barcode marker when amplification of COI-5P was unsuccessful. To validate some 

genetic species groups resolved with COI-5P and rbcL-3P, the nuclear internal 

transcribed spacer of the ribosomal cistron (ITS) was amplified (Saunders & Moore 

2013). All amplicons were sequenced by the Génome Québec Innovation Centre and raw 

data were edited and aligned in Geneious R7 version 7.1.7 (http://www.geneious.com; 

Kearse et al. 2012). Additional COI-5P, rbcL and ITS data were acquired from GenBank 

for comparative purposes (Appendix B, Table S1).  

To determine intraspecific variation and nearest neighbor distances, the COI-5P 

alignment was subjected to a barcode gap analysis that was implemented in BOLD. The 

rbcL-3P sequences were compared to full-length rbcL and both were included in distance 

analyses to determine within and between species variation. Total differences in ITS were 

assessed by analyzing the alignments in Geneious R7.  

http://www.boldsystems.org/
http://www.geneious.com/
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A multigene alignment was constructed using COI-5P and full-length rbcL data 

for one representative of each genetic species group that was resolved for Botryocladia 

and Rhodymenia. To place the British Columbian species in a broader context, all 

relevant GenBank data (Appendix B, Table S1) for Botryocladia and Rhodymenia were 

added to the previous alignment. Other rhodymeniacean taxa were selected for the 

outgroup based on Filloramo & Saunders (2016a). A second multigene alignment of 

COI-5P and rbcL data was created for representatives of the Faucheaceae and 

Fryeellaceae and was combined with pertinent data from GenBank (Appendix B, Table 

S1). The previous multigene alignments were analyzed separately in RAxML under a 

GTR+I+G model (determined by PartitionFinder) with partitioning by gene and then 

codon and support was determined by 1000 rounds of bootstrap resampling. The 

Faucheaceae and Fryeellaceae were rooted on one another. 

 Anatomical observations were made by rehydrating algal tissue in 5% formalin 

and seawater and then sectioning it by hand or with a freezing microtome (CM18250, 

Leica, Heidelberg, Germany). All sections were stained with 1% aniline blue solution in 

6% 5N hydrochloric acid and permanently mounted in 50% corn syrup with 4% 

Formalin. Features were photographed with a Leica digital camera (DFC480) and Leica 

microscope (CTR5000). 

  

Results  

Molecular results  

COI-5P 
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The DNA barcode was successfully amplified for 577 specimens. These collections were 

resolved in 18 genetic species groups (Table 3.1). Maximum intraspecific variation for 

COI-5P was 0.77% with the exception of Fryeella callophyllidoides (1.53%; Table 3.1) 

and Neogastroclonium subarticulatum (0.93%; Table 3.1). In both cases the greatest 

divergence was between collections from British Columbia and California. The within 

species variation for British Columbian specimens of Fryeella callophyllidoides and 

Neogastroclonium subarticulatum was 0% and 0-0.75%, respectively. In general, 

interspecific variation for COI-5P ranged from 2.67% to 20.46% (Table 3.1). The 

collections morphologically assigned to the following six species resolved in single 

genetic species groups: Fryeella garderni, Leptofauchea pacifica, Lomentaria 

hakodatensis, Minium parvum, Neogastroclonium subarticulatum and Sparlingia pertusa 

(Table 3.1), while other morphospecies were resolved as part of cryptic complexes 

(discussed below).  

Californian samples (n= 7) identified as Botryocladia pseudodichotoma were 

resolved in a distinct genetic species group (5.13%; Table 3.1) from British Columbian 

and northern Washington collections, which were described herein as B. hawkesii sp. 

nov. A British Columbian collection and two Californian specimens were 

morphologically identified as Rhodymenia callophyllidoides, but genetically most similar 

(6.50 %; Table 3.1) to Fryeella gardneri necessitating transfer of this species to Fryeella. 

Collections assigned to Gloiocladia resolved as four genetic species groups, three found 

in British Columbia, where only two were expected. Gloiocladia fryeana (British 

Columbia n= 20) was distantly (13.14 %; Table 3.1) related to a single specimen from 

California attributed to G. media. Additional collections from British Columbia were 
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assigned to G. vigneaultii sp. nov. (n= 14) and the closely allied (3.73%; Table 3.1) G. 

laciniata (British Columbia n= 73), which also included a collection from Washington. 

Some collections (n= 3) of the parasitic Faucheocolax attenuata were genetically 

identical to their host species (Table 3.1), G. laciniata, while two other collections were 

distinct and most closely related to G. media (2.67%; Table 3.1). Specimens that were 

field identified as R. californica were resolved as two distinct genetic groups (8.81% 

interspecific variation) assigned to R. californica (British Columbia n= 128, California n= 

8, Oregon n= 2) and R. bamfieldensis sp. nov. (British Columbia n= 5, Washington n= 2) 

(Table 3.1). Similarly, collections morphologically assigned to R. pacifica formed two 

distantly related groups (8.27% interspecific variation) assigned to R. pacifica (British 

Columbia n= 9, California n=7) and the resurrected R. rhizoides (British Columbia n= 25, 

California n= 2) (Table 3.1).  

 

rbcL-3P 

Consistent with COI-5P, rbcL fully resolved 18 genetic species groups. Using rbcL-3P 

data, we were able to assign 36 collections for which COI-5P amplification failed to 

genetic species groups (Appendix B, Table S1). A single Californian collection was 

resolved as B. pseudodichotoma while a specimen from British Columbia that was field 

identified as the former species was resolved as B. hawkesii. Specimens field identified as 

Gloiocladia spp. were resolved as G. fryeana (n= 4), G. laciniata (n= 22) and G. 

vigneaultii (n= 2) and five collections attributed to Rhodymenia were resolved as R. 

bamfieldensis (n= 1), R. californica (n= 1), and R. pacifica (n= 3), respectively, while a 
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single collection (GWS012983; Appendix B, Table S1) field identified as Rhodymenia 

sp. was in fact a dichotomously branched Sparlingia pertusa.  

 

Comparison to rbcL in GenBank 

A GenBank entry attributed to G. fryeana (FJ713148) from Washington was resolved 

with our collections of G. fryeana from British Columbia (0-3 bp different across 650 bp 

available for comparison). One entry for G. laciniata (FJ713149, California) had a single 

base pair difference (across 1363 bp) from our Californian specimen assigned to G. 

media, while a second (FJ713150, British Columbia) joined (0-3 bp differences across 

1363 bp) our G. vigneaultii. Four additional GenBank entries for G. laciniata 

(AY294355, Alaska; KM253823, KM253724, KM253834, California) matched (0-3 bp 

differences across 1363 bp) our collections assigned to that species.  

 

ITS 

Our ITS data for B. hawkesii and B. pseudodichotoma were consistent with COI-5P in 

that two distinct genetic species groups were resolved (21-29 bp differences across 616 

bp; Appendix B, Table S1). As with the COI-5P results, the ITS for three collections of 

Faucheocolax (GWS004768A, GWS014315 and GWS020832; all parasitic on G. 

laciniata), were resolved as genetically identical to their host collections. Also consistent 

with COI-5P, the ITS for one of the Faucheocolax collections (GWS001423) was distinct 

(352 bp differences across 1475 bp) from those of the previous three parasite collections, 

as well as from its host species, G. laciniata (352 bp differences across 1462) (Appendix 

B, Table S1). The ITS1 for G. fryeana was virtually unalignable to that of G. laciniata, 
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G. media and G. vigneaultii; however, although highly divergent, the ITS2 was more 

comparable. A comparison of ITS data for G. laciniata to that of G. vigneaultii suggested 

that there were two distinct genetic species (330-333 bp differences across 1494 bp), 

which corroborated with the COI-5P results. Further examination of Faucheocolax and 

Gloiocladia data revealed a ~160 bp repetitive sequence in the ITS1 for G. laciniata, G. 

media and G. vigneaultii as well as both genetic groups assigned to F. attenuata. In those 

species, that repetitive sequence occurred in variable numbers as complete entities, 

truncated units or as a modified sequence that was shared with some but not all species 

(Fig. 3.1). The previous differences resulted in variable sequence lengths and contributed 

to increased interspecific variation.  

 Comparison of our ITS data to relevant data in GenBank indicated 2 bp 

differences (across 1255 bp) between G. vigneaultii and a GenBank representative 

(U30363; Washington) that was assigned to G. laciniata with those differences possibly 

attributed to errors in the GenBank sequence at otherwise conservative sites. Similarly, a 

GenBank entry of G. fryeana (U30364; Washington) was most similar (4 bp differences 

across 1494 bp) to our data for G. laciniata and, again, those differences were potentially 

a result of errors in the GenBank sequence. Both U30363 and U30364 were host to 

parasitic F. attenuata (represented by the GenBank entries U30366 and U30365, 

respectively). The GenBank data for U30366 and U30365 were identical to each other 

but distinct from the ITS data generated for British Columbian collections of F. attenuata 

included in the present study (Fig. 3.1) raising the distinct possibility of a third species 

included in this morphospecies.  
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Phylogenetic Analyses 

RAxML analysis included eight representatives of Botryocladia, which were resolved in 

two groups (Fig. 3.2). Botryocladia species from the Northeast Pacific were resolved as 

sister to each other in the first group, which also included two species from the Atlantic 

Islands/tropical & subtropical Northwestern Atlantic (Fig. 3.2). The second Botryocladia 

clade was comprised of B. neushulii from Pacific Mexico, two species from Australia, the 

South Pacific species B. ebriosa and the Northwest Pacific species Chrysymenia wrightii 

(Fig. 3.2).  

The 24 species of Rhodymenia that were included were resolved in three groups 

and an unresolved R. pseudopalmata (Fig. 3.2). The first group included representatives 

predominantly from Australia in addition to species from the Central Pacific, New 

Zealand, Northeast and Northwest Atlantic (Fig. 3.2). The second clade included our four 

Northeast Pacific Rhodymenia species, among which, a specimen of R. intricata from the 

Northwest Pacific was resolved. Also, weakly associated as sister to that clade was the 

generitype species R. pseudopalmata from the Northeast Atlantic. Lastly, the third clade 

was comprised exclusively of species from the Southern Hemisphere (i.e., Australia, 

South Africa and South America; Fig. 3.2).  

Phylogenetic analyses strongly placed Fryeella callophyllidoides in the 

Fryeellaceae as sister to F. gardneri (Fig. 3.3). Minium parvum was fully resolved in a 

monophyletic lineage with the previous species of Fryeella (Fig. 3.3).  In fact, it was 

more closely related to the two Fryeella spp. than were species of Leptofauchea, 

Gloiocladia and Webervanbossea relative to one another (Fig. 3.3).  
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Fifteen specimens of Gloiocladia and Gloioderma spp. and two representatives of 

Faucheocolax were included in our phylogenetic analyses and were resolved in four 

clades (Fig. 3.3). The first clade included G. halymenioides and an unidentified species 

from Western Australia, which were distantly related to G. spinulosa from the Northwest 

Pacific (Fig. 3.3). The second clade was comprised of closely resolved Northwest Pacific 

G. japonica and the Gulf of Mexico species G. tenuissima, which were weakly allied to 

the Northwest Pacific species G. iyoensis (Fig. 3.3). The third clade included three 

Northeast Atlantic species, which were closely resolved, in addition to the more distantly 

related species G. pelicana from the Gulf of Mexico (Fig. 3.3). Lastly, the fourth clade 

was comprised of taxa exclusively from the Northeast Pacific and relationships among 

those taxa were resolved with strong to full support (Fig. 3.3). Included were two 

representatives of parasitic F. attenuata ð one, which was resolved alongside its host G. 

laciniata, and the other, which was fully supported as sister to G. media (Fig. 3.3).  

 

Morphological results 

Botryocladia hawkesii Filloramo & G.W.Saunders sp. nov. Fig. 3.4a-g 

DIAGNOSIS: Thalli typically 26-65 mm tall with a discoid holdfast and solid, terete stalk 

either bearing a single mucilage-filled, saccate vesicle (11-33 mm long x 7-22 mm wide) 

or irregularly branched and bearing numerous vesicles (Fig. 3.4a). Vesicle outer cortex 2 

(-3) layers of small cells 5 ɛm in diameter grading to an inner cortex of 1 (-2) layers of 

oblong cells (15-26 ɛm long x 5-12 ɛm wide); medulla of 1 (-2) large axially elongated 

(96-178 ɛm long x 54-81 ɛm wide) cells surrounding the mucilage filled cavity (Fig. 
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3.4b). Gland cells scattered on medullary cells, rarely single and typically in groups of 7-

15, subspherical, 12-50 ɛm in diameter (Fig. 3.4c,d). Spermatangia (2.5-3 ɛm long) in 

sori cut off from cortical cells (Fig. 3.4d). Carpogonial branches and auxiliary cell 

branches not seen. Cystocarps scattered (Fig. 3.4e), 600-900 ɛm in diameter, protruding 

both inwards and outwards, ostiolate (Fig. 3.4f). Tetrasporangia in scattered cortical sori, 

modified from existing cortical cells, cruciately divided, 38-43 ɛm long x 22.5-38 ɛm 

wide (Fig. 3.4g).  

HOLOTYPE : G.W. Saunders, B. Clarkston, K. Hind & D. McDevit, 16 May 2008 (UNB, 

GWS009487) (Fig. 3.4a); isotype GWS009486 (Appendix B, Table S1).  

TYPE LOCALITY : Pipers Point (49.54668, -123.79256), Sechelt, British Columbia, 

Canada; subtidal (10 m) on rock.  

HOLOTYPE  COI-5P BARCODE: HM917100. 

ETYMOLOGY : Named for Dr. Michael Hawkes in recognition of his significant 

contributions to our understanding of rhodymenialean diversity in British Columbia and 

northern Washington.  

DISTRIBUTION : Genetically verified collections from San Juan County, Washington, 

United States to Prince Rupert, British Columbia, Canada.  

REPRESENTATIVE COLLE CTIONS: Listed in Appendix B (Table S1).  

 

Fryeella callophyllidoides (Hollenberg & I.A.Abbott) Filloramo & G.W.Saunders comb. 

nov. Fig. 3.5a-g 
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BASIONYM : Rhodymenia callophyllidoides Hollenberg & I.A.Abbott 1965 (New species 

and new combinations of marine algae from the region of Monterey, California. 

Canadian Journal of Botany 43: 1184).  

OBSERVATIONS OF EPITYPE SPECIMEN (UC1455019): Thalli 110-150 mm across; 

individual branch width 2-5 mm and typically consistent from base to apices, which are 

rounded (Fig. 3.5a). Blades 250-300 ɛm thick in cross section with an outer cortex of 1 (-

2) layers of small, round cells and 1 (-2) layers of ellipsoid inner cortical cells, which 

grade to 3-4 cell layers of large, colourless medullary cells (105-150 ɛm x 50-70 ɛm 

wide), blades of solid construction lacking hollow regions (Fig. 3.5b). Tetrasporangial 

sori appear as mottled nemathecia that develop submarginally and spread toward the 

blade center; cruciately divided tetrasporangia (30-45 ɛm long x 15-20 ɛm wide) or 2-3 

celled paraphyseal filaments develop from adventitious growth of existing cortical cells 

(Fig. 3.5c).  

DIAGNOSTIC FEATURES OF GENETIC GROUP: Individual branch width consistent from 

base to the rounded apices (Fig. 3.5d). Blades 225-250 ɛm thick in cross section with an 

outer cortex of 1 (-2) layers of small, round cells and 1 (-2) layers of ellipsoid inner 

cortical cells and 3-4 cell layers of large, colourless medullary cells (55-75ɛm x 110-170 

ɛm), solid construction (Fig. 3.5e). Tetrasporangial development (Fig. 3.5f,g) as observed 

for the epitype.  

TYPE LOCALITY : Monterey Bay, California, United States. 

DISTRIBUTION : Genetically verified collections from Monterey Bay, California, United 

States and Bamfield, British Columbia, Canada.  

REPRESENTATIVE COLLE CTIONS: Listed in Appendix B (Table S1). 
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Gloiocladia fryeana (Setchell) Sánchez & Rodríguez-Prieto Fig. 3.6a-g 

DIAGNOSTIC FEATURES OF GENETIC GROUP: Thalli flattened, broadly flabellate, 20-73 

mm tall; irregularly dichotomously branched, branch widths (0.5-10 mm) variable within 

an individual, branches tapering slightly towards base; apices blunt to rounded (Fig. 3.6a, 

b). Blades 200-370 ɛm thick in cross section including a medulla composed of 1-3 layers 

of large, round or slightly ellipsoid colourless cells (largest cell typically central, 80-150 

ɛm long x 70-110 ɛm wide and flanked by smaller cells) and a cortex of 3-4 celled 

filaments laxly arranged and arching toward the thallus surface (Fig. 3.6c,d). 

Tetrasporangia in prominent nemathecia appearing as dark patches on a single surface of 

the thallus and spreading from base to just below the ultimate dichotomy (Fig. 3.6b), 

cruciately divided (37.5-50 ɛm long x 20-35 ɛm wide), borne on cortical cells, terminally 

on single-celled filaments or laterally on 5-6 celled paraphyseal filaments, which 

surround the developing tetrasporangia (Fig. 3.6e). Cystocarps strictly marginal (Fig. 

3.6a,f), slightly coronate, 800-830 ɛm in diameter, ostiolate, tela arachnoidea present 

(Fig. 3.6g). Male gametophytes not observed. 

REPRESENTATIVE COLLE CTIONS: Listed in Appendix B (Table S1). 

