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ABSTRACT

The asessment of biological diversity and understanding the evolutionary history of
organisms is integral to understanding life on earth. The Rhodymeniales isdefiretd
red algal order for which interfamilial relationships are incompletely understood and
species identification is complicateg the inability of traditional morphologipased
approaches to reconcile convergent features and phenotypic plasticity. In this thesis, |
used an integrativeaxonomicapproackcombiningmolecular and morphological
tedniques to addreshodymenialeaphylogenetic relationships andespes diversity. |
implementednulti-genephylogenetics and skgtrippinganalysedo uncoverreasonable
support for interfamilial relationships within the Rhodymeniales for the first thagart
of thatstudy, | established the phylogenetic assignmesbofetaxa(Binghamiopsis,
ChamaebotrygViinium) previousy missing from molecular analyses, restored
monophyly to notoriously polyphyletic gendyg establishindg?erbellagen. nov. and
Fushitsunagiagen. nov, and described three novel Australian specid3rotietia (D.
aggregatasp. nov.D. scutellatasp. nov.D. viridescensp. nov.)afterclarifying
tetrasporangiadevelopment for that genuslentification of recently collected material
from Australia as the generitype loéptofauchedacilitated a reexamination of that
genusand its constituent speciesullgene phylogenetics provided support for
Leptofaucheas a monophyletic genus for thst time. Additionally, inconsistencies
with published accounts of sorheptofauchea&pecies were clarified and two novel
speciegL.cocosanap. nov.L. munseumicap. nov.)assigned to that genugere
recognizedA molecularassisted alpha taxonomacp pr oach empl oying t he

mitochondrial cytochrome c oxidase subunit | (€8P)) DNA barcode was implemented



to reassess species diversity and redefine inaccurate or inadequate species concepts for
rhodymenialean taxa in British Columbia. | ras 16 species in 10 genera where 13
species in 1fenera were previously reporteshcovering underestimated diversity for
the generdotryocladia, Faucheocolax, Fryeella, GloiocladiadRhodymeniaThe
previousnecessitad ataxonomic transfefFryeella callophyllidoidescomb. novfor
Rhodymenia callophyllidoidgsthe resurrection ad previously synonymized species
epithet(R. rhizoideyand the establishment of novel tg8a hawkesisp. nov.R.
bamfieldensisp. nov.) That study also included reassessment of anatomical
developmentor the monospecific genddinium. Lastly,a comprehensive floristic
survey of the genukhodymenidrom Australia was performed usimgolecularassisted
alpha taxonomyvith COI-5Pand ITS segence data as tlgeneticmarkes. Whereas

five species were previously reportedesolved 12 genetic grougsour of those groups
were attributed to previously recognized species, whereas some collections were
attributed to a New Zealand speciBs nowazelandicaexpanding its biogeographical
range. Theemainingseven genetic groups were inconsistent with existing species of
Rhodymeniand established as novel tafa compressap. nov. R. contortuplicatasp.
nov.,R. gladiatasp. nov.R. insularissp. nov.R. lociperonicasp. nov.R. norfolkensis

Sp. nov, R. womersleysp. nov.)
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Chapter 1 General Introduction



Humanki ndds desi r e chtegoridd ligng thimgs traces ilseoptsto i be a
early huntergatherer 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 18 century, Linnaeus deloped a system of binomial nomenclature that
provided the first standardized common laage for the naming of species, whial
the framework for a system of hierarchal classification based on common characteristics
(Paterl ini 200 &qgry.of ekotutior nevolutibn&edwhe manser it 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 asthentific fields of taxonomy
(i.e.,the practice of describing, classifying and naming living organisms) and
phylogeneticsi(e., the practice of inferring evolutionary relationships among taxa),
which are considered fundamentamponents ofmodern sciece (Hebert 2003). Indeed,
an understanding of Earthodéds biodiversity a
provide a reliable foundation for population studies, ecological assessments and
conservation efforts (Costello et al. 2013). Recent studigl®bal species diversity have
predicted that there may be 53million species on Earth; however, only ehed of
those species have been identified and there has been a substantial bias towards terrestrial
vs. marine life (Mora et al. 2011; Appeltaat al. 2012; Costello et al. 2013). In an era of
global changes that threaten marine environmengs,habitat loss, hunting, harvesting
and climatechange induced acidification, stratification and deoxygenation (Brook et al

2008; HoeghGuldberg & Bruno 2010)], there is increased pressure to raidisance



our understanding of marine biodiversity so that it can be managed prapérly
organismal prosperitsnay endurdGamfeldt et al. 2015).

The Rhodophyta or red algae are commonbitaats of marinenvironments
They are integral to the stability of marine ecosystems and support unigue communities
of marine organisms. Economically, some red algal species have been cultivated for use
in the human food industry, to foster marine fisheries, suppoacatjure and produce
pharmaceuticaland fertilizersOur ability to continue utilizing red algae as an important
naturalresource requires a thorough understanding of their diversity and evolution over
time (Woelkerling 1990; Graham & Wilcox 2000)

Redalgae 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 frm 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 fnycobilisomes on thylakoids, angerhaps most uniquely, the absence of
centrioles and flagella in all stages of their life history (Pueschel 188k et al. 1995;
Ragan & Gutell 1995). Currently there are an estimated 7000 species in roughly 700
generaattributed to the red algae (Guiry & Guiry 2016).

Traditionally, red algal classification has relied on a morphelmaged approach;
however, that has presented a number of difficulties when applied to this group (Saunders
2005; Le Gall & Saunders 2007)e®algae are morphologically simple organisms

providing few chaacters for taxonomic comparison (Saunders 200BhoAgh



reproductive criteria may be useful fistinguishing taxathose features become

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

red algae may be phenotypically plastie.(they have varied morphologies resulting

from different environmental factors) or can have an alternation of heteromorphic
generations, which may result in overestimated spetiersity. 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 2088ditionally, morphological assessment

is highly subjective and individual misinterpretations of anatomical and reproductive
structures has likely served to exacerbate taxonomic confusion over time (Radetlovici

al. 2010).

As a result of the numerous challengssociated with traditional morpholeggsed
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 evolaawoy relationships (Saunders 2005; Cianciola.et al
2010). At t he speci eesusihgeashoit, stanfialdlidedl pdotianrot o d i n
DNA to assign specimens to distinct genetic spegiegpsaccording to the degree of
nucleotide similarity) habeen championed as an effective means for accurate species
identification and discovery (Hebert 2008)h e exi st ence of a fAbarcoa
inter- and intra specific genetic variation (i.e. interspecific variation should be greater

than intraspecifiwariation) 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,
4



including the red alga¢ypicallyut i | i ze a 664 bp region at
mitochondrial cytochrome c oxidase subunit | (€8P) gene to assign collections to
distinct genetic species groups (Saunders 2005, 2B@chondrial markers are
recognizeds 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 o
nuclear gene@alumbi & Cipriano 1998)As a result, genetic drift.e., fixation of

mutations in a populatior@ds much faster at mitochondrial loci acldsely related

species are more likely to have fixeglguencelifferencesat mitochondrialgeneregions

than they are atuclear loci(Neigel & Avise 1986; Palumbi & Cipriano 199&nalysis

of intra- and inter specific variation rates in CE&AP data for red algal species has
indicated that the typical thresholds for intaad inter specific divegence are-0.5%

and >4%, respectively (Saunders 20@xher markers that are informative at the species
level includehe3 6 end of t h-EB5bipHospkateicadboxylasée lardesudenit
(rbcL-3P) and theauclear internal transcribed spacer (ITBJthrbcL and ITS may be
usedas complement to CE&3P data to confirm species identificatiq®@aunders &

Moore 2013)As ITS is biparentally inherited, that marker can provide insight into
hybridization and introgression between populations and beqoangsularly useful for
assessing species boundaries when-iotranter specific divergence is resolved between
0.54% (e.g.,McDevit & Saunders 203MHind & Saunders 201Bavoie & Saunders

2015). It is imperative to emphasize that current red algadriamy 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
5
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genetic species in a+fssiaggpaloplcd t &@x oneadmyiono|
(2005); popularized as AMAATO in Cianciol a
MAAT is that once taxonomists are equipped with morphological characters for each
molecularly supported species, they may then refer to taxorgaides 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 uddaestgrhylogeny.