 

Gloiocladia laciniata (J.Agardh) N.Sánchez & Rodríguez-Prieto Fig. 3.7a-k 

OBSERVATIONS OF HOLO TYPE SPECIMEN (LD 25708): Thallus ~120 mm tall, irregularly 

dichotomous, individual branch width variable from base towards apices (2-10 mm wide) 

(Fig. 3.7a). In cross section, blade ~300 ɛm thick with 2-3 layers of large medullary cells 
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(110-210 ɛm long x 70-120 ɛm wide), 1 inner cortical layer and a cortex of compact 

slightly arched filaments 3-4 cells long (Fig. 3.7b,c). Cystocarps marginal and scattered 

(Fig. 3.7a) on both blade surfaces, distinctly coronate (Fig. 3.7d), 950-1000 ɛm in 

diameter, ostiolate, tela arachnoidea present (Fig. 3.7e).  

DIAGNOSTIC FEATURES OF GENETIC GROUP: Thalli 20-180 mm tall, spreading, flabellate, 

irregularly dichotomously branched, individual branch width variable from base to apices 

(1.3-11 mm wide) (Fig. 3.7f,g). In transverse section, plants were 250-440 ɛm thick with 

2-3 layers of medullary cells (80-200 ɛm long x 90-124 ɛm wide), 1(-2) inner cortical 

layers and a cortex of compact slightly arched filaments 3-4 cells long (Fig. 3.7h,i). 

Cystocarps scattered either on both blade surfaces (typically one side is more abundant) 

or marginal (Fig. 3.7f) or a combination of surface and marginal (Fig. 3.7g), distinctly 

coronate (Fig. 3.7j), 800-930 ɛm in diameter, ostiolate, tela arachnoidea present (Fig. 

3.7k).  

REPRESENTATIVE COLLE CTIONS: Listed in Appendix B (Table S1). 

 

Gloiocladia media (Kylin) Filloramo & G.W.Saunders comb. nov. Fig. 3.8a-j  

BASIONYM : Fauchea media Kylin 1941 (Californische Rhodophyceen. Acta Universitatis 

Lundensis 37: 27).  

OBSERVATIONS OF HOLO TYPE SPECIMEN (LD 1613738): Cystocarpic plant ~ 29 mm tall, 

irregularly dichotomous (Fig. 3.8a). Blade ~360 ɛm thick in transverse section (Fig. 3.8b) 

with a dorsiventral cortex (3-4 celled compact filaments towards one surface and ~4-5 

celled filaments on the opposite surface) (Fig. 3.8c,d); single inner cortical layer; and 

medulla of 2-3 layers of large colourless cells (100-200 ɛm long x 75-110 ɛm wide) (Fig. 
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3.8b). Cystocarps produced near thallus apices scattered on both blade surfaces, typically 

rounded (Fig. 3.8e), ~900 ɛm in diameter, ostiolate, sessile, tela arachnoidea present 

(Fig. 3.8f). 

DIAGNOSTIC FEATURES OF GENETIC GROUP: Thalli ~28 mm tall, irregularly 

dichotomously branched (Fig. 3.8g). In transverse section, 280-340 ɛm thick with a 

cortex 3-4 celled compact filaments towards one surface and ~4-5 celled filaments on the 

opposite surface; single inner cortical layer; and medulla of 2-3 layers of large colourless 

cells (130-270 ɛm long x 80-130 ɛm wide) (Fig. 3.8h). Cystocarps rounded, located 

towards ultimate portion of blade on both blade surfaces (Fig. 3.8i), 780-840 ɛm in 

diameter, ostiolate, sessile, tela arachnoidea present (Fig. 3.8j). Male gametophytes and 

tetrasporophytes not observed.  

TYPE LOCALITY : Pacific Grove, California, USA. 

DISTRIBUTION : Genetically confirmed only from Carmel and Monterey, California, USA.  

REPRESENTATIVE COLLE CTIO NS: Listed in Appendix B (Table S1). 

   

Gloiocladia vigneaultii Filloramo & G.W.Saunders sp. nov. Fig. 3.9a-h 

DIAGNOSIS: Plants 37-75 mm tall, flabellate, irregularly dichotomously branched, 

individual branches 1.5-18 mm wide, tapering in width from base towards the apices 

(Fig. 3.9a). Blades 370-450 ɛm thick in cross section with 2(-3) layers of medullary cells 

(130-300 long ɛm x 70-200 ɛm wide) (Fig. 3.9b), a single inner cortical layer and a 

cortex of anticlinal, compact filaments of 6-8 cells (Fig. 3.9c); obvious cuticle ~15 ɛm 

thick (Fig. 3.9b,c). Cystocarps typically scattered over both blade surfaces (Fig. 3.9d), in 

some individuals predominantly marginal with few cystocarps on the blade surfaces (Fig. 
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3.9e), rounded to coronate (Fig. 3.9f), 900-1120 ɛm in diameter, ostiolate, tela 

arachnoidea present (Fig. 3.9f,g). Tetrasporangia in prominent nemathecia appearing as 

dark patches extending from the blade base to just below the ultimate dichotomy, on a 

single surface, mature tetrasporangia (35-45 ɛm long x 20-25 ɛm wide) cruciately 

divided and developing from cortical cells or laterally on paraphyses (5-6 cells long) (Fig. 

3.9h). Male gametophytes not observed.  

HOLOTYPE : G.W. Saunders & K. Dixon, 9 June 2012 (UNB, GWS030615), female (Fig. 

3.9a-c,f,g); isotypes GWS030614, tetrasporophyte and GWS030616, tetrasporophyte 

(Appendix B, Table S1).  

TYPE LOCALITY : Islets west of Adam Rocks (52.11603, -131.23820), Gwaii Haanas, 

British Columbia, Canada; subtidal (8 m) on invert.  

HOLOTYPE COI -5P BARCODE: KU687640. 

ETYMOLOGY : Named for Leandre Vigneault in recognition of his enthusiasm, 

encouragement and support of our investigation of the algal flora of Haida Gwaii. 

Through his assistance we are developing a comprehensive understanding of the algal 

flora from that region.  

DISTRIBUTION : Only known from British Columbia, Canada.  

REPRESENTATIVE COLLE CTIONS: Listed in Appendix B (Table S1). 

 

Minium parvum R.L.Moe, Fig. 3.10a-d 

OBSERVATIONS OF TETRASPOROPHYTES: Thalli appeared as dark patches on the surface 

of articulated coralline algae (Fig. 3.10a). In cross section, extensive basal holdfasts were 

25-40 ɛm thick composed of a single layer of axially elongated cells that produced short, 
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erect filaments of 1-4 spherical cells that frequently became connected via secondary pit 

connections (Fig. 3.10b). The extensive holdfasts produce multiple reduced upright thalli, 

which typically spread laterally to overgrow the holdfast (Fig. 3.10c). The cells of the 

upright thalli were also joined by numerous secondary pit connections (Fig. 3.10b). 

Extensive tetrasporangial nemathecia developed across the dorsal surface of the upright 

thalli via the adventitious growth of the outermost cortical cells (Fig. 3.10c). 

Tetrasporangial initials originated from the outer cortical cells of the reduced upright 

thallus and when mature were cruciately divided (35-65 ɛm long x 17.5-28 ɛm wide) 

(Fig. 3.10d). Cortical cells not bearing tetrasporangia divided to produce paraphyses (3-5 

cells long), the cells of which became elongated and compressed between the developing 

sporangia (Fig. 3.10d).  

REPRESENTATIVE COLLE CTIONS: Listed in the Appendix B (Table S1). 

 

Rhodymenia bamfieldensis Filloramo & G.W.Saunders sp. nov. Fig. 3.11a,b 

DIAGNOSIS: Plants flabellate, irregularly to regularly dichotomously branched, erect, 53-

63 mm tall with a compressed stipe (up to 20 mm long) arising from a basal discoid 

holdfast bearing stolons typically giving rise to new thalli; individual blades typically 

3.6-6 (-8) mm wide with broadly rounded apices (Fig. 3.11a). Blade thickness 116-250 

ɛm at midthallus including 3-4 (-5) layers of large, round, colorless cells (47.5-80 ɛm in 

diameter) grading to 1-2 inner cortical layers of typically more elongated cells subtending 

2 (-3) layers of darkly staining, rounded cortical cells (~5 ɛm in diameter) (Fig. 3.11b). 

Reproductive material not observed. 
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HOLOTYPE : G.W. Saunders & K. Dixon, 26 June 2011 (UNB, GWS014391) (Fig. 

3.11a,b); isotypes GWS014378, GWS014383 and GWS014388 (Appendix B, Table S1).  

TYPE LOCALITY : Bordelais Island (48.81895, -125.23127), Bamfield, British Columbia, 

Canada; subtidal (6 m) on invertebrate.  

HOLOTYPE COI -5P BARCODE: KU687664. 

ETYMOLOGY : Named for Bamfield, British Columbia, where this species was first 

collected ð a centere for marine biological research in Canada.  

DISTRIBUTION : Whidbey Island, Washington, USA to Bamfield and Sidney, British 

Columbia, Canada. 

REPRESENTATIVE COLLE CTIONS: Listed in Appendix B (Table S1). 

 

Rhodymenia californica Kylin Fig. 3.11c-g 

DIAGNOSTIC FEATURES OF GENETIC GROUP: Plants flabellate, irregularly to regularly 

dichotomously branched, erect, up to 60 mm tall with a short stipe arising from a basal 

discoid holdfast that bears stolons; individual blades typically 0.5-4 mm wide with 

rounded apices (Fig. 3.11c). Blade thickness 112-283 ɛm at midthallus including 4-5 

layers of large, round, colorless cells (41-50 ɛm in diameter) grading to 1-2 inner cortical 

layers of typically more elongated cells subtending 2 (-3) layers of darkly staining, 

rounded cortical cells (~5 ɛm in diameter) (Fig. 3.11d). Carpogonial branches and 

auxiliary cell branches not found. Cystocarps primarily located at branch apices, 500-520 

ɛm in diameter, rounded, submarginal and protruding outwards, ostiolate (Fig. 3.11e). 

Spermatangia located in sori appearing as light patches on blade surfaces at blade apices, 

spermatangia (~2.5 ɛm wide) developing from cells of the outer cortex (Fig. 3.11f). 
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Tetrasporangia located in superficial apical sori on one or both blade surfaces towards 

thallus apices, cruciately divided, 23-34 ɛm long x 9-15 ɛm wide with cortex surrounding 

tetrasporangia unmodified (Fig. 3.11g). 

REPRESENTATIVE COLLE CTIONS Listed in Appendix B (Table S1).  

 

Rhodymenia pacifica Kylin Fig. 3.12a,b 

DIAGNOSTIC FEATURES OF GENETIC GROUP: Plants flabellate, dichotomously branched, 

erect, 24-90 mm tall with terete stipes (2-30 mm long); discoid holdfast with short basal 

stolons; individual blades 4.1-12.6 mm wide with broadly rounded apices (Fig. 3.12a). In 

cross section, blades 162-250 ɛm thick with 3 (-4) rows of large, round, colourless 

medullary cells (67-76 ɛm in diameter) grading over 1-2 cell layers to a single outer 

cortical layer of small, round or oblong, darkly staining cells (~5-6 ɛm wide) (at times, an 

incomplete inner cortical layer present) (Fig. 3.12b). Male and female gametophytes and 

tetrasporophytes not observed in our collections. 

REPRESENTATIVE COLLECTIONS : Listed in Appendix B (Table S1).  

 

Rhodymenia rhizoides E.Y.Dawson Fig. 3.12c,d 

DIAGNOSTIC FEATURES OF GENETIC GROUP: Plants broadly flabellate, dichotomously 

branched, erect, 19-68 mm tall with terete stipes (10-80 mm long) and small discoid 

holdfasts bearing abundant basal stolons that may give rise to new blades; individual 

blades 6-9 mm wide with rounded apices (Fig. 3.12c). In cross section, blades 144-170 

ɛm thick featuring 2-3 layers of large, round, colourless medullary cells (35-56 ɛm in 

diameter) grading over 1-2 cell layers to a single outer cortical layer of small, darkly 
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staining cells (~5 ɛm in diameter) (at times, a second incomplete layer present) (Fig. 

3.12d).  

REPRESENTATIVE COLLE CTIONS: Listed in Appendix B (Table S1). 

 

Discussion 

The only extensive floristic survey of the Rhodymeniales in British Columbia resulted in 

the recognition of 12 species in 9 genera (Hawkes & Scagel 1986). That study was 

completed at a time when molecular techniques were not applied for species diversity 

assessments. Over the past 20 years, advances in DNA-based identification have exposed 

the complications that phenotypic plasticity and convergent evolution bring to the task of 

distinguishing seaweed species based on morphology alone (Saunders 2005, 2008). The 

present study sought to reassess the number of rhodymenialean species present in British 

Columbia using a contemporary molecular-assisted alpha taxonomic approach. In doing 

so, 16 species in 10 genera were resolved, confirming Fryeella garderni, Gloiocladia 

fryeana, Gloiocladia laciniata, Leptofauchea pacifica [first reported from British 

Columbia by Dalen & Saunders (2007)], Lomentaria hakodatensis, Minium parvum, 

Neogastroclonium subarticulatum, Rhodymenia californica, Rhodymenia pacifica and 

Sparlingia pertusa and uncovering cryptic and overlooked taxa for Botryocladia, 

Faucheocolax, Fryeella, Gloiocladia and Rhodymenia. 
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Botryocladia 

The species B. pseudodichotoma was described from Carmel Bay, California by 

Farlow (1899) as Chrysymenia pseudodichotoma Farlow and later transferred to 

Botryocladia by Kylin (1931). Although, B. pseudodichotoma has been widely reported 

from British Columbia (Collins 1913; Scagel 1967; Widdowson & Coon 1975; Hawkes 

et al. 1979; Lindstrom & Foreman 1978), Hawkes & Scagel (1986) postulated that 

specimens from British Columbia may not be conspecific with this species from 

California owing to morphological differences between plants from each location. Our 

data validated their hypothesis as collections from British Columbia and northern 

Washington were resolved as genetically distinct from Californian specimens (including 

collections from Monterey and Pacific Grove, which are near the type locality of Carmel 

Bay). Owing to the previous, the northern species was described as the novel taxon, B. 

hawkesii. 

While extensive collecting in British Columbia has resulted in frequent 

encounters with B. hawkesii, B. pseudodichotoma has not been collected suggesting that 

this species does not extend north to British Columbia. Extensive collecting in California 

is needed to determine if B. hawkesii extends to that flora (searching both COI-5P and 

rbcL data for B. hawkesii in GenBank did not yield matches to previously published 

sequences from California). Additional collection efforts in Washington and Oregon will 

contribute to a better understanding of the respective distributions of B. hawkesii and B. 

pseudodichotoma in the Pacific Northeast.  

At present, biogeography is the most valuable character for distinction as 

morphological assessment failed to identify useful distinguishing features for B. hawkesii 
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and B. pseudodichotoma. Although Hawkes & Scagel (1986) indicated that their 

specimens from British Columbia were smaller than those from California and that the 

British Columbian specimens typically consisted of a short stipe bearing a single vesicle 

or at most six vesicles vs. up to 100 vesicles in those from California, we found that 

overall specimen size and numbers of vesicles overlapped between the two species 

groups recognized herein. Unfortunately, we lacked tetrasporophytes and gametophytes 

of B. pseudodichotoma for comparison to reproductive material of B. hawkesii. Although 

details of reproductive features for B. pseudodichotoma exist in the literature (e.g., 

Bliding 1928; Abbott & Hollenberg 1976), the cryptic nature of these species and an 

incomplete knowledge of their respective distributions render those observations 

unreliable, and reproductive, genetically confirmed B. pseudodichotoma is needed to 

assess if there are indeed any useful reproductive features for delimiting B. hawkesii and 

B. pseudodichotoma. Until that time, a combination of genetics and biogeography are the 

most reliable tools for identifying these taxa. 

 

Fryeella 

The monotypic genus Fryeella Kylin (1931) was based on Fauchea gardneri 

Setchell (1901), which was described from Washington. This genus was defined in part 

by thalli with mucilage filled internal cavities separated by septa, and adventitious growth 

of the cortex in the formation of paraphyses and tetrasporangia (Kylin 1931; Le Gall et 

al. 2008). Our molecular analyses resolved some specimens (British Columbia n= 1; 

California n= 2) as strongly allied to Fryella gardneri (Table 3.1). Subsequent 

morphological observations indicated adventitious growth of the cortex during 
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paraphyseal/tetrasporangial development (Fig. 3.5g), which is typical of the genus; 

however, the solid pseudoparenchymatous construction of the thalli (Fig. 3.5e) was more 

consistent with placement in Rhodymenia. Investigation of the literature uncovered, 

Rhodymenia callophyllidoides Hollenberg & I.A.Abbott, which was described from 

Monterey, California (Hollenberg & Abbott 1965). Interestingly, when R. 

callophyllidoides was described, it was noted that it lacked a stipe, which is atypical of 

Rhodymenia, but consistent with Fryeella. Details of the tetrasporangia were lacking in 

the type description of R. callophyllidoides, described only as located in mottled, 

submarginal nemathecia that spread to the blade center (Hollenberg & Abbott 1965), 

which was consistent with development in the genetic group resolved in this study. This 

warranted a closer examination of the type. Although type material of R. 

callophyllidoides was previously mislocated (K.A. Miller pers. comm.), tetrasporangial 

epitype material (UC1455019) collected from Monterey and identified by I.A. Abbott as 

R. callophyllidoides was provided on loan by Jepson Herbarium of the University of 

California. Anatomical examination revealed a similar vegetative anatomy (Fig. 3.5b,e) 

and adventitious cortical growth for the formation of paraphyseas and tetrasporangia (Fig. 