Over the past 205 years,tie number of markers available for phylogenetic inference

has increased substantially and phylogenetic studies have rifossthuclear, plastid

and mitochondrial markethatare most useful at variot@xonomic levels (Maggs et al.
2007; Verbruggen et al. 2010). Mitochondrial and some plastid maekgrghe
mitochondrial COI5P & plastid ribulosel,5-biphosphate carboxylase large subunit

(rbcL)] have the highest resolution at lower taxonomic leaels 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 plastife.g., photosystem Il thylakoid embrane protein DJpgbA] and

nuclear markerge.g., elongation factor 2 (EF2) l&rge subunit ribosomal DNA (LSU)]
(Maggs et al. 2007). While past red algal phylogenetics inferred evolutionary
relationships from a single gene or multiple single geneogjeylies, those analyses
typically lacked confidence in deeper nodegy(,Saunders et al. 199Recent

phylogenetic approaches seldom rely on single gene phylogenies in preference for the
concatenation of multiple markers from mitochondrial, nucleampdestid genomes into

a single comprehensive, robust dataset from which evolutionary relationships can be
6



inferred using improved modéklsed phylogenetic inference techniqueeg.(Bayesian
Inferene and MaximumLikelihood) .g.,Dixon et al. 2015; Lamtel. 2016) Although

there are recommended divergence thresholds for delineation of red algae at the species
level (see above), at this time thé&se lack of standardization among taxonomic ranks
andmolecular thresholds for identifying and distingumsibetween higher taxonomic
categoriesre not recognizetbeyond 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 somewhiataayband reliant on the

discretion of taxonomists who mageshared morphological features as a secondary tool
to genetic datéor establishing genera, familiestc. (Avise 2008Avise & Liu 2011J).

Overall, the application of molecular tools to redahlgassification has
revolutionized, and at times challenged, our present understanding of red algal taxonomy
Genetic data hee alsoresulted in the need for revised species concepts that are more
consistent with evolutionary processes and mole@despectives (Nixon & Wheeler
1990) Rather thamecognizing species Bxclusively employingtraditional
morphological species concepe. species were distinguished based on discorigsuit
morphological variationjManhart & McCourt 1992; Leliaeet al 2014)contemporary
red algal taxonomdelimits speciedased on thanification of diversespecies
definitions(De Queiroz 2007)The process of MAAT employs tlgenotypicclustering
speciesconcefgti . e. , i denti fication of iswhehci es as
members of the same specasgenetically more similar to each other than to members
of other specieand lack intermediate formballet 1995) which may beeinforced

secondarif by themorphologicalspecies concepAdditionally, the genotypic clusters
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resolved via the molecular (DNA barcoding) component of MAAT are further
characterized by thghylogenetic species concépé. species are monopletic groups
of organisms diagrsable by qualitative, fixegeneticdifferencesNixon & Wheeler
1990; Mayden 1997 whichsupports 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 pesvideda
practical,accurate and conclusive system of red algal identification and historical
relationships while also indicating how greatly red algal biodiversity is underestimat
(Manhart & McCourt 1992; Davis 1996aunders 2005, 2008).

The red algal group of interest for this thesas the Rhodymeniales, a well
defined order of red algae belonging to the subclass Rhodymeniophyctiaeniost
speciegich red algal class,|érideophyceae (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 morphologiesciuding 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 andXanomic investigationse(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 &IcDonald 2010). At present, there are six families, ~47 genera and

over 300 species assigned to the Rhodymeniales (Guiry & Guiry 2016).



Members of the Rhodymeniales feature a triphasic red algal life history that is
common among florideophyte lineage(himersand & 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 alfive®y 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 classificadgireproductie 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), whichck flagella and rely on water currents for dispersal to the
female gamete (carpogonium) (Figure 1.2). The carpogonium is astiaged cell,
which is part of a fAcarpogonial brancho th
from a larger supportg (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 wherg 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
celldifer s among red al gal groups. AProcarpico
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 carposporarggiae(Ei4). 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 carposporanggl passively
in the water column and, after settling, give rise to thelive®y tetrasporophyte
generation (Figure 1.2). Tetrasporophytes produce tetrasporangia in sori or scattered over
the thallus. Each tetrasporangium undergoes meiotic divisipicgtly 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 generatiogure 1.2) (Hommersand &
Fredericq 1990).

All members of this order are distinctively procarpic wittoB4- celled
carpogonial branches and twelled auxiliary branches (the auxiliary cell and auxiliary
mother cell) (Figure 1.3) (Kylin 1931, 1956). 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 celislg 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). Bptneangia are either located throughout the

thallus or in discrete nemathecial sori [elevated, proliferous portions of the thallus that
10



also include sterile filaments (paraphyses) surrounding the developing tetrasporangia (Le
Gall et al. 2008)]. There apresently 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 groth of the outer cortical cells (Figure 1:6p (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)
composeddf 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
featuresemphasizedor taxonomic distinction have been highly contested (Bliding 1928;
Kylin 1931, 1956; Sparling 1956; Lee 1978). Owing to the preytbissorder 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 tetrasporargand paraphyses, tetrasporangial division patterns and the
number of cells in the carpogonial branch (Table 1.1) (Saundersle88t Le Gall et al.
2008). These initial molecular phylogenetic studies were significant in providing a solid

framework fornumerous subsequent taxonomic assessments of rhodymenialean genera
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and speciee(g.,Saunders et al. 2006; Dalen & Saunders 2007; Sau&ddconald

2010); however, thosstudies were unable to resolve relationships at the family level
potentially owingto an inability to gain appropriate signal at the deeper nodes of interest
(Saunders et al. 1999; Le Gall et al. 2008). Receth®yphylogenetic reconstruction
methodo f & ¢ ir ti gftipeisystgnaatic removal of quickly evolving sites, which as a
resut of substitution saturation introduce stochastic noise that overwhelms the signal of
the historically informative, more slowly evolving sités addressed the challenge of
retaining signal at deeper nodes &agprovided 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 elidionary relationships and assess species diversity (notably
from the biologically diverse areas of Australia and western Canada) among the
Rhodymeniales. In Chapten 2eassesseslipraordinal relationships among families of
the Rhodymeniales by increagitaxonomic representation (the most comprehensive
phylogenetic assessment of the order to date), constructing a comprehensive multigene
dataset of mitochondrial [cytochrome B (COB) & COI/C&R], nuclear [EF2 & large
subunit ribosomal DNA (LSU)], and @ad (psbA& rbcL) markers, and implementing a
fastsite removal reconstruction techniqiie., SiteStripper; Verbruggen 201®)
prevent phylogenetic inference problems assodiadéh substitution saturatiot
resolved the Rhodymeniales as two majoediges: (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 nodessfligig was significant as it provided
reasonable support for interfamilial relationships within the Rhodymeniales for the first
time. In this study, | included three genera absent from previous phylogenetic
investigations Binghamiopsis.K. Lee, J.A. Wes& HommersandChamaebotrys
HuismanandMinium R.L. Moe) and provided solid phylogenetic support to confirm their
respective familevel assignments (LomentariaceRaodymeniaceaand Fryeellaceae,
respectively). In addition, | assessed two gettgiwereconsistently polyphyletic in
phylogenetic analyseErythrymeniaandLomentaria,and proposed the novel genera
Perbellagen. nov. andrushitsunagiagen. nov. to restore monophyly. | reinvestigated the
taxonomic position of the genlisouetiaG. De Toniby reexamining holotype material
of the generitype species and clarifying tetrasporangial development in this Igestiys.
| recognizedhree noveDrouetiaspecies in AustraliedD. aggregatasp. nov.D.
scutellatasp. nov., and. viridescensp. nov

In Chapter 3 usedmolecularassisted 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 (HaBkage
1986), COI5P andbcL-3P dataresolved 16 genetic species groups in 10 genera. |
confirmed the presence of species previously reported from this locale and also
uncovered overlooked diversity for the genBadryocladia(J. Agardh) Kylin Fryeella
Kylin, GloiocladiaJ. AgardnandRhodymeni&reville, whichwarranted the description
of three novel specie8( hawkesisp. nov.,G. vigneaultiisp. nov. andR. bamfieldensis
sp. nov), the resurrection Bf rhizoide<€.Y. Dawson and recognition &f

callophyllidoides(Hollenberg & I.A. Abbott) comb. novor the misplaced®Rhodymenia
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callophyllidoidesHollenberg & I.A. Abbott. | also uncovered genetic evidence
suggesting that there may be more species of the parasiticfpuntiseeocolaxSetchell
than curently recognized. Lastly, | reassessed anatomical development of the
monospecific genusliniumR.L. Moe and suggest thist. parvumR.L. Moerepresents a
diminutive blade rather than a red algal crust.

In Chapter 4 alsousedmolecularassisted alphaxanomy (employing CObP)
to assign recently collected specimens from Australia and South Korea to the genus
Leptofauche&ylin. One of the Australian collections was identified as the generitype
specied.. nitophylloidegJ. Agardh) Kylinand provided theecessary genetic data to
assess monophyly of this genus for the first time. | usgtlgane phylogenetic analysis
of COI5P, LSU andbcL data to demonstrate that species assigneeéptofauchean
previous studies were allied with the generitype in a solidly supported monophyletic
lineage. In this study, CE&8P data also revealed a second Australian species of
Leptofauchedrom the Cocos (Keeling) Islands, Indian Ocean, which | describked as
cocosanasp. nov. In addition, CGBP analyses resolved collections assignable to
Leptofauchedrom South Korea as two genetic species groups, which were recognized as
L. leptophylla(Segawa) Suzuki, Nozaki, Terada, Kitayama, Hashimoto & Yoshizaki and
the rovel species. munseomicap. nov. Finally, | discovered that GenBank entries for
two species ofeptofauchegreviously reported in the northwest Pacitic leptophylla
described from Japan ahdrhodymenioidedescribed from the Caribbean) are
conspeific (based orrbcL analyses) and morphologically assignablé.teeptophylla

In Chapter 5 tonducted @omprehensive floristic survey for the genus

Rhodymeni&reville from Australia using a molecukassisted alpha taxonomic
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approach. Whereas fivpacies oRhodymeniavere 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 specigs, viz.
novahollandicaG.W. Saundrs,R. prolificansZanardini,R. stenoglossa. Agardh &R.
wilsonis(Sonder) G.W. Saunders, while some collections from Lord Howe Island were
attributed to the New Zealand spedresnovazelandic&.Y. Dawson expanding its
biogeographical range. | found that the remaining seven genetic groups were inconsistent
with existing species dkhodymeniand described those groups as novel tRxa:
compressap. nov. R. contortuplicatasp. nov.R. gladiat sp. nov.R. insularissp. nov.,
R. lociperonicasp. nov.R. norfolkensisp. nov.andR. womersleysp. nov. Although
morphological features and biogeography were recognized as adequate for distinguishing
some species d&thodymenial suggest DNA sequeing in combination with
morphology and biogeography as the most reliable means of identification.