3.5c,g) as we observed in specimens of our genetic group. Owing to the previous, we 

transfered R. callophyllidoides to Fryeella as F. callophyllidoides (Hollenberg & 

I.A.Abbott) Filloramo & G.W.Saunders comb. nov. Inclusion of F. callophyllidoides in 

Fryeella challenges the feature of a hollow, mucilage-filled thalli as diagnostic of the 

genus; however, the utility of this character has been questioned for genus-level 

distinction in other rhodymenialean genera (e.g., Halichrysis includes taxa with both 

solid construction and hollow ñregionsò; Ballantine et al. 2007). One of our Californian 
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collections of F. callophyllidoides was divergent (COI-5P; 10 bp differences across 664 

bp) from the British Columbian and the other Californian collection. Although some 

rhodymenialean taxa exhibit higher than usual intraspecific divergence (e.g., Saunders & 

McDonald 2010; Filloramo & Saunders 2016b) future collection efforts in British 

Columbia and California are necessary and further study is warranted to ascertain if two 

closely related species should be recognized for this genetic group.  

 

Gloiocladia/Faucheocolax 

Traditionally, G. fryeana and G. laciniata were the only species of Gloiocladia 

recognized in British Columbia. These taxa were distinguished according to cystocarp 

position, which was reportedly strictly marginal for G. fryeana and distributed over 

thallus surface for G. laciniata, and cystocarp shape (Setchell 1912; Sparling 1957; 

Hawkes & Scagel 1986). When possible, field identifications were made for this study 

according to the previous criteria; however, the resolution of three genetic species groups 

for Gloiocladia in British Columbia called into question the utility of these features.  

One of the genetic species groups featured female gametophytes with strictly 

marginal, slightly coronate cystocarps (Fig. 3.6a) and was assigned to G. fryeana as that 

criterion and the overall gross anatomy and vegetative construction were consistent with 

Setchellôs (1912) original description, as well as Hawkes & Scagelôs (1986) concept of 

that species in British Columbia. Additionally, an rbcL sequence in GenBank reported as 

G. fryeana from its type locality in San Juan Islands, Washington grouped with our 

British Columbia collections. In the presence of female reproduction, G. fryeana may be 

distinguished from other Gloiocladia species in British Columbia according to its strictly 
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marginal cystocarps (Fig. 3.6a), thinner thalli in cross section (200-300 um) and short (2-

3 celled), arched, laxly arranged cortical filaments (Fig. 3.6c,d).  

The two remaining Gloiocladia species in British Columbia included female 

gametophytes with cystocarps scattered on both blade surfaces, which was traditionally 

associated with G. laciniata. Owing to an inadequate protolog description, the 

cystocarpic holotype of G. laciniata was acquired on loan from the Lund University 

Biological Museum to determine if it was a good morphological match to one of our two 

remaining British Columbia genetic species groups. Holotype material featured distinctly 

coronate cystocarps (Fig. 3.7d) scattered densely on the thallus margin, as well as 

scattered (sparsely) on both blade surfaces (Fig. 3.7a). Female gametophytes for one of 

our genetic groups were consistent with the previous observation and were assigned to G. 

laciniata. The other genetic group featured both rounded and coronate cystocarps located 

predominantly on the thallus surface and sparsely (if at all) on the thallus margin (Fig. 

3.9a,d) and was described as the novel species G. vigneaultii. Interestingly, a single 

female gametophyte genetically assigned to G. vigneaultii featured predominantly 

marginal cystocarps (Fig. 3.9e) indicating greater variability for features of the cystocarp 

than in other Gloiocladia spp. in British Columbia. Vegetatively, G. laciniata and G. 

vigneaultii are similar in that the cortical filaments for each group are more densely 

arranged than those observed for G. fryeana; however, the former two species may be 

distinguished based on the number of cells in the cortical filaments as G. vigneaultii has 

more cells in the cortical filaments compared to G. laciniata (Fig. 3.9c vs. Fig. 3.7c,i). 

Additionally, G. vigneaultii features an obvious, thick cuticle covering both blade 

surfaces (Fig. 3.9c). 
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Overall, we have identified some features, which when combined, are useful for 

distinguishing Gloiocladia species in British Columbia, primarily, the number of cells in 

the outer cortical filaments, arrangement of cortical filaments, blade thickness in cross 

section and secondarily, the location and shape of the cystocarps (see species key below).  

Also included in our study was a single collection (GWS021443) of Gloiocladia from 

California that was genetically distinct from the three Gloiocladia species recognized 

from British Columbia. Investigation of the literature revealed the species Fauchea 

media, which was described from Pacific Grove, California by Kylin (1941) to 

accommodate specimens that were intermediate in size between F. pygmaea (Setchell & 

Gardner) Kylin (1-3 cm tall) and F. laciniata (8-15 cm tall). Soon after, Doty (1947) and 

then Abbott & Hollenberg (1976) reduced F. media and F. pygmaea, respectively, to 

synonymy with F. laciniata. Cystocarpic holotype material of F. media was provided on 

loan from Lund University Herbarium and compared to cystocarpic holotype material of 

F. laciniata (= G. laciniata) and our single sample from California. Although F. media 

was considered qualitatively consistent with G. laciniata in all ways except thallus size; 

our observations of holotype material indicated inconsistencies in cystocarp shape and 

location between these species. While holotype material for G. laciniata featured 

distinctly coronate cystocarps distributed densely along the margin and sparingly on the 

thallus surface (Fig. 3.7a,d), the holotype specimen for F. media had smooth, round 

cystocarps that were located rarely on the margins and predominantly towards the upper 

half of the blade (Fig. 3.8a,e). The latter observations were consistent with those for 

specimen GWS021443 from California and the epithet, F. media was resurrected as 
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distinct from G. laciniata and transferred to Gloiocladia (as G. media). Currently the 

distribution of this species is limited to California.  

 

Key to species of Gloiocladia 

 

1a. Cortical filaments laxly arranged and arching towards the thallus surface, blades 200-

300 ɛm in cross section (Fig. 3.6d); cystocarps strictly on blade margin (Fig. 

3.6a)é..ééééééééééééééééééééééééééééG. fryeana 

1b. Cortical filaments compact and arising perpendicular from the thallus surface, blades 

> 300 ɛm in cross section; cystocarps on both blade surfaces or both surfaces and blade 

marginé..éééééééééééééééééééééééééééééé... 2  

 

2a. Blades 300-350 ɛm in cross section (Fig. 3.8b,h); cystocarps strictly rounded (Fig. 

3.8e,i), produced on both blade surfaces toward apiceséééé......................... G. media 

2b. Blades > 350 ɛm in cross section; cystocarps rounded to distinctly coronate, covering 

both blade surfaces or both surfaces as well as blade margin.............................é.......é. 3 

 

3a. Cortex composed of 3-4 celled filaments, cuticle ~5 ɛm thick (Fig. 

3.7c,i)ééé..éééééééééééééééééééééééé... G. laciniata 

3b. Cortex composed of 6-8 celled filaments subtending an obvious cuticle (~15 ɛm 

thick) (Fig. 3.8c)é...................é...............................é............................... G. vigneaultii 
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Faucheocolax attenuata was described from Carmel Bay, California by Setchell 

(1923) as parasitic on Fauchea laciniata (= Gloiocladia laciniata). At this time, we 

cannot accurately determine the number of parasitic species for Faucheocolax. The 

current data suggest three with two of those being specific to G. laciniata. One parasitic 

species group was resolved (based on COI-5P, rbcL and ITS) as genetically identical to 

its host species, which was G. laciniata (Table 3.1; Figure 3.3). A second parasitic 

species included collections that were genetically distinct (based on COI-5P, rbcL and 

ITS) from their host (genetically assigned to G. laciniata) and were related to the 

Californian species G. media (Table 3.1; Figure 3.3). The last parasitic species group 

included two genetically identical specimens from Washington that were resolved (based 

on ITS) by Goff et al. (1996) as genetically distinct from their two host species. 

Comparison of our data for F. attenuata and Gloiocladia spp. to the previous indicated 

that the parasite species in Goff et al. (1996) was not a molecular match to either of our 

parasite genetic groups. Further, the host specimen Goff et al. (1996) identified as G. 

fryeana is G. laciniata, while their host specimen identified as G. fryeana is G. 

vigneaultii extending the host range of their parasite to our new species. A source of 

uncertainty is the possibility that our genetic group that resolved as identical to its host is 

actually not representative of a parasitic genetic group, but rather is sequence derived 

from host DNA. Owing to the previous, future studies aimed at eliminating host DNA 

contamination are needed to accurately clarify the number of species parasitic on their 

respective Gloiocladia hosts. Our collections that resolved distantly from their host (G. 

laciniata) and allied to G. media likely represent an alloparasite, while our other parasite 

collections that resolved as genetically identical to their host G. laciniata represent a 



 

113 

 

recently diverged adelphoparasite. It is challenging to establish which parasite lineage is 

likely representative of true F. attenuata. Indeed, before any formal taxonomic changes 

are made, more work is needed to better understand host-parasite diversity in the 

Northeast Pacific. Regardless to the number of parasitic species and their relative host 

specificity, these species should be assigned to the same genus (Fig. 3.3). 

 

 

Minium 

Current family-level distinction in the Rhodymeniales is based, in part, on the 

ontogeny of the tetrasporangia (Dalen & Sunders 2007; Le Gall et al. 2008; Filloramo & 

Saunders 2016a). The most recent phylogenetic assessment of the Rhodymeniales 

supported inclusion of the monospecific genus Minium within the Fryeellaceae 

(Filloramo & Saunders 2016a); however, that study lacked anatomical observations to 

determine if the vegetative and reproductive features of Minium were consistent with 

those considered diagnostic of the Fryeellaceae. Most members of the Fryeellaceae 

(Fryeella, Hymenocladiopsis and Pseudohalopeltis) feature adventitious growth in 

tetrasporangial development whereby the outer cortical cells swell and either convert to 

tetrasporangia or divide to produce 3-4 celled paraphyses with a basal cell that becomes 

elongated between the enlarging tetrasporangia (Le Gall et al. 2008; Saunders & 

McDonald 2010). In his original description of Minium, Moe (1979) did not report 

adventitious growth of the cortex during tetrasporangial differentiation; however, this 

fine distinction in tetrasporangial development is relatively new (Le Gall et al. 2008) and 

would not have been considered at that time. In addition, Moe (1979) not surprisingly 
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viewed Minium as a crust with reproductive features formed in an extensive nemathecia 

in analogous comparison to the crustose Peyssonneliaceae. Moe (1979) reported a ñbasal 

crustose layerò composed of branched filaments that were generated from a 

monostromatic layer of cells. In Moeôs interpretation, this basal layer thickened to 

produce nemathecia (the cells of which were joined by secondary pit connections) for 

both the gametophyte and tetrasporophyte generations. Owing to our molecular results, 

we view Moeôs ñbasal crustose layerò as equivalent to an extensive holdfast and his 

nemathecia as reduced upright thalli. The development of the upright thallus and onset of 

reproduction appear to occur in quick succession as the diminutive upright thalli were 

always female gametophytes with developed carposporophytes or the tetrasporophyte 

generation with well-developed tetrasporangial nemathecia (male gametophytes not 

observed). In our interpretation, postfertilization events and development of the 

carposporophyte do not occur within a ñnematheciumò, but within the upright (although 

diminutive) axes, which is typical of Rhodymeniales. Vegetative development of the 

tetrasporophyte was fundamentally similar to the carposporophyte, but included the 

production of a true fryeellacean nemathecium (including tetrasporangia and associated 

paraphyses) on the dorsal surface of the diminutive upright axes. Although details were 

challenging to decipher, the absence of secondary pit connections among cells of the 

nemathecium compared to the abundance of secondary pit connections among cells of the 

reduced upright thallus suggests that tetrasporgangia and paraphyses develop as a result 

of adventitious growth of the outermost cells of the reduced upright rather than from a 

direct transition of those outer cells. Owing to reproductive similarities between Minium 

and Fryeella, as well as their close affiliation in phylogenetic analyses (Fig. 3.3), it would 
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not be inappropriate to subsume the former into the latter; however, due to the unique 

gross morphology of Minium, we continue to recognize it as a distinct genus in the 

Fryeellaceae. 

 

Rhodymenia 

Rhodymenia californica and R. pacifica were both described from California by 

Kylin (1931) who distinguished them according to thallus size and individual branch 

width (R. pacifica being taller with broader individual blades compared to R. californica). 

For the present study, those criteria were used to field identify specimens as either R. 

californica or R. pacifica. The resolution of cryptic complexes for each of those species 

indicated that Kylinôs diagnostic features were taxonomically unreliable. Interestingly, 

genetic data resolved R. californica and R. pacifica as more closely related than either is 

to their overlooked counterpart (Fig. 3.2), which indicates that similarities among the 

complexes were derived at least in part by convergence.  

 Both genetic groups assigned to R. californica were consistent with the prototype 

description of R. californica (Kylin 1931). One of the genetic species groups included 

collections from the type locality of that species, Pacific Grove, CA and was 

consequently deemed representative of R. californica, while the second group was rare 

and limited to southern British Columbia and northern Washington and was described as 

R. bamfieldensis sp. nov. A comprehensive molecular-assisted floristic survey of 

California and Oregon is required to determine the southern distribution of R. 

bamfieldensis relative to R. californica (genetically confirmed from British Columbia, 

Oregon and California). Although our collections of R. californica significantly 
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outnumber those of R. bamfieldensis, it is possible that some of the southern British 

Columbia and northern Washington specimens that were attributed to R. californica by 

Hawkes & Scagel (1986) were in fact R. bamfieldensis.  

The only observed difference between R. bamfieldensis and R. californica was 

individual branch width, which was typically less for the latter species. Although this 

feature may be helpful in the field, species identifications should be confirmed by genetic 

data as thinner collections of R. bamfieldensis and thicker collections of R. californica 

overlap in size. Included in our collections of R. californica were the first records from 

British Columbia of female and male gametophytes (Fig. 3.11e,f). Interestingly, all 

gametophytic collections of this species were collected from Haida Gwaii in northern 

British Columbia. Unfortunately, we lacked reproductive material of R. bamfieldensis for 

comparison. Future collections of reproductive R. bamfieldensis, if they exist, may 

provide useful characters for distinguishing it from R. californica.  

One of our genetic species groups field identified as R. pacifica was anatomically 

consistent with Kylinôs (1931) protolog description and also included topotype material. 

As a result, the aforementioned group was attributed to R. pacifica. The second genetic 

group was morphologically assigned to R. rhizoides, which was described from San 

Diego, California by Dawson (1941) who considered the prominent stipes and abundant 

stolons of R. rhizoides as justification for distinguishing that species from R. pacifica. 

Dawson (1963) later rejected the significance of those differences and synonymized R. 

rhizoides with R. pacifica suggesting that this species was highly variable in morphology. 

Our anatomical observations herein indicate that Dawsonôs initial segregation of these 

species was warranted as collections attributed to Rhodymenia rhizoides were 
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distinguished from those assigned to R. pacifica according to the following criteria: 

prominent stipes, abundance of stolons, fewer medullary cell layers, smaller medullary 

cells and thinner blades in cross section. Recognition of R. rhizoides in British Columbia 

represents a northern range extension for this species. Traditionally, R. pacifica was 

reported from northern British Columbia to northern Baja Mexico (Guiry & Guiry 2016); 

however, some of those reports may be based on R. rhizoides. Future molecular studies 

are needed to clarify the distribution of R. pacifica relative to R. rhizoides in the northeast 

Pacific. At present, R. rhizoides has a disjunct distribution between central California and 

northern British Columbia (only two collections were from southern British Columbia; 

Appendix B, Table S1). If that distribution pattern holds, R. rhizoides adds to a growing 

number of species that may have migrated to northern British Columbia from California 

on the ñkelp conveyorò (i.e., the northern migration of Californian species growing on 

substrata that is carried along with kelp rafts to northern British Columbia on the winter 

Davidson Current; Saunders 2014).  

  

Key to species of Rhodymenia 

 

1a. Mature plants usually under 60 mm in height; individual branches mostly less than 6 

mm wide..éé..éééé..éééééééé..éééééééé..é.ééééé... 2 

1b. Mature plants typically 20-90 mm in height; individual branches 4-13 mm wide....... 3 

 

2a. Individual branches 3.6-6 mm wide (Fig. 3.11a,b).éééé..é..é R. bamfieldensis 

2b. Individual branches 0.5-4 mm wide (Fig. 3.11c-g).ééééé...éé.. R. californica 
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3a. Blades 162-250 ɛm in cross section with 3-4 layers of large round medullary cells 67-

76 ɛm in diameter; stolons not prominent (Fig. 3.12a,b).éé......é.éééé R. pacifica 

3b. Blades 144-170 ɛm in cross section with 2-3 layers of large round medullary cells 35-

56 ɛm in diameter; stolons prominent and abundant (Fig. 3.12c,d)............é.. R. 

rhizoides 
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Table 3.1 Intraspecific COI -5P divergence and distance to nearest neighbor for 

rhodymenialean species included in this study. 

Species 

Max 

intraspecific 

divergence 

(%) Nearest species 

Distance 

to nearest 

neighbor 

(%) 

Botryocladia hawkesii  

(n= 27) 0.31 

Botryocladia 

pseudodichotoma 5.13 

Botryocladia pseudodichotoma  

(n= 7)* 0.15 Botryocladia hawkesii 5.13 

Faucheocolax attenuata  

(n= 2) 0.30 Gloiocladia media 2.67 

Faucheocolax attenuata  

(n= 3) Ϟ 0 Gloiocladia laciniata 0 

Fryeella callophyllidoides  

(n= 3) 1.53 Fryeella gardneri 6.50 

Fryeella gardneri 

(n= 63) 0.61 

Fryeella 

callophyllidoides 6.50 

Gloiocladia fryeana  

(n= 21) 0.46 Gloiocladia media 13.14 

Gloiocladia media 

(n= 1)* N/A Faucheocolax attenuata 2.67 

Gloiocladia laciniata  

(n= 74) Ϟ 0.76 

Faucheocolax attenuata  

Gloiocladia vigneaultii 

0 

3.73 

Gloiocladia vigneaultii 

(n= 14) 0.76 Gloiocladia laciniata 3.73 

Leptofauchea pacifica  

(n= 36) 0.30 

Neogastroclonium 

subarticulatum 17.76 

Lomentaria hakodatensis 

(n= 20) 0 Fryeella gardneri 20.46 

Minium parvum 

(n= 6) 0 Fryeella gardneri 9.24 

Neogastroclonium 

subarticulatum  

(n= 31) 0.93 

Fryeella 

callophyllidoides 16.87 

Rhodymenia bamfieldensis  

(n= 7) 0 Rhodymenia rhizoides 3.26 

Rhodymenia californica  

(n= 138) 0.30 Rhodymenia pacifica 7.18 

Rhodymenia pacifica  

(n= 16) 0.30 Rhodymenia californica 7.18 
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Rhodymenia rhizoides  

(n= 27) 0.63 

Rhodymenia 

bamfieldensis 3.26 

Sparlingia pertusa  

(n= 81) 0.77 Rhodymenia californica 17.34 

 

* Species collected exclusively from California. 