Appendix E and Appendix F include additional researchiltbanhducted and
published while completing my thegisojects For Appendix E | useda multigene
phylogenetic assessment that implementedssitpping 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), sequendectatave
molecdar markersand phylogenetic analyses removing the most variitge (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 gen
and a novel speciedl assigned to the Rhodymeniophycidger Appendix F, | used

DNA barcoding to compare Northwestern Pacific specimetiseofed algal species
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Callophyllis radula, Callophyllis rhynchocarpa, Pterosiphonia bipinnata 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 Pacifi: fadula C.
rhynchocarpaandP. bipinnata Comparison of Northwest to Northeast PacHigertusa
revealed COBP variation consistent with incipient speciation between these two regions;
however, subsequent analysis of the ITS2 provided evidence for recognitiomgiea s
species with a paNorth Pacific distribution. Our results indicated greater floristic

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

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

Table 1).
Female Tetrasporangia
Number of cells in| Division Ontogeny
the carpogonial pattern
branch
Champiaceae 4 Tetrahedral Directly from existing
cortical cells
Faucheaceae 3 Cruciate Adventitious growth of
cortical cells
Fryeellaceae 3 Cruciate or Adventitious growth of
Tetrahedral cortical cells
Hymenocladiaceae 4 Cruciate or Directly from existing
Tetrahedral cortical cells
Lomentariaceae 3 Tetrahedrai Adventitiousgrowth of
cortical cell$
Rhodymeniaceae 3or4 Cruciate Directly from existing
cortical cells

! The genueratodictyoris 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.omentaria.
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Figure 1.1 Members assigned to the Rhodymeniales are morphologically diverse
including: a) large expansive blades, b) delicate, foliose thalli, ¢) anastomosing,
peltate or stellate blades, and {J €) mucilage filled sacs of varying seeand number.

All scale bars = 25 mm.
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Figure 1.2 A generalized schematic of the triphasic lé history of the Rhodymeniales
that includes an isomorphic alternation of generations includinggametophyte (1N),

carposporophyte (2N), and tetrasporophyte (2N) phases.
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auxiliary
mother cell

supporting cell

Figure 1.3 The procarp for Sparlingia pertusdeaturing a 3-celled carpogonial
branch (carpogonium and trichogyne labelled) and Zelled 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 presenceteta arachnoideaa)
Mature cystocarp of Rhodymeniasp.with hollow cavity surrounding the
carposporophyte (csp). Scale bar = 300 um. b) Mature cystocarp Gloiocladiasp
showing the carposporophyte (csp) that is surrounded by wellefinedtela

arachnoidea(ta). The ostiole (0) 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) tetrahedrgfor b and d, only three tetraspores
are visible in one view and the dotted lines indicate the tetraspore that is not

observable.
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Figure 1.6 Modes of tetrasporangial/paraphyseal development used for
classifying rhodymenialean families. a) Tetrasporangial development for
Rhodymeniasp. showing tetrasporangial embedded in an unmodified cortex wit
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 duing nemathecial development foiFryeella
gardneribegins with swelling of the outer cortical cells (arrow), which produces
paraphyseal filaments (double arrows) composed of smaller cells (the number
cells varies per species). Scale bar = 15 um. c) Dugiearly nemathecial
development forFryeella gardneriparaphyseal filaments retain inflated basal
cells. Scale bar = 15 um. d) The basal paraphyseal cells eventually become
compressed (double arrows) as the tetrasporangia mature féiryeella gardneri
Scak bar = 15 um. e) Mature tetrasporangial nemathecium foLeptofaucheasp.
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 kd reproduced with permission from Dalen & Saunders

(2007).

30



Chapter 2 Application of multigene phylogenetics and sitestripping to

resolve intraordinal relationships in the Rhodymeniales (Rhodophyta)

Citation for published manuscrigtilloramo, G.V. & Saunders, G.W2016.
Application of multigene phylogenetics and ssteipping to resolve intraordinal

relationships in the Rhodymeniales (Rhodophytairnal of Phycology52: 339-355.
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Abstract

Previous molecular assessments of the red algal ofa=hReniales 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 mitochondrial (COB, COIl/CQ5bP), nuclear (LSU, EF2)

and plastid markerp$bA rbcL). Additionally, we aimed to prevent phylogenetic
inference problems associated with substitution saturation (particularly at the
interfamilial nodes) by removing fastolving sites and analyzing a series of
progressively more conservative alignmentse Rihodymeniales 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 209aridble sites were

removed. Inclusion dBinghamiopsis, ChamaebotrgadMinium, which were absent

in previous phylogenetic investigations, established their phylogenetic affinities while
assessment of two genera consistently polyphyletic in phylogemetigses,
ErythrymeniaandLomentariaresulted in the proposition of the novel genera
PerbellaandFushitsunagiaThe taxonomic position drouetiawas reinvestigated

with re-examination of holotype material Bt coalescen$o clarify tetrasporangial

development in this genus. In addition, we added three novel Australian species to
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Drouetiaas a result of ongoing DNA barcoding assessmeBtsaggregatasp. nov.,

D. scutellatasp. nov., an®. viridescensp. nov.

Introduction

The Rhodymeniales is a Wsestudied, speciesch 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 aingle branch system) and outward carposporophyte development.
Published phylogenetic analyses of florideophycean taxa regard the Rhodymeniales as
monophyletic and closely related to the Halymeniales and SebdeajeS&§unders &
Hommersand 2004, Witha& 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 lief summary of rhodymenialean systematics is provided
below; the reader is referred to Saunders €1.8P9) and Le Gall et aj2008) for a more
comprehensive review.

When Schmitz (1889) established the Rhodymeniales, he included six families:
Bonnemasoniaceae, Ceramiaceae, Delesseriaceae, Rhodomelaceae, Rhodymeniaceae
and Sphaerococcaceae. Soon after, all of those families were removed except for the
Rhodymeniaceae (Oltmanns 1904, Sjostedt 1926). Bliding (1928) subsequently added the
Champiaceae, whitwas 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
patterngtetrahedral 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).d Kyl in
further defined them by assigning subfami/l
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 , Loment ar i afamalackassificateresgstem was widedy accepted,;
however, some rhodymenialean genera featured diagnostic characters of more than one
family and, therefore, could not be classified confiderglyg.(Dictyothamnion,

Ceratodigyon, Gelidiopsis, Hymenocladia, Hymenocladiopsid Semnocarpasee

Saunders et al999).

The application of molecular techniques to systematic studies of the red algae has
enabled a more objective means of assessing evolutionary relationshipsivathin t
Rhodymeniales. Although rhodymenialean taxa were represented in some of the earliest
red algal molecular phylogenetic investigatioagy(,Freshwater et all994, Ragan et al.

1994, Saunders & Kraft 1994, Saunders & Kraft 1996), these studies onigedcl
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 &.9 9 ) . Chal |l efanglysysteemL ee 6s t h
Saunders et af1999) resolved the Rhodymeniales as six monophyletic assemblages
distributed in two major lineagdsthe 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, Saund¢€t9e9al.
emphasized reproductive features, including the number of cells in the carpogonial
branch, tetrasporangial cleavage patterns and tetrasporangial position foréaedily
classification Al t hough that study was &tiggpsfemant
classification for theitsRowoegrgsentationaef| es, 1t w
rhodymenialean taxa (both the absence of entire genera and many generitype species) and
lack of resolution among interfamilial nodes (Saunders &9819). Pooresolution was
partially due to gene choice as SSU displayed highly variable rates in some families,
which increased the potential for lebganch attraction artefacts (Saunders €1299).
In a subsequent study Le Gall et(@008) sought to circumvepbtential longbranch
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(@008) again reolved six fully
supported familfevel 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 20a8).

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
evolutionay time (Verbruggen et aR009, Pisani et aR012, Zeng et ak014). 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
signalat deeper epochs of interest will be enhanced and this approach may actually
increase the potential for systematic errors (Jeffroy @086, Sperling et aR009, Pick

et al.2010). One of the major challenges for resolving deep evolutionary relapenshi
overcoming issues associated with substitution saturation at quickly evolving sites
(Cocquyt et al2010). Typically deep phylogenetic nodes are recorded in the historical
signal of the more slowly evolving positions in an alignment; however, thbastc

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 (sistripping) is one technique that has bapplied to reduce
issues associated with systematic errors and substitution saturation to facilitate resolution
of deeper relationships (Ruilzillo et al. 1999, MorgarRichards et aR008, Cocquyt et

al. 2010). By removing quickly evolving sites, thgrsal to noise ratio is increased so that
the signal of the historically informative more slowly evolving sites is maximized
(Brinkmann & Philippe 1999, Waddell et 4999, Delsuc et aR005, Rodriguez

Ezpeleta et aR007, Kostka et ak008). The commahline 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 progressnaly conservative sub

alignments that can be analyzed by phylogenetic inference techniques (Cocquyt et al.
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2010). One of those stdlignments should have enough of the quickly evolving sites
removed while retaining sufficient signal to elucidate deepatioaships (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 projecthttp://dblab.rutgers.edu/redtol/home.plamd generating a more

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

and plastid §sbA& rbcL) markers; 2) to minimize phylogenetic inference problems
assocated with substitution saturation and improve resolution at interfamilial nodes by
assessing this dataset with a fsis¢ removal reconstruction technique (SiteStripper); 3)

to revisit the classification system proposed by Le Gall €2@08) based onup

generated topology; 4) to establish the phylogenetic affinities of some genera
(Binghamiopsis, ChamaebotrydMinium) absent from previous largeale

phylogenetic studies; 5) to assess genera consistently polyphyletic in published molecular
analysegnotablyErythrymeniaandLomentarig; 6) to reinvestigate the taxonomic

position of the problematic genlsouetia and, 7) to characterize novel taxa included in

our analyses.

Materials and Methods

Phylogenetic nalyses

Specimens used in phylogeneaditalysesAppendix A, Table S1) were pressed on

herbarium paper or dried in silica to serve as vouchers with subsamples preserved in
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silica for molecular analyses. Genomic DNA was extracted following Saunders &

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

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

cytochromec oxidase subunit 1 extended fragment or barcode region (COl ar8; Ol
respectively); the nuclear elongation factor 2 gene (EF@)nticlear largsubunit

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

(pshA); and the plastid ribulosg, 5-biphosphate carboxylase large subunit gebel{

(Appendix A, Table S1). Amplicons were sequenced by the GéQurébec Innovation
Centre and raw data were edited in Sequenc

Arbor, MI, USA) and aligned in Geneious R7 version 7.ht#j(//www.geneious.com

Kearse et ak012) with additioal sequences acquired from GenBafggendix A,
Table S1).

Six singlegene alignments were produced [COB (49% of ingroup taxa, 942 bp);
COI/COI5P (90% of ingroup taxa, 1232 bp); EF2 (72% of ingroup taxa, 1641 bp); LSU
(100% of ingroup taxa, 2588 of 2841 mcluded in analyses psbA (62% of ingroup
taxa, 953 bp) antbcL (89% of ingroup taxa, 1358 bpApendix A, Table S1)] and
analyzed independently using Bayesian inference and Maximum likelihood under the
GTR+I+G model with partitioning by codon fproteincoding 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 acrossphrtitions 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
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with sampling performed every 100 generations. The-buwas determined when both
analyses converged into the stationary phase. Maximum likelihood analyses were
performed using RAXML in Geneious R7 version 7.1.7 with apamrametric bootstrap
of 1,000 replicates.

All genes resolved congruent phylogeneglationships 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 alignmentas 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. Thetiwippartitioning
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) (Lanttal.2012) undethe 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 takeitess

70% (n= 25) complete by site.

Site Stripping
To assess the impact of substitution saturation on phylogenetic inferencpesitiec

rates were calculated for the multigene alignment using the program HyPhyetRdnd
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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
alignmentshat 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 evolutioras determined by PartitionFinder (PF). Branch support was estimated
by 1,000 norparametric bootstrap replicates.

To determine if sitestripping biases downstream analyses towards the phylogeny
used as a guide tree, we recalculated site rates usinggaratiVe starting tree topology
(Appendix A,Supplementary Fig. S1) that was generated using a neighbiog
analysis under the HKY genetic distance model in Geneious R7. The resulting site rates
were used by SiteStripper to generate a series ofigabents, which were analyzed by
RAXML. To assess the neighbmining tree against the original starting tree (Bayesian
Inference tree with partitioning by gene and codon), the ShimeHaiwas e g aw-f& t es't

ho option) was i mplemented using RAXML.

Barcoce analyses

A total of 16 collections field identified to the geridsouetiawere collected from the
subtidal in Coffs Harbour, New South Wales, Australia (T@d¢ and dried in silica gel

with voucher preservation, DNA extraction, and amplificatio, 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 analpye@hydrating 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 withlgidtwater 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

Molecularresults

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+& wit
partitioning by gene and codon. Then, analyses were performed again according to the
model (GTR+I+G) and partitioning scheme (LSU) (COB1) (CO&hAL) (COB3,

COI3) (COI1,rbcLl1) (COI2,psbA, rbcL2) (EF21) (EF22) (EF23)psbA3) (rbcl3) as

determined byartitionFinder. The phylogram inferred by ML analysis with partitioning

41



by gene and then codon is presented (&iD. with bootstrap support values shown for
subfamilial branches. Familial and interfamilial branch support are presented separately
(Table2.2). The topology in Fig2.1 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) (T&)lePdsterior
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 péitbhyione
gene and codon rather than the partitioning schemes as defined by PartitionFinder (Table
2.2). Exclusion of incomplete taxa (both thos&G% and < 70% complete by site;
Appendix A,Table S1) did not change the tree topology (Eifj) and had littlempact

on posterior probabilities and bootstrap support values (data not shown). Maximum
likelihood analyses of the progressively more conservativeabgbments (partitioned

by gene and codon only) produced the same tree topology2(Ej@s analysesf 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.€.,80% of the sites were retained). The resuiltthe
ShimodairaHasegawa test indicated that the neigkhboning guide tree topology
(likelihood-144156.83; Appendix Arig. S1) was significantly different (p<0.01) than

the Bayes guide tree topology (likelihoddt3596.69). Despite the previous, o$¢he
neighbo¥joining topology as the guide tree for calculating sites rates did not impact
downstream sitstripping analyses as support for interfamilial and familial branches was

consistent with SiteStripping analyses that used a Bayes guide tree.
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All analysesi(e., full alignment, sitestripped alignments, those for which
incomplete taxa were removed) solidly resolved the Rhodymeniales (branch 2 1Fig.
Table 22) as comprised of six monophyletic families distributed in two major lineages.
Thefirst lineage (branch B, Fi@.1) was strongly resolved in all analyses and included
the Faucheaceae (branch G, R4), Fryeellaceae (branch D, Fi1) and
Lomentariaceae (branch F, Fi§1). The second lineage (branch C, R4.) included
the Chanpiaceae (branch J, Fig.1), Hymenocladiaceae (branch K, Fxgl) and
Rhodymeniaceae (branch H, Figl) and was variably supported in analyses of the full
alignment; however, support at branch C increased (up to 75%, Tap&s 2juickly
evolving sies were removed. Within the first lineage the sister relationship of the
Faucheaceae to the Lomentariaceae (interfamilial branch E.Ejgvas fully supported
across all analyses (Table2R Within the second lineage, the Champiaceae was
moderately reslved (Table 2) as sister to the Hymenocladiaceae (interfamilial branch 1,
Fig. 2.1). Support at branch | (Fig.1, Table 22) initially decreased (down to 71%,

Table 22) when 5% of the quickly evolving sites were removiesl 5% of the sites

were etained) and continued to fluctuate up and down with the generation of each sub
alignment; however, support was highest (81%, Taldewhen 20% of the sites were
eliminated.

Analyses resolved phylogenetic relationships for genera included in a molecular
context for the first time. The monospecific geBirsghamiopsisvas positioned within
the Lomentariaceae and strongly associated igthentaria hakodatens(§ig. 2.1).

Within the Rhodymeniacea€hamaebotry¢represented by the generityge

boergeseniand an unidentified species from Australia) was solidly allied to the sister
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generaHalichrysisandHalopeltis(Fig. 2.1), while collections assigned to the genus
Drouetiawere resolved as a fully supported monophyletic lineage distantly related to a
lineage containing species GhrysymeniandMaripelta (Fig. 2.1). The monospecific
genusMiniumwas fully resolved within the Fryeellaceae as an unexpectedly cloge siste
to Fryeella gardneri(Fig. 2.1).

Inclusion of select generitype species enabled assessment of monophyly for a few
genera. Within the Hymenocladiaceae, specidgsythrymeniafailed to form a
monophyletic lineage witkrythrymenia minutaister toHymerocladiaspp. rather than
the type of the genugrythrymenia obovatéFig. 2.1). The genu$erbellawas
established (below) to accommodB&tgthrymenia minutand rendeErythrymenia
monophyletic. Within the Lomentariaceae, specidsoohentariawere resoled as four
independent lineages: (i) the generityparticulatajoinedL. clavellosaandL.
orcadensigo form a fully supported monophyletic lineade L. catenateand
Ceratodictyorspp. were allied with full support; (iil). divaricataresolved as sistéo
Stirnia; and(iv) L. hakodatensigvas fully resolved as sister BinghamiopsigFig. 2.1).