À Some specimens of Faucheocolax attenuata were resolved as genetically identical to 

their host species Gloiocladia laciniata.  
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Figure 3.1 Simplified schematic of ITS1 for representatives of Faucheocolax 

attenuata and Gloiocladia species. The asterisk (*) indicates the F. attenuata 

genetic group that was genetically distinct from its host species, while the single 

cross (=) refers to GenBank data (U30366 & U30365) assigned to F. attenuata 

and is included here for comparison. The double cross (ϟ) refers to the F. 

attenuata genetic group that was genetically identical to its host, G. laciniata. 

For all species, ITS1 included a 5ô variable region (gray) followed by a series of 

repetitive elements (~160 bp), which occurred as a complete unit (gray and 

white horizontal stripes), as a complete unit interrupted by an indel (white with 

dash indicating indel) or as only a portion of the 5ô (black) or 3ô (black and 

white diagonal stripes) end. Additional indels indicated by black line. 
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Figure 3.2 Phylogenetic tree resulting from RAxML analysis of the concatenated 

COI-5P and rbcL alignment for representatives of Botryocladia and Rhodymenia 

(general biogeography included in parentheses) and select rhodymeniaceaen taxa as 

the outgroup. Bootstrap support values appended with asterisks indicating full 

branch support and no value (-) indicating branch support below 50%. Taxa in bold 

font represent species emphasized in the current study. Country/Province/State 

abbreviations are as follows: ñBCò= British Columbia, Canada; ñCAò= California, 

United States; ñORò= Oregon, United States; and, ñWAò= Washington, United 

States. 
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Figure 3.3 Phylogenetic tree resulting from RAxML analysis of the concatenated 

COI-5P and rbcL alignment for representatives of the Faucheaceae and 

Fryeellaceae (general biogeography included in parentheses). Bootstrap support 

values appended with asterisks indicating full branch support and no value (-) 

indicating branch support below 50%. GenBank accession numbers are cited for 

data obtained from GenBank. Taxa in bold font represent species emphasized in the 

current study. Country/Province/State abbreviations are as follows: ñBCò= British 

Columbia, Canada; ñCAò= California, United States; and, ñWAò= Washington, 

United States. 
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Figure 3.4 Botryocladia hawkesii Filloramo & G.W.Saunders sp. nov. a) Habit of 

vegetative holotype (GWS009487). Scale Bar = 16 mm. b) Vegetative anatomy, cross 

section at mid-vesicle (GWS003120). Scale Bar = 40 mm. c) Surface view of gland 

cells borne on medullary cell (GWS004852). Scale Bar = 50 mm. d) Cross section of 

mature male gametophyte showing spermatangial mother cells borne on cortical 

cells. Gland cells (gc) also indicated on a medullary cell (GWS009461). Scale Bar = 

47 mm. e) Habit of female gametophyte. (GWS009082). Scale rules are in 

millimeters. f) Transverse section showing an ostiolate cystocarp that is protruding 

inwards. Arrow indicates developing ostiole (GWS009082). Scale Bar = 255 mm. g) 

Transverse section of tetrasporangial sorus showing cruciately divided 

tetrasporangia in an unmodified cortex (GWS009081). Scale Bar = 72 mm.  
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Figure 3.5 Fryeella callophyllidoides (Hollenberg & I.A.Abbott) Filloramo & 

G.W.Saunders comb. nov. a) Habit of tetrasporangial epitype (UC1455019). Scale 

Bar = 7 cm. b) Cross section of vegetative portion of tetrasporangial epitype 

(UC1455019). Scale Bar = 110 ɛm. c) Cross section of tetrasporangial sorus showing 

developing tetrasporangia embedded among paraphyseal filaments (UC1455019). 

Scale Bar = 75 ɛm. d) Habit of vegetative specimen from Monterey Bay, California 

(GWS014349). Scale Bar = 18 mm. e) Cross section of vegetative specimen 

(GWS014349). Scale Bar = 87 ɛm. f) Habit of tetrasporophyte showing 

tetrasporangial sori (arrows) (GWS022358). Scale Bar = 13 mm. g) Cross section of 

tetrasporangial sorus (GWS022358). Scale Bar = 80 ɛm. 
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Figure 3.6 Gloiocladia fryeana. a) Habit of female gametophyte showing marginal 

cysocarps (GWS008730). Scale bar = 20 mm. b) Habit of tetrasporophyte 

(GWS019620). Scale bar = 20 mm. c) Enlarged image of the cortical cell filaments 

(GWS10426). Scale bar = 23 ɛm. d) Cross section of vegetative plant (GWS010426). 

Scale bar = 128 ɛm. e) Cross section of tetrasporophyte showing developing 

tetrasporangia on cortical cell (arrow), terminally on single-celled filament 

(arrowhead) or laterally on paraphyseal filaments (double arrowhead) 

(GWS028558). Scale bar = 65 ɛm. f) Slightly coronate, ostiolate cystocarps 

exclusively on thallus margin. (GWS008730). Scale bar = 1.6 mm. g) Cross section of 

cystocarp with visible tela arachnoidea surrounding the developing carposporangia. 

(GWS008730). Scale bar = 283 ɛm.  
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Figure 3.7 Gloiocladia laciniata. a) Habit of cystocarpic holotype specimen 

(LD 25708). Scale bar = 37 mm. b) Cross section of vegetative portion of 

the cystocarpic holotype specimen (LD 25708). Scale bar = 102 ɛm. c) 

Enlarged image showing the cortical cell filaments. Scale bar = 12 ɛm. d) 

Distinctly coronate cystocarp located marginally on holotype specimen 

(LD 25708). Scale bar = 558 ɛm. e) Cross section of a cystocarp showing 

tela arachnoidea as well as ostiole (LD 25708). Scale bar = 231 ɛm. f) Habit 

of female gametophyte from British Columbia showing predominantly 

marginally located cystocarps with a few scattered on the blade surface 

(GWS004324). Scale bar = 43 mm. g) Habit of female gametophyte from 

British Columbia showing cystocarps scattered on both the blade surface 

and margins (GWS027923). Scale bar = 22 mm. h) Cross section of 

vegetative specimen (GWS021106). Scale bar = 95 ɛm. i) Enlarged image 

showing the cortical cell filaments. Scale bar = 19 ɛm. j) Distinctly 

coronate cystocarps located marginally and on thallus surface. 

(GWS027923). Scale bar = 900 ɛm. k) Cross section of cystocarp showing 

ostiole and tela arachnoidea surrounding the developing carposporangia 

(GWS027923). Scale bar = 268 ɛm. 
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Figure 3.8 Gloiocladia media (Kylin) Filloramo & G.W. Saunders comb. nov. a) 

Habit of cystocarpic holotype specimen (arrow) from Pacific Grove, California 

(LD1613738). Scale bar = 28 mm. b) Cross section of vegetative portion of 

cystocarpic holotype (LD1613738). Scale bar = 99 ɛm. c) Enlarged image showing 

the cortical cell filaments of the dorsal cortex. Scale bar = 9 ɛm. d) Enlarged image 

showing the cortical cell filaments of the ventral cortex. Scale bar = 11 ɛm. e) 

Round, ostiolate cystocarps scattered over blade surface of holotype specimen 

(LD1613738). Scale bar = 241 ɛm. f) Cross section of a cystocarp of the holotype 

specimen showing ostiole and tela arachnoidea surrounding the developing 

carposporangia (LD1613738). Scale bar = 196 ɛm. g) Habit of cystocarpic specimen 

from Monterey, California (GWS021443). Scale rules are in millimeters. h) Cross 

section of vegetative portion of cystocarpic specimen (GWS021443). Scale bar = 74 

ɛm. i) Round, ostiolate cystocarps scattered over blade surface. (GWS021443). Scale 

bar = 1000 ɛm. j) Cross section of cystocarp showing ostiole and tela arachnoidea 

surrounding the developing carposporangia (GWS021443). Scale bar = 209 ɛm. 
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Figure 3.9 Gloiocladia vigneaultii Filloramo & G.W.Saunders sp. nov. a) Habit of 

the holotype specimen with cystocarps scattered on blade surface and margins 

(GWS030615). Scale bar = 17 mm. b) Cross section of vegetative portion of 

cystocarpic holotype showing obvious cuticle on both blade surfaces (GWS030615). 

Scale bar = 88 ɛm. c) Enlarged image showing cortical cell filaments (GWS030615). 

Scale bar = 20 ɛm. d) Cystocarpic specimen with coronate cystocarps scattered on 

blade surface. (GWS036877). Scale bar = 20 mm. e) Cystocarpic specimen with 

exclusively marginal cystocarps (GWS008496). Scale bar = 16 mm. f) Developing 

cystocarps on both blade surfaces of the holotype specimen, tela arachnoidea visible 

(GWS030615). Scale bar = 400 ɛm. g) Cross section of cystocarp showing ostiole and 

tela arachnoidea surrounding the developing carposporangia (GWS030615). Scale 

bar = 187 ɛm. h) Cross section of tetrasporophyte showing developing and mature 

cruciately divided tetrasporangia (GWS027428). Scale bar = 91 ɛm. 
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Figure 3.10 Minium parvum. a) Tetrasporangial specimen (arrows) (GWS019580) on 

Calliarthron tuberculosum. Scale bar = 12 mm.  b) Transverse section of extensive 

basal holdfast, which is growing on C. tuberculosum. Secondary pit connections 

(arrowheads) visible between cells of neighboring upright filaments (GWS020962). 

Scale bar = 27 ɛm.  c) Transverse section of reduced erect thallus extending from 

the holdfast with an extensive tetrasporangial sorus on the upper surface. Secondary 

pit connections (arrowhead) among cells of the upright thallus as well as apically 

borne tetrasporagnia. Arrows indicate the portion of the reduced thallus growing 

over the basal holdfast. Scale bar = 142 ɛm.  d) Mature cruciately divided 

tetrasporangia (arrow) born apically on filaments. Paraphyses composed of small 

spherical cells (arrowheads) borne on cells that become elongated and compressed 

between the developing tetrasporangia (GWS020962). Scale bar = 60 ɛm. 
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Figure 3.11 Rhodymenia spp.  a) R. bamfieldensis Filloramo & G.W.Saunders sp. 

nov. vegetative habit of the holotype (GWS014391). Scale bar = 46 mm.  b) 

Transverse section of R. bamfieldensis sp. nov. at thallus midpoint of vegetative 

holotype (GWS014391). Scale bar = 86 ɛm.  c) Vegetative habit of R. californica 

(GWS022228). Scale Bar = 27 mm.  d) Transverse section of vegetative specimen of 

R. californica (GWS022284). Scale bar = 92 ɛm.  e) Cross section of cystocarp of R. 

californica showing developing carposporophyte (GWS038588). Scale bar = 231 ɛm.  

f) Cross section of spermatangial sorus of R. californica showing sporangia 

developing from outer cortical cells (GWS038591). Scale bar = 66 ɛm.  g) Cross 

section of tetrasporophyte of R. californica showing developing and mature 

cruciately divided tetrasporangia in an unmodified cortex (GWS003239). Scale bar 

= 47 ɛm. 
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Figure 3.12 Rhodymenia spp. a) Vegetative habit of R. pacifica (GWS022080). Scale 

bar = 46 mm. b) Transverse section of vegetative specimen of R. pacifica 

(GWS021330). Scale bar = 125 ɛm. c) Vegetative habit of R. rhizoides (GWS022378). 

Scale bar = 46 mm. d) Transverse section of vegetative specimen of R. rhizoides 

(GWS022378). Scale bar = 80 ɛm.  
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Chapter 4 A re-examination of the genus Leptofauchea (Faucheaceae, 

Rhodymeniales) with clarification of species in Australia and the 

northwest Pacific 
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Abstract 

Recently collected material from Coffs Harbour, New South Wales, Australia was 

identified as the generitype of Leptofauchea, L nitophylloides. This facilitated a re-

examination of Leptofauchea and its constituent species to assess monophyly. Multigene 

phylogenetic analysis of COI-5P, LSU and rbcL solidly allied species assigned to 

Leptofauchea in previous studies with the generitype, establishing for the first time 

monophyly for this genus. In addition to L. nitophylloides, COI-5P barcode analyses 

revealed a second Australian species of Leptofauchea from the Cocos (Keeling) Islands, 

Indian Ocean, described as L. cocosana sp. nov. Further, COI-5P barcode analyses 

resolved collections assignable to Leptofauchea from South Korea as two genetic species 

groups. One of these groups was L. leptophylla while the second genetic species group 

warranted description of L. munseomica sp. nov. GenBank entries for the two species of 

Leptofauchea previously reported in the northwest Pacific (L. leptophylla described from 

Japan and L. rhodymenioides described from the Caribbean) were resolved as conspecific 

(a cryptic complex at best) and morphologically assigned to L. leptophylla.   

 

Introduction  

The red algal order Rhodymeniales is composed of six families differentiated by the 

number of cells in the carpogonial branch, tetrasporangial cleavage patterns and the 

ontogeny of the tetrasporangial nemathecia (Le Gall et al. 2008). The Faucheaceae was 

established by Saunders et al. (1999) and accommodates genera with three-celled 

carpogonial branches, typically well-developed tela arachnoidea in the cystocarp, 
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cruciate tetrasporangia and adventitious cortical growth during nemathecial development 

(Dalen & Saunders 2007; Le Gall et al. 2008). The genus Leptofauchea Kylin (1931) was 

included in the Faucheaceae based on the Australian species L. nitophylloides (J. Agardh) 

Kylin (Dalen & Saunders 2007).  

Dalen & Saunders' (2007) recent monograph of Leptofauchea added considerably 

to Kylinôs (1931) original description of the genus by distinguishing the following 

diagnostic criteria: a medulla of 2-3 cell layers grading abruptly in size to an incomplete 

layer of inner cortical cells subtending (1-) 2-3 (-4) irregular layers of small pigmented 

cells, a well-developed tela arachnoidea in the cystocarp, and adventitious cortical 

growth in the formation of cruciately divided tetrasporangia and paraphyses. In addition 

to the generitype, Dalen & Saunders (2007) included L. chiloensis Dalen et G.W. 

Saunders from Chile, L. pacifica E.Y. Dawson from Mexico and L. rhodymenioides W.R. 

Taylor from the Netherlands Antilles in this genus. Although Dawsonôs (1963) 

description of Mexican material as L. auricularis E.Y. Dawson was consistent with the 

vegetative construction typical of Leptofauchea, archival material was not available for 

comparison; therefore the taxonomic assignment could not be confirmed (Dalen & 

Saunders 2007). Dalen & Saunders (2007) excluded L. anastomosans (Weber-van Bosse) 

R.E. Norris et Aken from Indonesia, which had been transferred to the genus 

Asteromenia (Saunders et al. 2006). In the same study, Dalen & Saunders (2007) further 

questioned the generic- and species-level assignment of plants from South Africa 

attributed to L. anastomosans by Norris & Aken (1985), which featured vegetative 

construction consistent with Leptofauchea, but lacked tela arachnoidea in the cystocarp. 
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Other species excluded by Dalen & Saunders (2007) included L. brasiliensis A.B. Joly 

from Brazil characterized by a single layered medulla and tetrasporangia produced in 

chains similar to members of the Phyllophoraceae (Schneider & Searles 1976; Dalen & 

Saunders 2007), to which it has recently been assigned (Schneider et al. 2011), and L. 

earleae Gavio et Fredericq from the Gulf of Mexico, which featured a monostromatic 

medulla and lacked tela arachnoidea in the cystocarp (Gavio & Fredericq 2005).  

At the time of the Dalen & Saunders (2007) monograph, the only Leptofauchea 

species included in molecular analyses were L. chiloensis, L. pacifica and an unidentified 

species from Western Australia represented by a single specimen. These species resolved 

as a distinct lineage in the Faucheaceae; however, without molecular representation of the 

generitype, monophyly of the genus was uncertain (Dalen & Saunders 2007). In the 

interim, subsequent molecular and morphological studies increased the number of species 

assigned to Leptofauchea. Leptofauchea coralligena Rodríguez-Prieto et De Clerck was 

described from the Mediterranean Sea (Rodríguez-Prieto & De Clerck 2009). In addition, 

L. leptophylla (Segawa) Suzuki, Nozaki, Terada, Kitayama, Hashimoto & Yoshizaki was 

recognized based on a poorly known Japanese faucheacean species previously assigned 

to Gloiocladia J. Agardh (Suzuki et al. 2012).  

Prior to the transfer of L. leptophylla to Leptofauchea, some specimens from 

northeastern Japan were attributed to the Caribbean species L. rhodymenioides (Suzuki et 

al. 2010) greatly extending its reported range (Taylor 1942; Guiry & Guiry 2014). Suzuki 

et al. (2010) did not clarify if the recent collections were compared to type material, nor 

was material from near the type locality included in their molecular analyses. The 
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disjunct biogeographical pattern between the Caribbean type and the cold-water Japanese 

collections warranted a reassessment of this determination.  

For the present study we used COI-5P to assign recent Leptofauchea collections 

from Australia and South Korea to genetic species groups. Subsequent morphological 

assessment identified one of these genetic groups as the generitype, L. nitophylloides. 

When included in multigene analyses with novel and previously described Leptofauchea 

species this material provided the necessary genetic data to assess monophyly of this 

genus for the first time.  

 

Materials and Methods 

All specimens used in this study were collected in the subtidal by SCUBA (collection 

information included in Appendix C, Table S1). Plants were pressed or dried in silica to 

serve as vouchers with subsamples preserved in silica gel for molecular analyses. Sample 

processing and DNA extraction followed Saunders & McDevit (2012) with amplification 

of the 5ô end of the cytochrome c oxidase subunit 1 gene (COI-5P), the ribulose-1, 5-

biphosphate carboxylase large subunit (rbcL) gene and the nuclear large-subunit 

ribosomal RNA (LSU) gene as outlined in Saunders & Moore (2013). Primer pair 

combinations for COI-5P are recorded with accessions in the Barcode of Life Database 

(BOLD) (http://www.boldsystems.org/) and GenBank. Amplified PCR products were 

sequenced by the Génome Québec Innovation Centre. Raw data were edited using 

SequencherÊ 5.0 (Gene Codes Corporation, Ann Arbor, MI, USA) and aligned in 

Geneious R7 version 7.1.7 (Biomatters, http://www.geneious.com/).  

http://www.boldsystems.org/
http://www.geneious.com/
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Using BOLD, COI-5P data were searched and subsequently subjected to a barcode 

gap analysis to determine intraspecific variation and distance to nearest neighbors. LSU 

and rbcL data were generated for one representative from each genetic species group 

resolved during the COI-5P analyses with faucheacean species from the genera 

Gloiocladia, Gloioderma and Webervanbossea included as outgroup taxa (Appendix C, 

Table S1; Table 4.1). Additional sequence data were acquired from GenBank for all 

available Leptofauchea species (Table 4.1). Single gene alignments were analyzed using 

RAxML 7.2.8 (Stamatakis et al. 2008) in Geneious R7 version 7.1.7 under a GTR+I+G 

model with partitioning by codon (COI-5P, rbcL) and nodal support determined by 1000 

rounds of bootstrap resampling. All genes resolved congruent phylogenetic relationships 

and were combined to generate a multigene alignment (18 taxa, 4779 bp). Taxa listed in 

Table 4.1 were represented by COI-5P, LSU and rbcL data with the exception of L. 

chiloensis (lacked COI-5P), L. coralligena (lacked COI-5P and rbcL) and L. earleae 

(lacked COI-5P and LSU). Maximum likelihood (ML) analysis was performed using 

RAxML 7.2.8 (Stamatakis et al. 2008) in Geneious R7 version 7.1.7 under a GTR+I+G 

model with partitioning by gene and then by codon for COI-5P and rbcL. Robustness was 

assessed using 1000 bootstrap replicates.  

Morphological analyses were completed by rehydrating algal tissue in 5% 

formaldehyde in seawater, and preparing sections using a freezing microtome (CM18250, 

Leica, Heidelberg, Germany). Sections were stained with 1% aniline blue solution in 6% 

5N HCl and mounted in 50% corn syrup with 4% formaldehyde. Features were observed 
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using a Leica DM5000B light microscope and photographed with a Leica DFC480 digital 

camera.  

Results 

COI-5P Barcode results 

Barcode gap analyses resolved the single Australian collections from the Cocos (Keeling) 

Islands and Coffs Harbour, New South Wales and seven South Korean collections from 

Jeju as four distinct genetic species groups (Table 4.2). The specimen from Coffs 

Harbour was morphologically assigned to the generitype L. nitophylloides (below) and 

was distantly related to its nearest neighbor L. pacifica (10.82%) (Table 4.2). The 

collection from the Cocos was described as the novel species L. cocosana (below) and 

was most closely related (11.02%) to L. munseomica, a new species described herein 

from South Korea (Table 4.2). The second South Korean genetic species group was 

representative of the Asian species L. leptophylla and its nearest neighbor was 

Leptofauchea sp._1WA (9.63%) (Table 4.2).  

 

Phylogenetic results 

Single and multigene analyses were used to explore relationships within Leptofauchea. 

Initial rbcL analysis resolved our South Korean isolate of L. leptophylla (GWS018540) 

with the GenBank entries for L. leptophylla (AB693120) and L. rhodymenioides 

(AB383124); however, AB693120 resolved on an anomalously long branch. Observation 

of this latter rbcL alignment revealed that the sequence AB693120 was chimeric with the 
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first ~640 bp matching Champia sp. while the final ~730 bp were almost identical to our 

sequence for South Korean L. leptophylla (a single substitution at a third codon position). 

Comparison of our sequence for South Korean L. leptophylla to the GenBank entry for L. 

rhodymenioides (AB383124) revealed two base pair differences (one at a second codon 

position and the other at a third codon position) over 1362 bp of the rbcL. As second 

codon positions are conservative, this difference may represent an error, indicating that 

only a single or, at most, two differences were present for the rbcL of these specimens. 

The low divergence among the three rbcL sequences suggested conspecificity. The LSU 

data resolved similar results. Over a total alignment of 2753 bp, the LSU sequence for 

our South Korean isolate of L. leptophylla (GWS018362) had 6 bp differences when 

compared to the GenBank entry for L. leptophylla (AB677823) with two of these 

uncertain (at highly conserved sites). Comparison of the LSU sequence for our L. 

leptophylla specimen from South Korean to the GenBank entry for L. rhodymenioides 

(AB677824) revealed only 2 bp differences, both within variable regions. Overall, the 

observed differences in rbcL and LSU data likely reflect population level differences or 

at best two closely related species groups for L. leptophylla in the northwest Pacific 

accounting for previous reports of L. leptophylla and L. rhodymenioides (discussed 

below). Owing to the previous, we included LSU and rbcL data only from our South 

Korean representative of L. leptophylla in the multigene phylogeny.  

Maximum likelihood analysis of the multigene alignment established monophyly 

for the genus Leptofauchea in placing species currently assigned to this genus in a fully 

supported group with the generitype L. nitophylloides (Fig. 4.1). Relationships among 
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species of Leptofauchea were resolved with variable support. Leptofauchea chiloensis, L. 

coralligena, L. nitophylloides and L. pacifica formed distinct lineages while L. cocosana 

and L. munseomica were fully resolved as sister species and allied to the fully supported 

group comprised of L. earleae, L. leptophylla and Leptofauchea sp._1WA (Fig. 4.1).  

 

Morphological results 

Leptofauchea nitophylloides (J. Agardh) Kylin  

Our specimen of L. nitophylloides was a diminutive plant (15-20 mm tall) with rounded 

to attenuate apices (Fig. 4.2a). Thallus thickness in cross-section was 70-80 µm. It had a 

medulla of two layers of large, elongated cells (35-60 µm long x 13-25 µm wide), an 

incomplete inner cortical layer, and an outer cortex comprised of a single layer of small 

cells (to 5 µm long x 2.5 µm wide) (Fig. 4.2b). In surface view, the cortical layer was 

complete, although underlying medullary cells were visible (Fig. 4.2c). Reproductive 

structures were not observed. 

 

Leptofauchea cocosana Filloramo & G.W. Saunders sp. nov. Fig. 4.3 

DESCRIPTION: Thallus of flat, prostrate blades, ~28 mm in dimension; individual 

blades ~8 mm in length and 4 mm broad at base, typically narrowing at the apex (~1.5-

2.0 mm wide) and forming secondary attachments to each other as well as the substratum 

(Fig. 4.3a). Cross-sections at mid-thallus were 65-95 µm wide with 2 (-3) layers of large 

(30-50 µm long x 17.5-30.0 µm wide), thin-walled, axially elongated medullary cells 

(Fig. 4.3b) These supported a cortex of smaller, round cells (7-16 µm in diam.), typically 
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with an incomplete second layer of small, scattered, darkly pigmented cells as seen in 

surface view (Fig. 4.3c). Female reproductive anatomy and early post-fertilization events 

were not observed. Cystocarps (570 um in diameter) distributed at blade margins (Fig. 

4.3a), smooth, ampulliform, ostiolate, with well-defined tela arachnoidea (Fig. 4.3d). 

Spermatangia and tetrasporangia unknown. 

HOLOTYPE: GWS037755 (cystocarpic) deposited in Connell Memorial Herbarium 

(UNB). Images of the holotype shown in Fig. 4.3. Collected from Winter Wall, south of 

Horsburgh Island, Cocos (Keeling) Islands, Australia, Indian Ocean (-12.08788ºS, 

96.83701ºE), 12 May 2013; from 15 m on reef flat; leg. K. Dixon and G.W. Saunders. 

Holotype DNA barcode: GenBank KR140330, COI-5P. 

ETYMOLOGY: Named for the type locality, Cocos (Keeling) Islands, Australia. 

DISTRIBUTION: Thus far only known from the Cocos (Keeling) Islands, Australia. 

 

Leptofauchea leptophylla (Segawa) Suzuki, Nozaki, Terada, Kitayama, Hashimoto & 

Yoshizaki  

South Korean collections of L. leptophylla were 25-40 mm tall and forked 3-4 times with 

mostly rounded/obtuse, at times attenuate apices (Fig. 4.4a,b). Some blades were 

constricted below the apices (Fig. 4.4b). At mid-thallus, blades were 130-150 µm thick 

featuring 2 (-3) layers of large, polygonal to elliptical medullary cells (55-90 µm long x 

40-80 µm wide) with abundant secondary pit connections (Fig. 4.4c). Small, axially 

elongated cells formed a single layer between the medullary cells and cortex (Fig. 4.4c). 

The cortex is comprised of 2 (-3) cell layers; a continuous innermost layer of cells 7.5 µm 



 

156 

 

in diam. and 1 (-2) outer layers of smaller irregularly arranged cells (2-4 µm in diam.) 

(Fig. 4.4c). Among the South Korean collections was a single tetrasporophyte with 

tetrasporangia formed in adventitious nemathecial sori. These appeared as bands or 

patches that extended to the thallus margin, and present from mid-thallus to branch apices 

confined to a single blade surface (Fig. 4.4d). Mature tetrasporangia (50-55 µm long x 

25-30 µm wide) were cruciately divided (Fig. 4.4e). The initials arose directly on 

modified cortical cells (Fig. 4.4f), either terminal on single celled filaments or lateral on 

5-8 celled paraphyses (to 100 µm long x 5 µm wide) (Fig. 4.4g). Male and female plants 

were not represented in our South Korean collections.  

 

Leptofauchea munseomica Filloramo & G.W. Saunders sp. nov. Fig. 4.5 

DESCRIPTION: Thallus flat, prostrate, 30-42 mm in dimension. Individual blades 

flabellate, regularly dichotomously branched, 2-3 mm broad throughout. Branch apices 

typically rounded, at apices narrowing and becoming attenuate (0.5-1.5 mm) (Fig. 4.5a). 

Cross-sections at mid-thallus were 130-180 µm thick with 3 (-4) layers of large, round, 

thick-walled (~2.5 µm) medullary cells (30-65 µm in diam.) commonly separated by 

intercellular spaces (Fig. 4.5b).  Medulla graded into a single inner cortical layer of 

smaller cells (15-22 µm long x 7.5-12 µm wide) subtending an outer cortex of 1-2 layers, 

with the outermost commonly incomplete (Fig. 4.5b). Reproductive structures not 

observed.  

HOLOTYPE: GWS018532 deposited in Connell Memorial Herbarium (UNB). Images of 

holotype shown in Fig. 4.5. Collected from the channel between Little and Big Munseom 
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Islands, Jeju, South Korea, northwestern Pacific Ocean (33.22751ºN, 126.56802ºE), 19 

May 2010; from 16 m on rock; leg. G.W. Saunders and H-G. Choi. Holotype DNA 

barcode: GenBank HQ544094, COI-5P.  

 

ISOTYPES: GWS018533, GWS018537 and GWS018674 deposited in Connell 

Memorial Herbarium (UNB).  

ETYMOLOGY: Named for the type locality, Munseom Islands, Jeju, South Korea.  

DISTRIBUTION: Thus far only known from Jeju, South Korea. 

 

Discussion 

Dalen & Saunders (2007) clarified the distinguishing features of the genus Leptofauchea, 

which were revisited and modified slightly based on observations herein. Useful 

characters for genus-level diagnosis include a medulla comprised of 2-4 cell layers 

grading abruptly in size to a thin cortex typically of 2-3 cell layers, well-developed tela 

arachnoidea in smooth, ostiolate cystocarps and well-defined tetrasporangial nemathecia 

with both cruciately divided tetrasporangia and paraphyses formed by adventitious 

growth of the cortical cells. When comparing individual Leptofauchea species to the 

generitype, aspects of vegetative and female reproductive anatomy were all consistent; 

however, Kylin (1931) lacked tetrasporophytes when he described L. nitophylloides. 

Millar (1999) collected plants from Norfolk Island that he considered the first encounter 

with L. nitophylloides since the type collection. He noted terminal, cruciately divided 

tetrasporangia located in oval sori. Millarôs (1999) report lacked details of tetrasporangial 
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ontogeny as the taxonomic utility of this feature was not acknowledged at that point (Le 

Gall et al. 2008); however, his description (Millar 1999, p. 510, Fig. 31) was inconsistent 

relative to other species attributed to Leptofauchea (Dalen & Saunders 2007). This called 

into question the monophyly of Leptofauchea. Regardless, Dalen & Saunders (2007) 

retained the genus pending the inclusion of L. nitophylloides in molecular analyses. In 

retrospect, the tetrasporangia described for Millar's (1999) Norfolk Island collections 

were more consistent with the genus Halopeltis, which is species rich in Australia 

(Saunders & McDonald 2010; Schneider et al. 2012) but not recognized at the time of 

Millarôs 1999 publication. Species of Halopeltis feature oval to oblong tetrasporangial 

sori formed by the swelling of intercalary and terminal outer cortical cells without 

adventitious growth (Saunders & McDonald 2010). Despite numerous collecting trips to 

Australia by the second author, including Norfolk Island, only three collections, one each 

from the Cocos (Keeling) Islands, Coffs Harbour, New South Wales and Abrolhos Island, 

Western Australia, have been assignable to Leptofauchea. By comparison, over 250 

specimens of Halopeltis representing 15 genetic species groups distributed widely 

throughout Australia were collected (GWS, unpublished data). Indeed, a collecting trip 

by the second author has uncovered four Halopeltis spp. (total of 13 specimens) from 

Norfolk Island and one or more of these likely accounts for Millarôs (1999) 

tetrasporophytic observations of L. nitophylloides.  

Collected about 500 km north of the type locality, our plant of Leptofauchea 

nitophylloides had more attenuate apices and was not as robust in height or thallus 

thickness compared to the type collection; however, the general appearance and number 
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of cortical and medullary cell layers were consistent with observations in Kylin (1931) 

and Dalen & Saunders (2007). Similar phenotypic variation was noted among individuals 

for L. pacifica (Dawson & Neushul 1966; Abbott & Hollenberg 1976; Dalen & Saunders 

2007) and L. coralligena (Rodríguez-Prieto & De Clerck 2009). Thus, variation in 

robustness and consequently blade thickness and medullary cell size is not unexpected 

within species of Leptofauchea (Dalen & Saunders 2007) and we consider our collection 

assignable to L. nitophylloides. Accordingly, it is the first record for this species since the 

type collection. This collection provided the necessary genetic data to confirm 

Leptofauchea as a monophyletic lineage in which we resolved the following species as 

members of the genus: L. chiloensis, L. cocosana sp. nov., L. coralligena, L. leptophylla, 

L. munseomica sp. nov., L. nitophylloides and L. pacifica. Leptofauchea earleae is 

discussed below as a special case while bona fide L. auricularis and L. rhodymenioides 

have yet to be included in molecular studies (below).  

Previously, only Leptofauchea nitophylloides and Leptofauchea sp._1WA were 

recognized in Australia; however, we added L. cocosana from the Cocos (Keeling) 

Islands. Two of the Australian species are differentiated by their patterns of vegetative 

construction (Figs 4.2b, 4.3b). Compared to L. nitophylloides (Fig. 4.2b), L. cocosana 

lacks an inner cortical layer. It also features a single layered cortex of larger, round cells 

and an incomplete secondary layer of smaller, scattered cells (Fig. 4.3b) that creates a 

distinct appearance in surface view (Fig. 4.3c).  

In acquiring data from GenBank, we discovered that the rbcL entry for 

Leptofauchea leptophylla (AB693120) from Japan was a chimeric sequence of a 
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Champia sp. and L. leptophylla. Previous comparison of this chimeric sequence to the 

rbcL GenBank entry for putative L. rhodymenioides (AB383124) from Japan falsely 

suggested two genetically distinct entities in that flora. Our reassessment of those data 

(using only the correct portion of the chimeric sequence) revealed their conspecificity to 

each other, as well as to our sequence for L. leptophylla from South Korea. Variation 

among the rbcL GenBank entries for L. leptophylla, the incorrectly attributed L. 

rhodymenioides and our South Korean representative of L. leptophylla was typical of 

intraspecific divergence reported for red algae (Freshwater et al. 2010). Accordingly, we 

conclude that these entities are conspecific, and morphologically assignable to L. 

leptophylla. Evaluation of LSU data was largely consistent with rbcL; however, the 

GenBank entry of L. leptophylla (AB677823) from southern Japan was slightly more 

divergent relative to our South Korean representative of L. leptophylla and the GenBank 

entry incorrectly attributed to L. rhodymenioides (AB677824) from northeastern Japan. 

The slight variation in rbcL and LSU data likely reflects population level differences, at 

most two very closely related species groups, and further research is warranted. 