The genug-ushitsunagiavas established to accommodhteatenatavhile the generic
assignments df. divaricataandL. hakodatensisould nd formally be determined at this
time (discussed below).

Analyses resolved some additional genera as polyphyleticAB)g Rather than
resolving with other species Bbtryocladia,the specie8. leptopodavas more closely
allied with Chrysymenia wrigtii (which failed to resolve with other included

Chrysymeniapp. Fig.2.1). The specieR. delicatulawas resolved as relatively distinct
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from other species dthodymenidincluding the generitype) and was most closely
related toCordylecladia erectdFig. 2.1).

Sixteen collections from Coffs Harbour, New South Wales, Australia were
resolved as three genetic species groups and assigned to th®grretgaas novel taxa
(see below)Maximum COI5P intraspecific divergence for these species was 0.31%
(Table2.3). The nearest neighbour@o aggregatavasD. scutellata(7.19% divergent,
Table2.3) while the closest speciesio scutellatavasD. viridesceng2.5% divergent,
Table2.3). The specie®. scutellataandD. viridescensvere included in multigene
analyses where they were resolved in the Rhodymeniaceae and distantly related to an

unidentified species ddrouetiafrom South Africa (Fig2.1).

Taxonomidreatment

Drouetia aggregatd-illoramo & G.W. Saundersp. nov.(Fig. 2.2)

Description Blades irregular in outline, peltate, typically anastomosing where they
overlap (Fig2.2a), stipe 1215 mm long x 2 mm wide (Fig.2b); blades ca. 950 um in
transverse section at miballus with 913 medullary layers of large axiafongated,
nonpigmented cells (25@00 um long x 8aL00 um wide) with frequent secondary pit
connections (Fig2.2c) and distinct aggregations of smaller, round cells (50 pm in
diameter) (Fig2.2d); medullary cells typically reducing in size toward H#Zeinner
cortical layers of smaller cells subtending a dorsal cortex3ka¥ers of densely packed,

columnarshaped, darkly staining cells (~10 um in diameter) and a siagésed ventral
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cortex of larger round cells (B8 um in diameter) (Fig2.2c); dorsal and ventral cuticle,

10 um and 7.5 pm thick, respectively (F&)2c). Reproductive structures not observed.
Holotype GWS032793 collected on December 12, 2012 at Mutton Bird Island (South),
Coffs Harbour, New South Wales, Austrahd@.30467, 153.4796), by G.W. Saunders

and K. Dixon and deposited in the Connell Memorial Herbarium (UNB) of the University
of New Brunswick, FrederictoiGanada. Images of holotype Fig&ac.

Holotype COI5P BarcodeKU707873.

Isotype GWS032792 (deposited in UNB, Ala2.1).

Etymology Named for the aggregates of small cells interspersed throughout the larger
cells of the medull& this feature being pronounced when compared to other species of
Drouetia.

Geographical DistributionThus far only known from the typedation.

CommentsDrouetia aggregatas distinguished from the other specieDobuetiain

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

the aggregation of small round cells interspersed among the ottallang cells.

Drouetia scutellataFilloramo & G.W. Saundersp. nov.(Fig. 2.3)

Description Peltate blades depressed at center and borne on short, narrow-&tipes 6
mm long x 0.5 mm wide (Fig.3a); blades typically remaining sauwsdraped upon
maturity, at times anastomosing at the margins &kp); blades ca. 25875 um thick

in transverse section at mildallus with (3) 4-5 medullary layers of large elongated cells
(90-145 um long x 72875 um wide) grading to-R inner cortical layers of elongated

cells subtending 2 dorsal cortical layers of darkly staining cells (12.5 pum in diameter) and
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2 ventral layers of slightly larger rounded cells (17.5 pum in diameter) ZBg. Plants
dioecious Cystocarps clustered centrally on dorsal (upper) blade surface by,
rounded, ostiolate, 860000 pm in diameter, nutritive tissue present at base ZEd).
Spermatangial sori formed on the dorsal surface with spermatangia cut off from
elongatedspermatangial mother cells (F@3e). Tetrasporophytes not observed.
Holotype Female gametophyte GWS032729 collected on December 11, 2012 at Mutton
Bird Island (North), Coffs Harbour, New South Wales, Austra8.304706,

153.150959), by G.W. Saundeand K. Dixon and deposited in the Connell Memorial
Herbarium (UNB) at the University of New Brunswick, Fredericton, Canada. Images of
holotype Fig2.3b-d.

Holotype COI5P BarcodeKU707880

Isotype Male gametophyte GWS032752 (deposited in UNB, Tallg

Etymology Named f or t he pHagedbdades. t ypi cally sauc
Representative specimen examir@d/S032664 (deposited in UNB, see Tablk for
collection details).

Geographical DistributionThus far known only from the type location and ne&bwyth
Solitary I., Coffs Harbour, New South Wales, Australia.

CommentsDrouetia scutellatdeatures a thin thallus in cross section with few medullary
cell layers rendering it rather distinct when compared to other spedisustiafrom
Australia. Diferences in internal anatomy are especially useful for distinguishing
betweerD. scutellataandD. viridescenswhich also has a single peltate blade with a

depressed center and short stipe. Additionally, while some reproductive plants of
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scutellatahawe been encountered as single blades, reproductive plabts/bidescens

have only been observed as anastomosed blades (below).

Drouetia viridesceng-illoramo & G.W. Saundersp. nov.(Fig. 2.4)

Description Juvenile blades peltate with shallow central depressionZBig),

becoming stellate or lobed with age and typically anastomosing at margins and where
blades overlap (Fig.4b), borne on a short stipes63nm long x 1 mm wide. Transverse
sections at midhallus 316500 um thick with 912 medullary layers of large, axially
elongated cells (9240 um long x 5680 (-120) um wide) decreasing in size to 2 dorsal
cortical layers oémall, densely packed, darkly staining cells-{B0um in diameter) and

1-2 ventral cortical layers of round darkly staining cells (2205.m in diameter);
outgrowths of the ventral cortical cells presumably involved in secondary attachments to
substratm and other blades (Fi@Ac-d); dorsal (~7.5 pm thick) and ventral cuticles (5

um thick) obvious (Fig2.4c). Tetrasporangial sori confined to the dorsal surface (Fig.
2.4d), tetrasporangia cruciately divided {80 pum long x 1520 um wide) (Fig2.4e),
differentiating from existing cortical cells (Fig@sAf-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 betweepidgvel
tetrasporangia giving the appearance of paraphysesqBigg). Cystocarps and
spermatangia not observed.

Holotype Tetrasporophyte GWS032612 collected on December 9, 2012 in Split Solitary
Island (Northwest) Coffs Harbour, New South Wales, Aalisti(-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, Frederict@ganada. Images of holotype
Figs2.4b,2.4d-g.

Holotype COI5P Barcode KU707855

Isotype. GWS®B2624 (Table.1).

Etymology The species epithet acknowl edges
underwater observed at the time of collection.

Representative specimens examir@d/S032599, GWS032600, GWS032642,
GWS032643, GWS032665, GWS032672, GWS0326825032740, GWS032790
(deposited in UNB, see TahkZl for collection details).

Geographical DistributionThus far known only from the type locality and nearby sites
in Coffs Harbour, New South Wales, Australia.

CommentsThis species has the shortegpestand the center of the blade typically

t

he

Agl ows o green when enc ol viidescershds asimithe r wat er .

number of medullary cell layers Bs aggregatathe formeiis much thinner in cross
section with smaller medullary cells. The uppange of thallus thickness for.
scutellataoverlaps with the lower range fbr. viridescenshowever, the fewer number

of medullary cell layers fdD. scutellatadistinguishes it from the latter.

Generitype observations of Drouetia coalesc¢Rarlow) G De Toni (Fig.2.5)

Holotype material oD. coalescensvas provided on loan from the Farlow Herbarium
(FH) (Fig.2.5a). Blades were ca. 500 um thick witti 8 medullary cell layers of

typically axially elongated cells of varying sizes (Rgb). 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 @%dp). Tetrasporangia

were observed as deeply embedutednly thedorsal cortex (Fig&.5b-c), cruciately

divided (5255 pm long x 1518 pum wide) (Fig2.5d) with the tetrasporangial initials
arising from the cells of the inner cortex (FXbe). As the tetrasporangia matured, they
lengthened and swelled causing negytitg cortical cells to become compressed and
elongated between the developing tetrasporangia, taking applearance of paraphyses
(Figs2.5ce).