Consistent with our molecular findings, the anatomical features reported for Japanese 

collections attributed to L. rhodymenioides (Suzuki et al. 2010) reflected the authorsô 

later observations for L. leptophylla (Suzuki et al. 2012) and those presented here for 

collections from South Korea (Appendix C, Table S1; Fig. 4.4). When compared to the 

protologue of L. rhodymenioides, the Japanese collections attributed to this species 

(Suzuki et al. 2010) differed in terms of overall thallus construction and corresponding 

medullary cell sizes, thallus thickness and size of tetrasporangia (Taylor 1942; Dalen & 
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Saunders 2007; Suzuki et al. 2010). The disjunct distribution of L. rhodymenioides in the 

cold-temperate waters of northeastern Japan so far from its type locality in the Caribbean, 

further challenges this species determination.  

In addition to Leptofauchea leptophylla, we also recognized L. munseomica in the 

northwest Pacific, thus far known only from South Korea. This new species differs from 

L. leptophylla in overall habit and vegetative construction. While blades of L. 

munseomica may be as thick as L. leptophylla in cross section, it has more medullary 

layers of smaller cells (Figs 4.4c, 4.5b). Additionally, blades in L. munseomica are 

typically uniform in width throughout their length (Fig. 4.5a), whereas mature thalli of L. 

leptophylla typically narrow toward the apices or are constricted below the apices (Fig. 

4.4b). However, as habit varies for many Leptofauchea species, anatomical differences 

are more reliable diagnostic features.  

 Dalen & Saunders (2007) questioned placement of Leptofauchea earleae in 

Leptofauchea based on its uncharacteristic monostromatic medulla, lack of tela 

arachnoidea, and weak association with the Lomentariaceae rather than the Faucheaceae 

in the phylogenetic analyses of Gavio & Fredericq (2005). However, our more robust 

single and multigene analyses resolved L. earleae deep within Leptofauchea. The only 

other monostromatic species of Leptofauchea ever reported, L. brasiliensis, was recently 

transferred to the genus Archestenogramma in the Phyllophoraceae (Schneider et al. 

2011); this would leave L. earleae as the only remaining monostromatic member of 

Leptofauchea. Additional analyses are needed to confirm that the GenBank sequence 

HQ400570 corresponds to the voucher used for morphological observations and on 
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which this species is based. If the same collection was in fact used for molecular and 

morphological analyses, L. earleae would represent a relatively recent speciation (Fig. 

4.1) with remarkably atypical vegetative and reproductive generic features. Alternatively, 

HQ400570 may represent rbcL for the collection (LAF-27-5-00-9-3) assigned to L. 

rhodymenioides in Gavio & Fredericq (2005). Although the vegetative anatomy depicted 

for LAF-27-5-00-9-3 is typical of Leptofauchea, it is inconsistent with the protologue of 

L. rhodymenioides as described by Taylor (1942). As a consequence, LAF-27-5-00-9-3 

may represent a novel species of Leptofauchea in the Gulf of Mexico. Both of these 

anomalies require clarification. Additional molecular investigation is also needed to 

clarify the taxonomic position of South African plants attributed to L. anastomosans by 

Norris & Aken (1985). These were characterized by a Leptofauchea-like vegetative 

anatomy but, similar to L. earleae, they lacked tela arachnoidea in the cystocarp (Dalen 

& Saunders 2007). Resolution of these South African plants as a novel Leptofauchea 

species, and clarification of the anomalies previously described for L. earleae could 

challenge the reliability of tela arachnoidea as a useful diagnostic feature of the genus. 

Further study of both of these entities is necessary. 

Leptofauchea auricularis and L. rhodymenioides were the only species 

traditionally assigned to Leptofauchea that lacked molecular representation in our study. 

Dalen & Saunders (2007) accepted L. rhodymenioides in Leptofauchea based on 

vegetative and reproductive observations of type material. Despite the congruence of 

Dawsonôs (1963) type description of L. auricularis with Leptofauchea, the status of this 

species could not be confirmed without material available for study (Dalen & Saunders 
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2007).  The taxonomic status of L. auricularis and L. rhodymenioides should be 

considered tentative until both are included in molecular analyses. 
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Table 4.1 Collection details for samples included in molecular analyses. GenBank accessions in bold were determined for this 

study.  

Species VOUCHER COI-5P LSU rbcL  

Gloiocladia fryeana (Setchell) Sánchez & Rodríguez-Prieto GWS001381 KR085174 EU624157 ND 

 GWS001421 ND ND KR085187 
Gloiocladia halymenioides (Harvey) R.E. Norris GWS000469 HQ919528 DQ873283 KR085192 
Gloiocladia laciniata (J. Agardh) Sánchez & Rodríguez-Prieto B048GWS KR0851701 EU624158 ND 

 GWS020495 KR085172 ND KR085189 

Gloiocladia repens (C. Agardh) Sánchez & Rodríguez-Prieto G0332 ND AF419143 ND 

 GWS001639 KR140326 ND KR140335 

Gloioderma australe J. Agardh G0306 JX969722 DQ873282 JX969786 

Leptofauchea chiloensis Dalen & G.W. Saunders GWS000503 ND DQ873285 KR140338 

Leptofauchea cocosana Filloramo & G.W. Saunders GWS037755 KR140330 KR140334 KR140340 

Leptofauchea coralligena Rodríguez-Prieto & De Clerck OCD1501 ND EU418774 ND 

Leptofauchea earleae Gavio & Fredericq LAF-26-5-00-1-1 ND ND HQ400570 

Leptofauchea leptophylla (Segawa) Mas.Suzuki, Nozaki, R. 

Terada, Kitayama, Tetsu.Hashimoto & Yoshizaki 

GWS018362 KR1403291 KR140333 ND 

 GWS018363 KR140328 ND ND 

 GWS018540 KR140327 ND KR140336 
 TNS-AL-174121 ND AB677823 AB6931202 

Leptofauchea munseomica Filloramo & G.W. Saunders GWS018532 HQ5440941 KR140331 KR140337 

 GWS018533 HQ544095 ND ND 

 GWS018537 HQ544099 ND ND 

 GWS018674 HQ544137 ND ND 

Leptofauchea nitophylloides (J.Agardh) Kylin GWS032631 KR085173 KR085179 KR085190 
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Species VOUCHER COI-5P LSU rbcL  

Leptofauchea pacifica E.Y. Dawson JD032 AY970566 DQ873286 ND 

 GWS010140 HM9161761 ND KR085195 
Leptofauchea rhodymenioides W.R. Taylor3 TNS-AL-161637 ND AB677824 AB383124 

Leptofauchea sp._1WA G0400 HM915831 DQ873287 KR085194 
Webervanbossea sp._1splachnoides GWS016349 HM918169 KR085175 KR085185 
Webervanbossea sp._1TAS GWS015310 HM917690 KR085182 KR085193 
Webervanbossea splachnoides (Harvey) De Toni GWS002435 HM916011 DQ873288 KR085186 
Webervanbossea tasmanensis Womersley GWS000922 HM9158871 ND KR085196 
 GWS029664 KR085171 KR085178 ND 

1 Where more than one voucher was used for molecular data, the COI-5P sequence used in multigene is noted.  

2 Chimeric sequence deposited in GenBank for L. leptophylla. Only the last ~730 bp were representative of L. leptophylla and used in 

our analyses.  

3 This collection is molecularly similar to and morphologically representative of L. leptophylla as described herein.    

ND= Data not determined for this study.  
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Table 4.2 Intraspecific COI -5P divergence and distance to nearest neighbor for 

species of Leptofauchea included in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species 

Max 

intraspecific 

divergence (%) Nearest species 

Distance to 

nearest neighbor 

(%) 

L. cocosana (n=1) N/A L. munseomica 11.02 

L. leptophylla (n= 3) 0.15 L. sp._1WA 9.63 

L. munseomica (n=4) 0.15 L. cocosana 11.02 

L. nitophylloides 

(n=1) 

N/A L. pacifica 10.82 

L. pacifica (n=30) 0.31 L. nitophylloides 10.82 

L. sp. _1WA (n=1) N/A L. leptophylla 9.63 
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Figure 4.1 Phylogenetic tree resulting from RAxML analysis of the combined alignment with bootstrap support values 

appended. Asterisks (*) indicate full nodal support while dashes (-) indicate nodal support below 70%.
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Figure 4.2 Leptofauchea nitophylloides collected from Coffs 

Harbour, New South Wales, Australia (GWS032631). a) Habit 

of vegetative specimen. Scale bar = 1 cm. b) Vegetative anatomy, 

cross section at mid-thallus. Scale bar = 40 µm. c) Surface view 

at mid-thallus, underlying medullary cells visible (arrow). Scale 

bar = 50 µm. 
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Figure 4.3 Images of holotype for Leptofauchea cocosana sp. nov. (GWS037755). a) 

Habit of cystocarpic holotype with cytocarps (arrows) on thallus margins. Scale bar 

= 5.7 mm. b) Vegetative anatomy, cross section at mid-thallus. Scale bar = 43 µm. c) 

Surface view at mid-thallus; underlying medullary cells visible (arrow) with outer 

cortical cell indicated (arrow head). Scale bar = 30 µm. d) Protuberant cystocarp 

with well-defined tela arachnoidea (arrow). Scale bar = 190 µm.    
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Figure 4.4 Leptofauchea leptophylla from Jeju, South Korea. a) Habit of vegetative 

specimen with rounded apices (GWS018362). Scale bar = 1.7 cm. b) Habit of 

tetrasporangial plant with attenuate apices and constrictions below the apices 

(GWS018540). Scale bar = 2.5 cm. c) Vegetative anatomy, cross section at mid-

thallus (GWS018362). Scale bar = 37 µm. d) Tetrasporangial thallus showing 

nemathecia at mid-thallus (left) and branch apex (right) (GWS018540). Scale bar = 

1 mm. e) Cruciately divided tetrasporangia (GWS018540). Scale bar = 48 µm. f) 

Transverse section of tetrasporangial nemathecium showing tetrasporangial initial 

(arrow) borne on modified cortical cell (GWS018540). Scale bar = 15 µm. g) 

Transverse section of tetrasporangial nemathecium showing tetrasporangial initials 

positioned on single-celled filaments (arrow heads) or laterally on paraphyseal cells 

(arrow) (GWS018540). Scale bar = 19 µm. 
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Figure 4.5 Images of holotype for Leptofauchea munseomica sp. nov. (GWS018532). 

a) Habit of vegetative holotype. Scale bar = 1 cm. b) Cross section at mid-thallus. 

Scale bar = 34 µm.   
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Chapter 5 Molecular-assisted alpha taxonomy of the genus Rhodymenia 

(Rhodymeniaceae, Rhodymeniales) from Australia reveals overlooked 

species diversity 
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Abstract  

A previously published DNA barcode survey of red macroalgae in Australia revealed 

significant cryptic and overlooked diversity for the genus Rhodymenia with recognition 

of R. novahollandica, R. prolificans, R. stenoglossa, R. wilsonis and an additional four 

uncharacterized genetic species groups. Since that study, increased sampling effort in 

Australia has warranted reassessment and reinvestigation of the number of genetic 

species groups attributed to Rhodymenia and their respective taxonomic affiliations. 

Using molecular-assisted alpha taxonomy employing the DNA barcode (COI-5P), the 

present study resolved 188 Australian specimens in 12 genetic species groups assignable 

to the genus Rhodymenia. Four of these groups were attributed to the previously 

recognized species (above), whereas some collections from Lord Howe Island were 

attributed to the New Zealand species R. novazelandica expanding its biogeographical 

range. The following seven genetic groups were inconsistent with existing species of 

Rhodymenia and established as novel taxa: R. compressa sp. nov., R. contortuplicata sp. 

nov., R. gladiata sp. nov., R. insularis sp. nov., R. lociperonica sp. nov., R. norfolkensis 

sp. nov. and R. womersleyi sp. nov. Although morphological and biogeographical 

features were adequate for distinguishing some species of Rhodymenia from Australia, 

DNA sequencing in combination with morphology and biogeography provided the most 

reliable means of identification.   

In troduction  

Prior to the advent of molecular techniques, red algal taxonomists relied on vegetative 

and reproductive criteria for identifying organisms. This approach presented challenges 
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in the morphologically simple red algae for which accurate identification was further 

complicated by evolutionary convergence and phenotypic plasticity (Saunders 2005). 

Current red algal taxonomy has overcome such complications by employing the more 

objective technique of molecular-assisted alpha taxonomy (MAAT), which uses 

differences in gene sequence data to delineate genetic species groups that are 

subsequently analyzed morphologically and assigned to existing species or established as 

novel taxa (Saunders 2005; Cianciola et al. 2010). The 5ô region of the mitochondrial 

cytochrome c oxidase I gene (COI-5P; DNA barcode) has been championed as a ñDNA 

barcodeò (i.e., a short, standardized region of DNA employed for diagnosing species 

based on genetic differences) among the red algae owing to its effectiveness in 

discriminating between closely related species (Saunders 2005; Saunders 2008; Le Gall 

& Saunders 2010). Since its inception, MAAT employing the COI5P region has proven 

to be an effective and reliable method for assessing red algal species boundaries that has 

radically altered perspectives on diversity (e.g., Clarkston & Saunders  

2010; Saunders & McDonald 2010; Clarkston & Saunders 2013; Hind et al. 2014;  

Saunders & Millar 2014; Schneider et al. 2015).   

The red algal genus Rhodymenia is the type genus of the family Rhodymeniaceae 

in the order Rhodymeniales. Greville (1830) described Rhodymenia based on ten species 

including the generitype, R. palmetta (Stackhouse) Greville, which is presently regarded 

as a synonym of R. pseudopalmata (J.V. Lamouroux) P.C. Silva (Silva 1952). Currently, 

there are an estimated 62 species of Rhodymenia worldwide (Guiry & Guiry 2015). 

Members of this genus are characterized by erect or prostrate fronds that are commonly 

stipitate and develop from a discoid or stoloniferous base (Dawson 1941; Sparling 1957; 
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Hawkes & Scagel 1986). Blades of Rhodymenia are typically flat, slightly cartilaginous, 

simply or dichotomously divided, and, at times, bear marginal or apical proliferations 

(Dawson 1941; Hawkes & Scagel 1986). Vegetative construction is multiaxial featuring 

a cortex of small, pigmented cells and a compact medulla of large, colourless, thin-

walled cells (Dawson 1941; Sparling 1957). Cystocarps located apically or scattered on 

the blade and are commonly hemispherical with protruding ostioles (Hawkes & Scagel 

1986). Carpogonial branches may be either three- or four-celled (Sparling 1957). 

Spermatangia are located in small subapical sori or large irregular patches scattered over 

the blade surface and are produced from the cells of the outer cortex (Sparling 1957; 

Hawkes & Scagel 1986). Cruciately divided tetrasporangia develop directly from 

preexisting cortical cells and are located in subapical sori, scattered on the blade or 

formed in special proliferations (Sparling 1957; Guiry 1977; Hawkes & Scagel 1986; Le 

Gall et al. 2008).   

Historically, classification of Rhodymenia species has been based largely on 

reproductive criteria, particularly features of the tetrasporangia (Agardh 1876). In the 

most comprehensive taxonomic survey of Rhodymenia, Dawson (1941) divided the 

genus into sections based primarily on the location and distribution of the tetrasporangia 

(at or below the apices; scattered or in sori) and the degree to which the tetrasporangia 

modify the cortex, and secondarily, based on the branching habit of the stipe, presence or 

absence of stolons, nature of the margins, apex shape, and overall height and thickness of 

the thallus in transverse section. According to those criteria, 54 species of Rhodymenia 

were recognized including four species from Australia: R. foliifera Harvey described 

from King George Sound, Western Australia, R. linearis J. Agardh described from ñin 
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mari Australiò, R. prolificans Zanardini described from Georgetown, Tasmania and R. 

stenoglossa J. Agardh described from ñNova Holl. austò (Dawson 1941). In addition to 

the latter two taxa, Womersley (1996) subsequently reported the following Rhodymenia 

species from Australia: R. australis Sonder (including R. foliifera as a synonym) 

described from Western Australia, R. cuneata Harvey described from the east coast of 

Tasmania, R. halymenioides (J. Agardh) Womersley described from Orford, Tasmania, 

R. leptophylla J. Agardh described from Bay of Islands, New Zealand, R. obtusa 

(Greville) Womersley described from Cape of Good Hope, South Africa and R. 

verrucosa Womersley described from Gabo Island, Victoria. Although Womersley 

(1996) did not record R. linearis, it was later reported from Queensland, Australia 

increasing the total number of Rhodymenia species reported from Australia to ten 

(Phillips 1997; Phillips 2002; Bostock & Holland 2010).   

A recent DNA barcode (COI-5P) survey of southern Australia resolved collections 

field identified to the genus Rhodymenia as 20 genetic species groups within four genera 

and two families in the Rhodymeniales (Saunders & McDonald 2010). As a result of that 

study, the genus Halopeltis J. Agardh was resurrected to accommodate four species 

traditionally assigned to Rhodymenia [R. australis, R. cuneata (including R. 

halymenioides) and R. verrucosa]. The novel genus Pseudohalopeltis G.W. Saunders and 

its only species, P. tasmanensis G.W. Saunders, were established for some collections 

from Tasmania that resolved as a novel lineage in the Fryeellaceae while the novel 

species Microphyllum robustum G.W. Saunders was described to accommodate some 

rhodymenialean collections from New South Wales (Saunders & McDonald 2010). 

Within Rhodymenia sensu stricto the novel species R. novahollandica G.W. Saunders 
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(described from Port Philip Heads, Victoria) was reported widely from Victoria with 

some collections from Western Australia and Tasmania indicating a wider distribution 

while R. prolificans and R. stenoglossa were confirmed from Tasmania and Victoria, 

respectively (Saunders & McDonald 2010). The species R. wilsonis, which had been 

synonymized previously with R. obtusa (Womersley 1996), was resurrected for 

specimens from Tasmania and Victoria, which resolved separately from specimens of R. 

obtusa from its type locality in South Africa (Saunders & McDonald 2010). The same 

study also resolved two divergent genetic species groups that were loosely assigned to R. 

leptophylla, as well as two other groups (from South Australia and Victoria, 

respectively) that were uncharacterized owing to low sample sizes (Saunders & 

McDonald 2010). Although the study by Saunders & McDonald (2010) was not 

specifically aimed at assessing Rhodymenia biodiversity in Australia, it indirectly 

highlighted the extensive overlooked and misunderstood species diversity for this genus 

from that locale.   

  In the current study we further explored and assessed the findings of Saunders &  

McDonald (2010) by completing a comprehensive MAAT survey restricted to the genus 

Rhodymenia from Australia. Our analyses provide new insight into the species diversity 

and biogeographical distributions of Rhodymenia species from this locale with the 

recognition of twelve species where five were previously reported.    
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Materials and Methods  

A total of 189 samples field identified to the genus Rhodymenia predominantly from 

Victoria (n= 73) and Tasmania (n= 51) with some collections from Western Australia 

(n= 14), South Australia (n= 12), mainland New South Wales (n= 17), Lord Howe Island 

(n= 11) and Norfolk Island (n= 10), in addition to a single specimen from New Zealand, 

were included in this study (Appendix D, Table S1). All collections were deposited in 

the Connell Memorial Herbarium (UNB; Thiers 2015). Samples were collected in the 

subtidal by SCUBA or in the intertidal as drift or attached specimens. The collections 

were preserved as pressed material or dried in silica to serve as vouchers with 

subsamples dried in silica for subsequent molecular analysis. Genomic DNA was 

extracted following Saunders & McDevit (2012) with amplification of both the 5ô end of 

the mitochondrial cytochrome c oxidase subunit 1 gene (COI-5P; DNA barcode) and the 

nuclear internal transcribed spacer region of the ribosomal cistron (ITS) according to 

Saunders & Moore (2013). Primer pair combinations for COI-5P are recorded on 

GenBank and the Barcode of Life Database (BOLD) website 

(http://www.boldsystems.org/). Amplicons were sequenced by the Génome Québec 

Innovation Centre and raw data were edited and aligned using Geneious R7 version 7.1.7 

(http://www.geneious.com; Kearse et al. 2012).   

The DNA barcode alignment (664bp) was analyzed in BOLD using a barcode gap 

analysis to determine intraspecific variation and nearest neighbor distances. Genetic 

species groups exhibiting high intraspecific and/or low interspecific variation based on 

COI-5P analysis were further analyzed with amplification of either the full ITS region 

(~700 bp) or only the 3ô end of the ITS2 (~222 bp). Generated ITS sequences were 
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searched in BOLD and GenBank and examined using a neighbor-joining analysis in 

Geneious R7.     

For phylogenetic assessment, a single COI-5P sequence for each genetic species 

group uncovered here was combined in an alignment with additional Rhodymenia spp. 

COI-5P data (Appendix D, Table S1; GenBank numbers included with accessions in 

figure). Data from Botryocladia spp. were included as the outgroup (Filloramo & 

Saunders in press). The COI-5P alignment was analyzed using RAxML under a 

GTR+I+G model with partitioning by codon and support determined by 1000 rounds of 

bootstrap resampling.  

  Anatomical observations were completed by rehydrating algal tissue in 5% 

formalin and seawater and then using a freezing microtome (CM18250, Leica, 

Heidelberg, Germany) to prepare sections that were stained with 1% aniline blue solution 

in 6% 5N hydrochloric acid and mounted in 50% corn syrup with 4% formalin. 

Vegetative and reproductive anatomy were observed using a Leica DM5000B light 

microscope and photographed with a Leica DFC480 digital camera. Plates were 

assembled using Adobe Photoshop Elements 11 (2012). 

 

Results  

Molecular Results 

The COI-5P region was successfully amplified for 189 collections. The 188 specimens 

from Australia resolved as 12 genetic species groups assigned to the genus Rhodymenia 

while a single specimen from New Zealand resolved as distinct from the Australian 
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species groups and was morphologically assigned to R. leptophylla (Table 5.1). 

Maximum intraspecific divergence was 0.61% excepting R. novahollandica (1.65%, 

Table 5.1; represented by collections from Western Australia, South Australia, Victoria 

and Tasmania, Fig. 5.1), R. wilsonis (2.40%, Table 5.1; represented by specimens from 

South Australia, Victoria and Tasmania; Fig. 5.1) and the novel species R. womersleyi 

described herein (1.06%, Table 5.1; predominantly from New South Wales with a single 

representative from South Australia, Fig. 5.1). Interspecific variation ranged from 3.09% 

to 8.66% except between R. prolificans and R. stenoglossa (1.09%; Table 5.1). A cluster 

of specimens exclusively from Norfolk Island (Fig. 5.1) was described as the novel 

species R. norfolkensis (below) and resolved closest (4.90%, Table 5.1) to the novel 

species R. insularis (below) known only from Lord Howe Island (Fig. 5.1). Two 

collections from New South Wales (Fig. 5.1) recognized herein as the novel species R. 

compressa were resolved as a distantly related lineage (8.66%, Table 5.1) to a group of 

specimens exclusively from Lord Howe Island (Fig. 5.1) that were morphologically 

assigned to the New Zealand species R. novazelandica. A group of collections from 

Western Australia (Fig. 5.1) were described as the novel species R. lociperonica (below) 

and were most closely related (6.20%, Table 5.1) to R. norfolkensis. Specimens assigned 

to R. novazelandica were most closely resolved (6.56%, Table 5.1) to R. lociperonica. 

The novel species R. womersleyi (below) was distantly related (7.55%, Table 5.1) to 

another newly recognized species exclusively from Tasmania (Fig. 5.1) described herein 

as R. contortuplicata. The latter species was distinct (3.09%, Table 5.1) from its nearest 

neighbor R. prolificans. A unique lineage comprised of collections from New South 

Wales, Victoria and Tasmania (Fig. 5.1) was described as the novel species R. gladiata 
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(below) and was most closely related (6.58%, Table 5.1) to the single collection from 

New Zealand identified as R. leptophylla.  

  Although COI-5P intraspecific variation for R. gladiata was typical of within 

species variation rates, analysis of the COI-5P alignment indicated that specimens from 

Tasmania and Victoria were genetically more similar when compared to collections from 

New South Wales. Uni-directional reads of ITS2 data for samples of R. gladiata from 

each of the previous three locales were essentially identical (0-1 bp differences out of 

222 bp) and representative of a single species group (Table 5.1).   

The ITS was also amplified to further assess the high COI-5P intraspecific 

variation for R. womersleyi (Table 5.1). The ITS data were challenging to interpret 

owing to significant base pair heterogeneity within individuals (data not shown); 

however, where the data were interpretable the number of base pair substitutions was 

low and only one ITS type was evident. Owing to the previous, collections of R. 

womersleyi were recognized as a single species while acknowledging high intraspecific 

COI-5P variation at the population level.  

The ITS was amplified for exploring the low interspecific variation between R. 

prolificans and R stenoglossa (Table 5.1); however, ITS amplification of the single 

representative of R. stenoglossa (GWS001555) was not successful and the status of R. 

prolificans and R. stenoglossa as distinct species was not resolved.    

  In RAxML analysis the Australian Rhodymenia genetic species were resolved in 

two clades (Fig. 5.2). The first clade included R. wilsonis, which was allied to its 

namesake R. obtusa from South Africa in addition to R. contortuplicata, R. 

novahollandica, R. prolificans, R. stenoglossa and R. womersleyi, which were associated 
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with Rhodymenia species from South Korea, the Northeast Pacific, Chile and France 

(Fig. 5.2). The second clade included R. compressa, R. gladiata, R. insularis, which was 

strongly allied to an unknown Rhodymenia species from Hawaii, R. lociperonica, R. 

norfolkensis and R. novazelandica, as well as Rhodymenia entities from New Zealand, 

the Northwest Atlantic and France (Fig. 5.2).   

  

Taxonomic Results 

We continue to recognize the four species R. novahollandica, R. prolificans, R. 

stenoglossa and R. wilsonis attributed to Rhodymenia by Saunders & McDonald (2010). 

A single vegetative sample collected from a shallow tidal pool in Pahi, New Zealand was 

morphologically (Fig. 5.3a) and anatomically (Fig. 5.3b) assignable to R. leptophylla J. 

Agardh, and we consider this species absent from Australia. Four collections from Lord 

Howe Island were, however, morphologically (Fig. 5.3c) and anatomically (Fig. 5.3d) 

consistent with R. novazelandica E.Y. Dawson extending the range of this New Zealand 

species to Australia. The remaining seven genetic species groups were described as 

novel species.   

  

Rhodymenia compressa Filloramo & G.W. Saunders, sp. nov. (Figs 5.4a,b)  

DESCRIPTION: Thalli 2.5-5 cm high with numerous linear, cylindrically compressed 

blades that are sparsely and irregularly dichotomously branched, individual branches 

0.3-0.5 mm wide with attenuate apices (Fig. 5.4a); discoid, crustose holdfast typically 

fusing with neighboring holdfasts to form a coalesced base, stolons not observed. Axes 

280-320 µm in diameter in transverse section with 5 (-7) medullary layers of colourless, 
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axially elongated or rounded cells (70-100 µm long x 40-80 µm wide), 1-2 inner cortical 

layer of smaller oblong cells subtending 2 (-3) outer cortical layers of smaller cells, the 

outermost cells columnar in shape (Fig. 5.4b). Reproductive structures not observed.  

HOLOTYPE: UNB GWS032782, on a rock at 4 m depth, G.W. Saunders and K. Dixon, 

12 December 2012.  

COI-5P BARCODE: GenBank accession KT781957.  

ISOTYPE: Specimen UNB GWS032780 (Appendix D, Table S1).   

TYPE LOCALITY: Mutton Bird Island (South), Coffs Harbour, New South Wales, 

Australia.   

ETYMOLOGY: Latin for ñcompressedò in recognition of the compressed blades found 

in this species.   

DISTRIBUTION: Known only from the type locality (Fig. 5.1).   

COMMENTS: This novel Rhodymenia species is distinguished from other Australian 

species of Rhodymenia owing to its unique linear, whip-like, compressed axes. 

Rhodymenia compressa may be confused with species of Cephalocystis that are also 

characterized by sparsely branched and terete thalli (Millar et al. 1996). Described from 

New South Wales (Millar et al. 1996) and subsequently reported from Norfolk Island 

(Millar 1999), the species C. leucobotrys A.J.K. Millar, G.W. Saunders, I.M. Strachan & 

Kraft is thicker in cross section and has a greater number of medullary cell layers. 

Although, R. compressa is known only from the type locality in New South Wales (Fig. 

5.1), it is possible that this species has a wider biogeographical distribution making it 

difficult to distinguish from another species of Cephalocystis, C. furcellata (J. Agardh) 

A.J.K. Millar, G.W. Saunders, I.M. Strachan & Kraft, described from Victoria and 
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reported in South Australia and Tasmania (Womersley 1996). Although superficially 

similar, the axes of R. compressa are thinner and less cartilaginous than those of C. 

furcellata.   

  

Rhodymenia contortuplicata Filloramo & G.W. Saunders, sp. nov. (Figs 5.4c,d)  

DESCRIPTION: Thalli 2.8-4.6 cm in height with flat, unbranched or regularly 

dichotomously branched (1-3 times) blades, 2.6-7.5 mm wide typically narrowing at the 

apices (Fig. 5.4c); stipes ca. 11-30 mm long with stolons extending from discoid holdfast 

or above from the stipe. Blades 130-175 µm thick in transverse section with 3-4 

medullary layers of large, colorless, axially elongated cells (50-70 µm long x 32.5-47.5 

µm wide) flanked by a single layer of smaller colorless medullary cells (25-28 µm long x 

20-22.5 µm wide), an incomplete single inner cortical layer of smaller darkly staining 

cells subtending a single layer of small, round, darkly staining outer cortical cells (Fig. 

5.4d). Reproductive structures not observed.  

HOLOTYPE: UNB GWS015201, on rock wall at 6-10 m depth, G.W. Saunders & K. 

Dixon, 21 January 2010.   

COI-5P BARCODE: GenBank accession HM917629.  

TYPE LOCALITY: Burying Ground Point, Tasmania, Australia.   

ETYMOLOGY: Latin meaning ñtangledò in recognition for the often-tangled habit of 

the blades and stolons.   

DISTRIBUTION: Known only from Tasmania (Fig. 5.1).   

MATERIAL EXAMINED:  Listed in Appendix D, Table S1.   
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COMMENTS: Rhodymenia contortuplicata is distinguished from other species of 

Rhodymenia in Australia by its commonly entangled stipes and stolons.  Currently 

Rhodymenia contortuplicata is known only from Tasmania (Fig. 5.1) where it may be 

confused with the species R. novahollandica; however, the latter species is taller and 

thicker in cross section with more medullary and cortical cell layers.   

  

Rhodymenia gladiata Filloramo & G.W. Saunders, sp. nov. (Figs 5.4e,f) 

DESCRIPTION: Thalli 0.5-3 cm high with numerous flat, undivided to sparsely and 

irregularly branched (typically no more than 2 dichotomies) blades arising from a 

clumped base of fused holdfasts, prominent stolons commonly giving rise to new blades 

(Fig. 5.4e); individual blades 0.5-2 mm wide with attenuated or rounded apices (Fig. 

5.4e). Blades 80175 µm thick in transverse section with 2-4 (-5) tightly packed layers of 

round medullary cells (17.5-38 µm in diameter) and a single inner cortical layer 

subtending 1-2 outer cortical layers of smaller darkly staining cells (Fig. 5.4f). 

Reproductive structures not observed.  

HOLOTYPE: UNB GWS032615, growing on invert at 8 m depth, G.W. Saunders & K. 

Dixon, 9 December 2012.  

COI-5P BARCODE: GenBank accession KT781956.  

TYPE LOCALITY: Split Solitary Island (Northwest), Coffs Harbour, New South Wales, 

Australia.  

ETYMOLOGY: Derived from the Latin gladius (sword), due to the typically undivided, 

narrow habit of the individual blades that are reminiscent of swords.  

DISTRIBUTION: New South Wales, Victoria and Tasmania (Fig. 5.1).   
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MATERIAL EXAMINED:  Listed in Appendix D, Table S1.   

COMMENTS: This taxon is distinguished from other Rhodymenia species by its narrow, 

lanceolate blades. Rhodymenia gladiata inhabits the subtidal from New South Wales, 

Victoria and Tasmania making it one of the more widely distributed Rhodymenia species 

currently known in Australia (Fig. 5.1). Across that range, specimens from New South 

Wales were thinner in cross section (80-90 µm) than those from Tasmania and Victoria 

(125-175 µm) with 2-3 medullary cell layers and a single outer cortical layer in the 

former specimens and 4-5 medullary cell layers and 1-2 outer cortical layers in the latter.   

  

Rhodymenia insularis Filloramo & G.W. Saunders, sp. nov. (Figs 5.4g,h)  

DESCRIPTION: Thalli 1-6 cm in height with flat dichotomously branched blades, 

individual blades 0.5-3 mm wide with typically rounded apices, at times attenuate (Fig. 

5.4g); stipes 10-15 mm long with stolons extending from above the discoid holdfast (Fig. 

5.4g). Blades 170-190 µm thick in transverse section with 4-5 medullary layers of round 

to axially elongated cells (35-52.5 µm in diameter) grading in size to 1-2 inner cortical 

layers of smaller oblong cells (6.5-9 µm) subtending a single layered outer cortex of 

small, round darkly staining cells (Fig. 5.4h). Reproductive structures not observed.  

HOLOTYPE: UNB GWS002043, growing on rock wall at 24 m depth, G.W. Saunders, 

1 February 2004.  

COI-5P BARCODE: GenBank accession HM033147.  

TYPE LOCALITY: Islands off Balls Pyramid, Lord Howe Island, New South Wales, 

Australia.  
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ETYMOLOGY: Latin for ñislandò in recognition of the type locality of the remote Balls 

Pyramid, ~ 20 km southeast of Lord Howe Island.   

DISTRIBUTION: Known only from Lord Howe Island and nearby Balls Pyramid (Fig. 

5.1).   

MATERIAL EXAMINED: Listed in Appendix D, Table S1.   

COMMENTS: Rhodymenia insularis is currently known only from Balls Pyramid and 

nearby Lord Howe Island and is superficially similar to R. novazelandica, the only other 

species of Rhodymenia we collected from Lord Howe Island (Fig. 5.1). Although both 

species feature dichotomously divided blades extending from elongated stipes and long 

stolons from which new blades typically arise, R. insularis has more medullary cell 

layers and is thicker in cross section than R. novazelandica.   

 

Rhodymenia lociperonica Filloramo & G.W. Saunders, sp. nov. (Figs 5.5a,b) 

DESCRIPTION: Thalli 1-4.5 cm in height with flat, dichotomously branched blades, 

individual blades 1-2 mm wide with rounded at times attenuate apices (Fig. 5.5a); stipes 

3-4 mm long with stolons extending from above the holdfast (Fig. 5.5a). Blades 240-250 

µm thick in transverse section with (-3) 4 medullary layers of round cells (51-65 µm in 

diameter) and a single at times two inner cortical layers of elongated cells subtending a 

single layered outer cortex of small, round darkly staining cells (Fig. 5.5b). Reproductive 

structures not observed.  

HOLOTYPE: UNB GWS025412, growing on a rock at 2.5 m depth, G.W. Saunders & 

K. Dixon, 13 November 2010.  

COI-5P BARCODE: GenBank accession KT781938.  
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ISOTYPES: Specimens UNB GWS025411 and UNB GWS025430 (Appendix D, Table 

S1).  

TYPE LOCALITY: Pt. Peron, Western Australia, Australia.  

ETYMOLOGY: Named after the type locality Pt. Peron.   

DISTRIBUTION: Known only from Western Australia (Fig. 5.1).   

MATERIAL EXAMINED: Listed in Appendix D, Table S1.   