CommentsThe generitype species shares a similar gross morphology with the novel
specied. aggregataandD. viridescensn that all three species feature decumbent,
peltate blades, which commonly anastomose at the margins. Comp@reaggregata,

the generitypés thinner in cross section and lacks aggregations of small cells within the
medulla. The gendigipe species features longer tetrasporangia compared to tHose of
virdescenmsnd has never been reported to figl owbo
D. viridescensAlthough the habitat of the type specimerDofcoalescenss unknown,
Taylor (1945)collected material from the loimtertidal that was observed by Saunders et
al. (2006) who recognized it as morphologically consistent Withoalescens

According to the previou$). coalescenss distinct in its intertidal habitat relative to the

threeAustralianDrouetiaspecieswhich have only been collected subtidally.

FushitsunagiaFilloramo & G.W. Saundergen. nov.
Diagnosis Lomentariaceaen algae with hollow thalli divided by mrdived cellular
septa. Spermatangial sori are borne on speetliertile 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.

EtymologyInr ecogni ti on of Fushitinadia g dfesd i mamg ofi nt
node; At sunagi 0= c on rementdriacatgnathylOkamuravbee a s S i
1978).

Type and only specieBushitsunagia catenatgHarvey) Filloramo & G.W. Saunders,

comb. nov.

BasionymLomentaria catenatélarvey 1857 (Algaen: Account of the Botanical

specimens. Gray, A., [EdSNarrative 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. Volurmenith illustrations.Anon.

[Eds.]. Senate of the Thirthird Congress, Second Session, Executive Document. House

of Representatives, Washington, USA, pp.-332).

PerbellaFilloramo & G.W. Saundestgen. 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 fAvery beaut i fearhnogoftleet t r i but
type species when observed underwater or immediately after collection.

Type and only specieBerbella minuta(Kylin) Filloramo & G.W. Saunderssomb. nov.
BasionymErythrymenia minut&ylin 1931 [Die Florideenordung Rhodymenialésta

Universitatis Lundensi27(11):148].
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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 nriltigen
alignment to enhance resolution at the interfamilial nodes 2Hiy). 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 thayRlemiales as
comprised of six monophyletic families (F&1); however, those previous studies
consistently resolved only an alliance between the Faucheamdd®mentariaceae

(Saunders et al999, Le Gall et aR008) while the current study resolvenbst

interfamilial relationships with solid support (F&1, Table2.2). The Faucheaceae and
Lomentariaceae were resolved as sister groups and allied to the Fryeellaceae while the
Champiaceae and Hymenocladiaceae were resolved together and assodiatesl wit
Rhodymeniaceae (Fig.1). SiteStripping had the greatest impact on the short internal
branch (branch C, Fi@.1) leading to the Champiaceae, Hymenocladiaceae and
Rhodymeniaceae. It is possible that this branch represents a lineage that radiaéed ov
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 intervadar{Pet al2012).
Removing the quickly evolving sitesd., 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 previousiyesolved relationships within
the Rhodymeniales. The interfamilial relationships resolved herein were consistent with
the classification system proposed by Le Gall e2808) emphasizing ontogeny of the

tetrasporangia.

Taxa included in molecular atyses for the first time

Molecular data solidly resolved the monospecific gaBinghamiopsiswithin the
Lomentariaceae (Fi@.1), which was expected given that it has the diagnostic
characteristics of this family (tetrahedrally divided tetrasporangiaetelled
carpogonial branches and characteristic lomentariaceous fusion cell in carposporophyte
development, Lee et @988, Saunders et d1999, Le Gall et aR008). The only species,
B. caespitosawas closely allied tbomentaria hakodatens(§ig. 2.1). While
Binghamiopsideatures thalli with a multilayered cortex and loosely interwoven
medullary filaments in a central cavity (Let al. 1988),L. hakodatensig characterized
by thalli with cortical and medullary layers surrounding a centratyc¢hat is articulated
at various intervals by multowed cellular septa (Lee 1978). Ashakodatensisas
polyphyletic relative td.omentariasensu stricto, its proper genelével assignment
awaits future assessmentd.oimentaria(see below); howear, such substantial
differences in thallus construction betwdrcaespitosandL. hakodatensigvarrant
their recognition as belonging to distinct genera.

The generitype o€hamaebotrysC. boergeseniiwas resolved withithe

Rhodymeniaceae (Fig.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
genusCoelarthrumBased on the species included here, his decision to recognize
Chamaebotrysvas fully suppord (Fig.2.1). Unfortunately, our analyses did not include
the generitype ofoelarthrum, C. cliftoniiand therefore, the distinction Gbelarthrum
andChamaebotrysemains untested by molecular analyses.

At the time that Moe (1979) described the oriystose rhodymenialean taxon,
Minium parvumpnly 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 mociGsggenusMiniumto 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 threecelled carpogonial branch) th@id not allyMiniumto 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 carposporoghyur molecular results solidly resolvgéhium
within the Fryeellaceae as an unexpected close sisteyéella gardneri(Fig. 2.1).

Analysis of tetrasporangial collections will confirm if one of the diagnostic features of
the Fryeellaceae, the adveiutuis growth of the cortex in the formation of tetrasporangia
and short, 31 celled paraphyses, is also characteristidioium. Those observations will

be included in a future manuscript specific to rhodymenialean diversity in Canada.
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Assessment of setgolyphyletic genera

The present study was consistent with a previous molecular study that failed to resolve

the type of the genusrythrymeniaE. obovatadrom South Africa, andE. minutafrom

Australia as monophyletic (Saundetsal.2006). To accomnuateE. minutawe

established the novel monospecific geResbella which was solidly resolved as sister

to HymenocladigFig. 2.1). The latter two genera are distinguished primarily by

tetrasporangial division patterns, which are tetrahedddiymenoclaia and cruciate in

Perbellg respectivelyAdditionally, Perbellais characterized by obovate blades while
Hymenocladideatures pinnate blades.§.,H. usnea or complanate, broad, palmate,
subdichotomously divided blades.¢.,H. chondricola Womersley 1996). Nonetheless,

we uncovered inconsistencies and taxonomic confusion in the literature related to the
identification ofE. minuta(= P. minutg relative to species dlymenocladiaSpecimens

of H. conspersa&ollected by Harvefrom Garden Isind, Western Australi@ rinity

College Dublin Herbarium, TCD) included foliose, irregularly divided plants with

abundant laminar and marginal toditke proliferations Harvey 132 TCD, annotated

Atypeo by Womersl ey, | ect adelymountédesrdalleby L e wi
obovate plantsHarvey 306A, TCD). Harvey (1862) considered the former to be mature

H. conspersavhile the latter were juveniles. Additional juvenile specimens were

collected from Port Fairy, Victoria(g.,Harvey 306D, TCD). Lews (1994) and
Womersley (1996) concluded t fEatinutd=aPr veyods A
minutg. Further, theypeculated that the juvenite conspersapecimens (that they
attributed toE. minutg, reportedly from Western Australia, were likelgllected from

Port Fairy, VictoriaglLewis 1994). Owing to the previous, Lewis (1994) and Womersley
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(1996) interpretedt. conspersas limited to Western Australia with minuta(= P.
minutg restricted to Victoria

As part of an ongoing barcode (G6P) survey of southern Australia (South
Australia, Victoria and Tasmania), three genetic species groups were resolved for
HymenocladiancludingH. chondricola, H. conspersandH. usneaThe first two were
closely related species groups (1.24% maximumspgific variation in CObP) and
are in need of further molecular stu@ur specimens identified ad. chondricolasensu
stricto (Fig.2.6a) were restricted to South Australia while collections attributét to
conspersavere more widely distributed fro®outh Australia, Tasmania and Victoria
andincludedmature lanceolate morphs (F&6b), intermediate morphs (Fig.6c) and
small, obovate juvenile morphs (F®@6d) similar to those collected by Harvey and
superficially reminiscent d?. minutaspecimens (Fig.6e) As the type oH. conspersa
is from Western Australia and our isolates from southern Australia lacked the laminar
papillae considered by Harvey (1862) to be characteristic of this specie®.6big.our
assignment ofl. conspersaemains tentative pending inclusion of topotype material. If
our collections do represeHt conspersawe provide genetic evidence that this species
is indeed found in southern Australia and that small plants reseniblmgutashould
be considered withaution as they are potentially juveniledbfconspersa

Previous and current phylogenetic assessments have consistently resolved the
speciose genusomentariaas polyphyletic€.g.,Le Gall et al2008).Our molecular
analyses resolved species assipttd.omentariaas four independent lineages in the
Lomentariaceae (Fi@.1). The type of.omentaria, L. articulatayas joined byL.

clavellosaandL. orcadensigFig. 2.1). AsL. articulatafeaturesdoranches with
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multilayered septa whilke. clavellosaand L. orcadensidiave multilayered plugs only at

the branch base, results herein do not support previously recommended revisions of this
genusbased on thallus construction and septation (Irvine & Guiry 1983). Thus,
Lomentariasensu stricto remains a brdadefined genus characterized by various

modes of thallus construction, tetrahedrally divided tetrasporangia in invaginated sori and
conical cystocarps with prominent pores (Lee 1978).

The novel genuBushitsunagiavas established to accommodhteaterata,
whichwas resolved as sister @eratodictyonFig. 2.1). These genera are distinguished
by tetrasporangial division patterns, which are tetrahedfal tatenata(Lee 1978) and
cruciate inCeratodictyon(Price & Kraft 1991). The genlushitsunagias 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 remainind.omentariaspecies inalded in our multigene analysés,
divaricataandL. hakodatensiswvere resolved as sister$tirniaandBinghamiopsis
respectively (Fig2.1). Lomentaria divaricatas distinguished fronstirniaaccording 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 20Q@)nentaria hakodatensis separated
from Binghamiopsidased on overall thallus construction (see above). There are two
available names to accommodateadivaricataandL. hakodatensidHooperiaJ. Agardh
(1896),which would apply directly to its generitype taxiondivaricataand

ChondrosiphorKiitzing (1843) for which the generitype speciesfirma, was not
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available for inclusion in our molecular analyses.LAfirmashares numerous vegetative
and reproductive characteristics withhakodatensigflattened thalli, anastomode
intricate branches and wealeveloped cortication formed of a single layer of pigmented
cells and 34 inner layers of subcortical cells, Curiel et2806) it seems likely that these
taxa will resolve together in the resurrected gedlusndrosiphonhowever, it is possible
thatL. firmawill resolve withL. divaricata which would rendeHooperiaa synonym of
Chondrosiphomecessitating a new genus forhakodatensidJntil L. firmais

molecularly assessed, divaricataandL. hakodatasisshould remainncertaesedisin

the Lomentariacea®Vhile we have establishasgbmentariasensu stricto as a
monophyletic lineage and clarified some of its taxonomic conflicts, there remains
significant molecular and morphological work until this geand the many species
attributed to it are properly assigned.

Recent molecular assessment of Australian species assig@tmdsaccionG.
brownii Harvey (includingG. browniivar. firmumandG. browniivar. coriaceum andG.
pumilumJ. Agardh], in relaon to species o€hrysymenidincluding the generitype
specie<. ventricosgJ.V. Lamouroux) J. Agardh] warranted transfer of the former
genus to the latter (Schmidt et 2016). In that studyj G. 0 b wvarofimmum i
(collected from South Australia) was supported as distinctomd b vas.wn i i
coriaceum(collected from Western Australia) and the latter variety was raised to specific
rank (Schmidt et aR016). Our routine barcoding studies in Australia have redolve
collections (n= 31) field assignedfioG 0 .  bin forevgenetically distinct
morphologically cryptic species groups (data not shown). Two of those groups (one being

our conceptofi G. 0 b whichvimciudedspecimens collected from near the type
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locality, Tasmania) were included in the current study (Ely. Appendix A, Table S1).
TherbcL data from ourtwd@i G. 0 bgemeticgroups did not match the GenBank
rbcL data representative 6fG. 0 borfo@.nd i ¢ framithe Sahraidt et al.
(2016)study and further study 6f G. 0 bfrom Australia is needed

Consistent with Le Gall et §2008), our analyses resolved the genus
Chrysymeniaas polyphyletic with one of the speci€s,wrightii most closely related to
Botryocladia leptopodé&endeing this genus polyphyletic as welhssessment of that
conundrum was beyond the scope of this studyuré molecular assessments including
the generitype tax@r Botryocladig ChrysymeniandCryptarachngpreviously
recognized as a subgenus or aisaadf ChrysymeniaGuiry & 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 betwe€ordylecladia erectand sgcies ofRhodymenia
which are distinguished primarily according to habit (Brodie & Guiry 1988, Millar et al.
1996, Saunders et d1999). The addition dR. delicatulahere goes further by resolving
as sister t&. erectaand calling into question monogkyf RhodymenigFig. 2.1).
While C. erectafeatures fully terete axes, specieRtiodymeniare typically
compressed or foliose; however, the recent description of the novel Australian Boecies
compressawhich features compressed and sparsely branched thalli (Filloramo &
Saundersn presy, challenges the utility of thallus habit for distinguish{dgerectafrom

Rhodymeniapp. and more study is needed.
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Taxonomic reassessmentybuetia

Prior to ths study inclusion of the monotypic gerldouetiain molecular analyses has
been uncertain due to frequent misidentifications of numerous taxa currently assigned to
AsteromeniandHalichrysisas the reportedly cosmopolitan generityp®aduetia, D.
coalescengSaunders et al. 20063 recent study resolved material from South Africa
that was vegetatively representativdDsbuetiaa n d i d e Dt codlescenslas ans i
independent lineage in the Rhodymeniaceae (Saunders et al. [BGB&} study,

Sauners et al(2006) viewed a prepared mica slide of holotype tetrasporangial material
for the generitype). coalescensand 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
coalescengSaunders et a006) The present study resolved three novel species from
Australia as morphologically assignable to the gdbnmietia(none were consistent with
D. coalescensand two of these were included in multigene phylogenetic analfsa®

they were resolved in the Rhodymeniaceae sister to the previously discussed South
African collection (Fig2.1). Our observation of tetrasporangial development for the
novel specie®. viridescenglid not suggest adventitious cortical growth in therfation

of the tetrasporangial nemathedia.(true paraphyses were absent) as reported by
Saunders et af2006) for the generitype, which promptedeseamination of holotype
material ofD. coalescens$o clarify tetrasporangial development for this genThat

material was provided on loan from the Farlow Herbarium (FH) and freshly prepared
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sections were examined. We obsereadtiately dividedetrasporangia deeply embedded
in thedorsal cortex only (Fig&.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 the appearance of paraphyses (Bi§s-€). This

mode of development was more consistent with that obseni2dvinidescensnd other
rhodymeniaceaen taxa, which are typically characterizeditasp®rangia that

differentiate from preexisting corti@al cells and lack true adventitious filaments
(paraphyses) (Le Gall et &008, Saunders & McDonald 2010). More study of
tetrasporangial development for the South African collections is needed to determine if
previous reports of tetrasporangial sori oty 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 assignedRoouetia, aconclusion that ultimately awaits inclusionof
coalesceng phylogenetic analyses to provide molecular confirmation, as well as our
decision to assign the three Australian spebiesggregata, D. scutellatandD.

viridescengo Drouetiaas distincfrom the generitype

Conclusions

The intention of this study was to enhance understanding of evolutionary relationships in
the Rhodymeniales. Fasite removal successfully improved resolution at a key node and

provided clarification of interfamilial reteonships. 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, rexamination of holtype material foDrouetia
coalescenslarified 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 théyRieniaceae.
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Table 2.1 Collection details and COF5P GenBank accession numbers for Australiabrouetia samples used in molecular and

morphological analyses. Allsamples were collected from Coffs Harbour, New South Wales, Australia. All data were generated

for the present study.

Voucher COI-5P GenBank
Species Number Habitat Geography Accession
Drouetia aggregata GWS032792 4 m on rock Mutton Bird Island (South) KU707859
Filloramo & G.W. Saunders

GWS032793 4 m on rock Mutton Bird Island (South) KU707873
Drouetia scutellata GWS032664 6 m on invert South Solitary Island (Southeas KU707850
Filloramo & G.W. Saunders

GWS032729 5 m on rock Mutton BirdIsland (North) KU707846

GWS032752 5 m oninvert Mutton Bird Island (North) KU707880
Drouetia viridescens GWS032599 5 m on rock Korora Beach KU707869
Filloramo & G.W. Saunders

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 (Southeas KU707863

89

GWS032672
GWS032682

10 m on invert
6 m on invert

Black Rock
Black Rock

KU707870
KU707847



Voucher COI-5P GenBank

Species Number Habitat Geography Accession
GWS032740 5 m oninvert 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 likelirood scores for the sitestripper 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.

Bayes RAXML RAXML
% of sites 100% 95%  90%  85%  80%  75%  70%
retained
ML noPF PF noPF PF noPF
scoreqg -143267 -143395 -143595 -143787|||-112089 -86686 -65296 -47116 -32139 -20852
A 1 1 100 100 100 100 100 100 100 100
B B 1 1 95 95 93 95 97 99 98 79
R C n/a - - 50 n/a 51 68 75 65 62
A D 1 1 100 100 100 100 100 100 100 100
N E 1 1 100 100 100 100 100 100 100 100
C F 1 1 100 100 100 100 100 100 100 100
H G 1 1 100 100 100 100 100 100 100 98
E H 1 1 100 100 100 100 100 100 100 100
S 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
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Table 2.3 Intraspecific COI-5P divergence and distance to nearest neighbour for Australian species@rouetiaincluded in

this study.
Max intraspecific ~ Nearest Distance to nearest
Species divergence (%) species neighbour (%)
D. aggregatan= 2) 0 D. scutellata  7.19
D. scutellata(n= 3) 0.15 D. viridescens 2.5
D. viridescengn=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 1

the support values in Figure 22. Taxa in bold represent generitype species. Asterisks

denotefully supported branches. Species transferred to new genera have the previous

genus hame in parentheses. Outgroup species of the Halymeniales and Sebdeniales v

compressed to ordinal level to facilitate presentation.
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Figure 2.2 Drouetia aggregataFilloramo & 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). Scalbar = 8 mm. c. Transverse section at miethallus showing
medulla and dorsiventral aspect (GWS032793). Scale bar = 200 um. d.
Transverse section at miethallus showing ventral surface and aggregates of
small cells interspersed among the larger cells of theedulla (GWS032792).