COMMENTS: Rhodymenia lociperonica is known from Pt. Peron and Canal Rocks in 

Western Australia where the only other species of Rhodymenia uncovered from Western 

Australia, R. novahollandica, has also been collected (Fig. 5.1). Both species inhabit the 

subtidal and grow on invertebrates or rocks. Although R. lociperonica and R. 

novahollandica may be confused in the field, R. lociperonica has a thicker medulla and 

thinner cortex than R. novahollandica.   

  

Rhodymenia norfolkensis Filloramo & G.W. Saunders, sp. nov. (Figs 5.5c,d) 

DESCRIPTION: Thalli clumped, sprawling and decumbent, 2-8 cm in dimension with 

flat regularly dichotomously branched blades arising from stipes (12.5-18 mm long) 

attached to substrate by a small discoid holdfast, stolons typically giving rise to new 

stipitate blades (Fig. 5.5c); individual blades 1-4 mm wide with typically broadly 

rounded apices, at times attenuate (Fig. 5.5c). Blades 105-160 µm thick in transverse 

section with typically 3-4 layers of medullary cells (40-55 µm long x 22.5-42.5 µm 

wide) grading to a single inner cortical layer of smaller, elongate darkly staining cells 

(10 µm long x 6-7.5 µm wide) subtending a single outer cortical layer of round darkly 

staining cells (Fig. 5.5d). Reproductive structures not observed.   
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HOLOTYPE: UNB GWS034326, growing on rock at 17 m depth, G.W. Saunders & K. 

Dixon, 27 November 2012.  

COI-5P BARCODE: GenBank accession KT781979.  

ISOTYPES: Specimens UNB GWS032489, UNB GWS034321, UNB GWS034329, 

UNB GWS034333, UNB GWS034352 deposited in UNB (Appendix D, Table S1).  

TYPE LOCALITY:  Little Organ, Norfolk Island, Australia.   

ETYMOLOGY: Named for its status as the only species of Rhodymenia currently 

known from Norfolk Island.   

DISTRIBUTION: Known only from Norfolk Island (Fig. 5.1).   

MATERIAL EXAMINED:  Listed in Appendix D, Table S1.   

COMMENTS: Rhodymenia norfolkensis is distinguished primarily by biogeography as 

the only confirmed species of Rhodymenia from Norfolk Island (Fig. 5.1). Rhodymenia 

norfolkensis is superficially similar to its closest relative R. insularis (Table 5.1) from 

Lord Howe Island and nearby Balls Pyramid. However, R. norfolkensis is thinner in 

cross section with fewer medullary cell layers.    

   

Rhodymenia womersleyi Filloramo & G.W. Saunders, sp. nov. (Figs 5.5e-h) 

DESCRIPTION: Thalli 0.8-4.3 cm in height with flat, flabellate, regularly 

dichotomously branched blades, individual blades 0.8-3.5 mm wide with rounded apices, 

stipes 0.5-1 mm long, attached to substrate by discoid holdfast, stolons typically 

extending from above the holdfast (Fig. 5.5e). Blades 130-150 µm thick in transverse 

section with 2-3 layers of large round medullary cells (35-50 µm in diameter) grading to 

a single inner cortical layer of smaller axially elongated cells subtending a single outer 
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cortical layer of small, round darkly staining cells (at times a second incomplete layer 

present) (Fig. 5.5f). Spermatangial sori formed at blade apices on both surfaces, 

spermatangia 3 µm long x 2.5 µm wide (Fig. 5.5g). Tetrasporangial sori formed at blade 

apices on a single blade surface, cruciately divided tetrasporangia (35-40 µm long x 18-

20 µm wide) borne on cells of the inner cortex and embedded in the cortex (Fig. 5.5h). 

Cystocarps unknown.   

HOLOTYPE: UNB GWS032769, growing on invert at 5 m depth, by G.W. Saunders & 

K. Dixon, 11 December 2012. Images of the holotype shown in Figs 5.5e,h.  

COI-5P BARCODE: GenBank accession KT781966.  

ISOTYPES: Specimens UNB GWS032741 (male gametophyte) and UNB GWS032742  

(tetrasporophyte) (Appendix D, Table S1).   

TYPE LOCALITY: Mutton Bird Island (North), Coffs Harbour, New South Wales, 

Australia ETYMOLOGY: Named after H.B.S. Womersley in recognition of his 

significant contributions to understanding the red algal flora of southern Australia 

including the genus Rhodymenia.   

DISTRIBUTION: South Australia and New South Wales (Fig. 5.1).   

MATERIAL EXAMINED:  Listed in Appendix D, Table S1.   

COMMENTS: Rhodymenia womersleyi was collected from the subtidal (0.5-5 m) and 

low intertidal pools and is distinguished from other Australian species of Rhodymenia by 

its extremely short stipe and bushy, turf-like appearance. Although this species is 

predominantly encountered in New South Wales, a single collection from South 

Australia suggests a wider distribution (Fig. 5.1).  
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Discussion  

Although a variety of vegetative criteria have been used to differentiate species of 

Rhodymenia, members of this genus can exhibit extensive variability in habit and thallus 

thickness in cross section, which complicates accurate species-level identification 

(Sparling 1957; Womersley 1996). Owing to the previous, greater emphasis has been 

placed on features of the tetrasporangia for delineating Rhodymenia species (Agardh 

1876; De Toni 1900; Dawson 1941; Sparling 1957). Although effective when 

reproductive material is acquired, reliance on tetrasporangial features (or any 

reproductive character) becomes problematic when fertile material is lacking. Of the 

twelve Australian genetic species groups resolved in the current study (a total of 188 

individuals), tetrasporophytes were represented in only three species: R. novahollandica 

(n= 11), R. prolificans (n= 2) and R. womersleyi (n= 3). While R. novahollandica 

featured tetrasporangial sori on both blade surfaces, R. prolificans and R. womersleyi had 

tetrasporangial sori on a single blade surface. The latter two species were differentiated 

based on tetrasporangia size with smaller tetrasporangia for R. prolificans when 

compared to R. womersleyi. Indeed, when reproductive material was collected, features 

of the tetrasporangia were a reliable means of species identification; however, the 

scarcity of fertile material for most of our genetic species groups limited our ability to 

identify collections using these features.   

By using MAAT, we objectively assigned all of our Australian collections to one 

of twelve genetic species groups in the genus Rhodymenia. While five of these groups 

were assigned to previously established Rhodymenia species, the remaining seven were 

distinct from existing species and described as novel taxa.   
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Most of the genetic species groups that we resolved were characterized by typical 

red algal COI-5P intraspecific variation (0-0.6%; Saunders 2005); however, COI-5P 

divergence was uncharacteristically high for R. novahollandica (1.65% maximum 

divergence, Table 5.1), R. wilsonis (2.4% maximum divergence, Table 5.1) and the novel 

species R. womersleyi (1.06% maximum divergence, Table 5.1). Our findings for R. 

novahollandica and R. wilsonis were consistent with Saunders & McDonald (2010) who 

reported that within each respective species COI-5P intraspecific variation was high and 

characterized by a biogeographical split between mainland Australian and Tasmanian 

collections. Subsequent assessment of the internal transcribed spacer (ITS) indicated that 

the mainland and Tasmanian populations for both R. novahollandica and R. wilsonis 

represent single species groups (Saunders & McDevit 2012). For each species group, 

high COI-5P intraspecific variation likely resulted from isolation between the mainland 

and Tasmanian populations followed by a collapse in those boundaries and the 

reoccurrence of successful interbreeding or past incomplete lineage sorting (Saunders & 

McDevit 2012).   

Rhodymenia womersleyi was represented by a single collection from South 

Australia as well as collections from Sydney, New South Wales (n= 2) and Coffs 

Harbour, New South Wales (n= 6) (Fig. 5.1). Collections from Sydney and Coffs 

Harbour were resolved as two slightly divergent clusters (6-7 bp differences). The single 

South Australian representative of R. womersleyi was more similar to the Sydney 

collections (3 bp differences) than to those from Coffs Harbour (5-6 bp differences). 

Despite the variation among representatives of this species, analysis of ITS data indicated 

a single ITS type (Appendix D, Table S1). Owing to the previous, the observed COI-5P 



 

196 

  

variation reflects population level differences possibly retained from a previous period of 

isolation.  

Although collections assigned to R. gladiata were resolved with low intraspecific 

variation (0.46%, Table 5.1), analysis of the COI-5P alignment (664 bp) indicated a 

biogeographical split between collections from New South Wales (n= 6; 0-1 bp 

differences) and those from Victoria (n= 7) and Tasmania (n= 4) (0 bp differences; Fig. 

5.1). Between these two clusters there were 2-3 bp differences, which is a typical amount 

of variation within a single species; however, we also observed morphological 

differences between the New South Wales specimens and those in the Victoria/Tasmania 

cluster, which were thicker in cross section and had a greater number of medullary cells 

layers.  Further assessment of this complex using ITS was warranted to determine if a 

single species or two closely related species should be recognized. The ITS data for 

representatives of each cluster were essentially identical (0-1 bp differences across ~700 

bp) and indicated a single species with anatomical differences possibly resulting from 

abiotic factors (e.g., salinity, temperature, water motion).   

Saunders & McDonald (2010) originally questioned the distinction of R. prolificans 

and R. stenoglossa after resolving low interspecific divergence based on COI-5P. The 

current study attempted to assess further these species using the ITS; however, 

amplification of this marker failed for our single collection of R. stenoglossa. Despite the 

previous, we propose that these entities should be maintained as distinct species based on 

biogeography (Fig. 5.1) as well as morphological differences in overall habit and 

vegetative construction. Whereas R. stenoglossa had narrow, linear blades and a cortex 

comprised of 2-3 outer layers and a single inner layer, collections of R. prolificans had 
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numerous marginal proliferations, a cortex of two layers and lacked an inner cortical 

layer.   

 The species R. leptophylla was originally described from New Zealand by J. 

Agardh (1878) and has been widely reported from Australia including from Lord Howe 

Island (Millar & Kraft 1993), mainland New South Wales (Millar 1990; Millar & Kraft 

1993; Womersley 1996), Norfolk Island (Millar 1999), Queensland (Lewis 1984; Cribb 

1996; Womersley 1996; Phillips 2002; Bostock & Holland 2010), South Australia 

(Womersley 1996) and Tasmania (Womersley 1996). Womersley (1996) noted that while 

some of the Australian specimens assigned to this species agreed well with those from 

New Zealand, the plants from southern Australia were variable in size and branching. 

Saunders & McDonald (2010) temporarily assigned two divergent genetic groups (one 

from Lord Howe Island and the other from Tasmania) to R. leptophylla according to their 

overall gross morphology (notably the occurrence of slender stipes and basal stolons). In 

an effort to assess if these morphologies represented a single species group and to clarify 

the geographical boundaries of R. leptophylla, we included in our DNA barcode analysis 

a New Zealand specimen consistent in habitat and morphology (Appendix D, Table S1; 

Figs 5.3a,b) with the protologue of R. leptophylla. This collection failed to resolve with 

any of the Australian Rhodymenia genetic species groups (Table 5.1; Fig. 5.2). Owing to 

the previous, R. leptophylla could not be confirmed in Australia despite its reportedly 

wide distribution (Fig. 5.1). While it is possible that R. leptophylla exists in Australia but 

was not represented in our collections, this seems unlikely owing to the extensive 

sampling efforts in Australia by the second author over the past 25 years. If R. 

leptophylla does indeed extend into Australia, it is likely not as widespread as previously 
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reported. Previous reports of this species from Australia were more likely representatives 

of some of the novel species described herein, (e.g., R. contortuplicata and R. insularis) 

many of which feature the slender stipes and basal stolons historically recognized as 

typical of R. leptophylla.   

  Although R. leptophylla was not confirmed in Australia, another New Zealand 

species, R. novazelandica, was assigned to some specimens from Lord Howe Island (Fig. 

5.1). Recognition of this species in Australia has increased its known biogeographical 

range. Ultimately, molecular analysis of topotype material for this species will confirm if 

our collections indeed represent R. novazelandica; however, without any inconsistencies 

in morphology between the Lord Howe Island specimens and the type description of R. 

novazelandica, we consider our collections as representative of this species.   

Observation of collection information indicated that closely related species of 

Rhodymenia inhabited similar ecological niches. However, those species were typically 

biogeographically distinct. For example, although R. prolificans and R. stenoglossa 

inhabit exposed areas in the shallow intertidal, in our experience, the former is limited to 

Tasmania while the latter is restricted to Victoria (Fig. 5.1). Similarly, R. insularis and R. 

norfolkensis were collected from reef flats in the subtidal; however, R. insularis has only 

been encountered from Lord Howe Island while R. norfolkensis has only been collected 

from Norfolk Island (Fig. 5.1). The previous indicates that allopatry, rather than 

ecological separation, has likely played a significant role in speciation of Rhodymenia in 

Australia.    

Overall, MAAT using COI-5P provided clarification of species boundaries for the 

genus Rhodymenia in Australia. Moving forward, we advocate for a combination of 
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molecular, morphological and biogeographical data to identify Australian Rhodymenia 

species. MAAT assessments from less sampled locations in Australia (i.e., South 

Australia, Western Australia & Queensland) are needed as is a comprehensive 

molecular-assisted floristic survey of New Zealand species of Rhodymenia to determine 

the extent to which that country shares Rhodymenia spp. with Australia and possibly 

facilitate interesting studies regarding red algal speciation and distribution.    

 

Key to species of Rhodymenia in Australia  

1a. Blades compressed oval in cross section; New South Wales ..éé..é.. R. compressa 

1b. Blades flat in cross section éééééééééééé.......................................... 2 

 

2a. Blades predominantly linear or with few (1-2 times) dichotomies éééé.............. 3 

2b. Blades branched with more than 1-2 dichotomies ...ééééééééééééé 4 

 

3a. Stolons present, blades typically with predominantly lanceolate apices; plants 5-30 

mm tall; New South Wales, Victoria or Tasmania éééééééé............ R. gladiata 

3b. Stolons absent; apices rounded; plants 100-250 mm tall; Victoriaé.é R. stenoglossa 

 

4a. Blades with marginal or surface proliferations ...ééééééééééééé.é 5  

4b. Blades lacking marginal or surface proliferations ...éééééééééééé.... 6 
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5a. Blades with numerous marginal proliferations (sterile or fertile); numerous blades 

from clumped crustose holdfast; lacking mid-rib at lower blade; typically growing at low 

tide level or in tide pools; Tasmania .éééééééééééé.é....é R. prolificans 

5b. Blades with surface proliferations; blades developing from single discoid non-

crustose holdfast; slight mid-rib at lower blade; inhabiting tide pools, low intertidal or 

subtidal (1-15 m); South Australia, Tasmania or Victoria ..ééééééé R. wilsonis 

 

6a. Collected from mainland Australia or Tasmania éééééééééééé..é. 7  

6b. Collected from Lord Howe Island or Norfolk Island éé..ééééé.éééé. 10 

 

7a. Blades arising from elongated stipes (11-30 mm long) that form an entangled network 

with stolons; Tasmania é.é...........éééééééé....................... R. contortuplicata 

7b. Blades developing from less prominent stipes that do not become entangled with 

stolons éééééééééééééééééééééééééééééééé 8 

 

8a. Blades 240-250 um thick in cross section at midthallus; ~4 layers of round medullary 

cells (51-65 um in diameter) éééééééé..é...ééééééé.. R. lociperonica 

8b. Blades < ~240 um in cross section at midthallusééééééééééééé.é 9 

 

9a. Blades 180-220 um in cross section; 4-6 medullary layers of compact cells, 1-2 inner 

cortical layers and 2-3 outer cortical layers; tetrasporangial sori band-shaped; widely 

distributed from South Australia, Tasmania, Victoria and Western 

Australiaéééééééééééééééééééééééé.. R. novahollandica 
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9b. Blades 130-150 um in cross section with 2-3 layers of medullary cells, a single inner 

cortical layer and single outer cortical layer; tetrasporangial sori oval-shaped; collected 

from New South Wales or South Australiaéééééééééééé... R. womersleyi 

 

10a. Collected from Lord Howe Island ééééééééééééééééé...é 11 

10b. Collected from Norfolk Island; plants clumped, sprawling and decumbent; blades 

105-160 um in cross section with 3-4 layers of medullary cells ééé. R. norfolkensis 

 

11a. Blades 170-190 um thick in cross section at midthallus; 4-5 layers of round 

medullary cells (35-52.5 um in diameter)é...éééééééééééé R. insularis 

11b. Blades 100-160 um thick in cross section at midthallus; 2-3 layers of round 

medullary cells (30-40 um in diameter) ...ééééééééééé.... R. novazelandica 
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Table 5.1 Intraspecific COI -5P divergence and distance to nearest neighbor for 

Australian Rhodymenia species included in this study. 

Species Max 

intraspecific 

divergence (%) 

Nearest neighbor 

species 

Distance to 

nearest 

neighbor (%) 

R. compressa (n= 2) 0.15 R. novazelandica 8.66 

R. contortuplicata (n= 7) 0 R. prolificans 3.09 

R. gladiata (n= 17) 0.46 R. leptophylla 6.58 

R. insularis (n= 9) 0.30 R. norfolkensis 4.90 

R. leptophylla (n= 1)a N/A R. gladiata 6.58 

R. lociperonica (n= 4) 0.15 R. norfolkensis 6.20 

R. norfolkensis (n= 10) 0.15 R. insularis 4.90 

R. novahollandica (n= 92) 1.65 R. prolificans 5.86 

R. novazelandica (n= 4) 0 R. lociperonica 6.56 

R. prolificans (n= 11) 0.61 R. stenoglossa 1.09 

R. stenoglossa (n= 1) N/A R. prolificans 1.09 

R. wilsonis (n= 22) 2.40 R. prolificans 5.86 

R. womersleyi (n= 9) 1.06 R. contortuplicata 7.55 

 

a single collection from New Zealand. 
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