Scale bar = 100 pm.
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Figure 2.3 Drouetia scutellataFilloramo & 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
cm. b. Habit of cystocarpic holotype (GWS032729). Scale barl cm. c.
Transverse section at miethallus showing medulla and dorsiventral aspect
(GWS032729). Scale bar = 100 um. d. Transverse section through mature
cystocarp (GWS032729). Scale bar = 250 um. e. Transverse section of male pl
showing spermatangialdevelopment on the dorsal surface (GWS032752). Scale

bar = 10 um.
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Figure 2.4 Drouetia viridesceng-illoramo & 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 barl cm.
c. Transverse section at miethallus of vegetative plant (GWS032682). Scale bar =
93 um. d. Transverse section at mithallus of tetrasporic holotype (GWS032612).
Scale bar = 108 um. e. Mature cruciately divided tetrasporangium (GWS032612).
Scale far = 33 um. f. Transverse section at midhallus of tetrasporic holotype
showing cortical cell (arrow) compressed between developing and mature
tetrasporangia creating the appearance of paraphyses. Tetrasporangial initials pit
connected (arrowheads) to iner cortical cell (GWS032612). Scale bar = 25 pm. g.
Intercalary tetrasporangial initial pit connected (arrowheads) to two neighboring

cortical cells (GWS032612). Scale bar = 20 um.
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Figure 2.5 Tetrasporangial holotype ofDrouetia coalescen@~arlow) 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 drsal tetrasporangial sorus. Scale bar = 91 um. c.
Developing tetrasporangia deeply embedded in the dorsal cortex. Scale bar = 47 pum.
d. Cruciately divided tetrasporangia (arrows). Scale bar = 23 pm. e. Pit connection
(arrow) between two cortical cells modied into tetrasporangia surrounded by

compressed cortical cells creating the appearance of paraphyses. Scale bar = 18 pum.
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Figure 2.6 Hymenocladia chondricolgSonder) J. Lewis,Hymenocladia conspersa
(Harvey) J. Agardh and Perbella minuta(Kylin) Filloramo & G.W. Saunders comb.

nov. a. Gross morphology of a vegetative specimentdf chondricolafrom South
Australia (GWS029560). Scale bar = 25 mm. b. Mature motmlogy of a vegetative
specimen ofH. conspersdrom Victoria (GWS017300). Scale bar = 25 mm. c.
Intermediate morphology of vegetative specimen dfi. conspersdrom Tasmania
(GWS015238). Scale bar = 19 mm. d. Juvenile morphology of vegetative specimen of
H. conspersdrom Tasmania (GWS016539). Scale bar = 13 mm. e. Gross
morphology of a vegetative specimen dferbella minutafrom Tasmania

(GWS015206). Scale bar = 25 mm.

81



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

Molecularassisted alpha taxonomy using G&H andbcL-3P was employed to reassess
species diversity for the Rhodymenia{@hodophyta) in British Columbia. A total of

563 collections from British Columbia were resolved as 16 genetic species groups
whereas 13vere previously reporte€ollections attributed t8. pseudodichotoma
(Farlow) Kylin from British Columbiawvere resoled as distinct from collections of that
species from California (type locality) and warssigned t@. hawkesisp. nov

Molecular data resolved an additional specieSrgéellafor which the combinatiof.
callophyllidoideg(Hollenberg & I.A.Abbott) conb. nov.(for Rhodymenia
callophyllidoidesHollenberg & 1.AAbbott) was established. Although two species of
Gloiocladiawere recognized, genetic analyses resolved tBefryeana(Setchell)
N.Sanchez & RodrigueBrietg G. laciniata(J Agardh) NSanchez& RodriguezPrieto
andG. vigneaultiisp. nov Data also resolve@. media(Kylin) comb. nov. from

California. For the genuRhodymeniawheretwo species were expected, molecular data
resolved four. BotlR. californicaKylin andR. pacificaKylin were cafirmed in British
Columbia, while some collections field identifiedRscalifornicaweregenetically
distinctandassigned to the novel speciBs,bamfieldensisp. nov. Some collections
initially identified asR. pacificawerealso resolved asdistinct group and asgied to the
resurrected speciéd rhizoides€.Y.Dawson Anatomical development for the
monospecific genuslinumwas al so reassessed in |ight
the Fryeellaceaeur investigation clarified the numberrbibdymenialean 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 ame 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 (Waehat.1982; Clague & Ward
2011; Saundersda4). Theadvance and retreat of glaciers during the Pleistocene in
British Columbiahas madé¢hat provincea particularly interesting locale for studying
species diversification and evolution (Hebda 2007). An accurate understanding of species
diversity ina given area requires the ability to accurately identify and distinguish taxa.
Traditionaltaxonony and systematsfor the marine organisms collectively termed
seaweedsmployed morphological featuresitentify and describe species; howeviee,
subjedive nature of this approachadeit both frustrating and unreliable (Saunders
2005). Moleculatassisted alpha taxonomy (MAAT) aims to overcome the challenges of
traditional morphologybased identification by usingeneticsimilarity to assigralgal
specinens to distinct species groups, which are subsequently assessed morphologically
and assigned to existing species or described as novel taxa (Saunders 2005, 2008;
Cianciolaet al 2010; Saunders & McDonald 2010).

A common molecular marker for assessingaed g a | species is the
mitochondrial cytochrome c oxidase subunit | gene (6P), often referred to as the
ADNA barcodeo ( Saunder-5Pamplifichtipn.is uhsaccesséuls e s wh

t he 306 end of -bipHosphaie cadxglase generbdl3R) has een
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recognized as an alternative barcode marker (Saunders & Moore 2013). Although not as
variableas CO15P, rbcL-3P iseffective fordistinguishingndividuals of the same
speciesas well asndividualsof different species.

The Rhodymeniales is a red algal order whose members display extremely diverse
habits and frond morphologies (expansive blades, smalikerfarieties, hollow sacs
and mucilagsdilled vesicles), which are united by a distinct pattern of procarpy and
outwad carposporophyte development (Saunéeid. 1999; Le Galket al.2008).
Currently, the Rhodymeniales includes six familiesgdf@era and over 300 species
distributed worldwidgGuiry & Guiry 2016). In 1986, Hawkes & Scagel published a
monograph of th&hodymeniales from British Columbia and northern Washington using
traditional morphologypased methods and reported 12 species in 9 genera from British
Columbia:Botryocladia pseudodichotonf{&arlow) Kylin, FaucheafryeanaSetchell,
Faucheaaciniata J.G.Agardh,FaucheocolavattenuataSetchell Fryeella gardneri
(Setchell) Kylin Gastroclonium subarticulatuiffurner) KitzingLomentaria
hakodatensi¥endqg Minium parvurMoe, Rhodymenia californicKylin, Rhodymenia
pacificaKylin, Rhodymenia pertug®ostds & Ruprecht) Agardh and
Rhodymeniocolax botryoidezetchell.Subsequent to their monograph fryeanaandF.
laciniatawere transferred to the genGoiocladia(RodriguezPrietoet al.2007), while
the novel generbleogastrocloniunk..Le Gall, Dalen &G.W.Saunders an8parlingia
G.W.Saunders, |.Metrachan & Kraft were established to accommo@ate
subarticulatum(Le Gallet al.2008) andR. pertusgdSaundergt al. 1999). In addition,

Leptofauchea pacifick.Y.Dawson was recognized in British Columbiaaters (Dalen
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& Saunders 2007). Nevertheless, the monograph of Ha&/k&sagel (1986) remains the
only largescale 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 Columb&d.,Clarkston & Saunders 2013; Hied al.
2014; Saunders & Millar 2014; Saundetsal.2015), this study aimed to use an
integrative taxonomic approach to reassess spechesess species limits and
biogeogaphy 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 fdBotryocladia,GloiocladiaandRhodymeniaan
additional species diryeella and potentially a second parasitic species of
FaucheocolaxWe also analyzed recently collected specimendinium parvunto
provide detailed anatomical observatiomsight of therecent phylogenetiassignment

of this genugo the family Frgellaceae (Filloramo & Saunder@15a)

Materials and Methods

British Columbian specimens (n=%@hat werefield identified to various

rhodymenialean genera were collected from either the intertidal as attached or drift
material or in the subtidal byCRIBA (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 vouclieosised at the Univeristy of New
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Brunswick Connell Memorial Herbarium; UNBJith a subsample preserved in silica for
molecular analysg$Saunders & McDevit 2(@).

Total Genomic DNA was extracted following Saunders & McDevit (2012). The
50 end of the mitochondr i @®©P;, DMAbarcodeh66b me ¢
bp) was amplified (Saunders & Moore 2013) with primer combinations recorded on the

Barcode of Lie Database (BOLDwww.boldsystems.ongand GenBank. Fulength

rbcL (1358 bp)sequences wemamnplified (Saunders & Moore 2013) for at least one
representative of each genetically verified €8Pl species group ul-lengthrbcL was

used as a reference for ampl-L&hsphospleate t he
carboxylase oxygenase regiohdL-3P, 786 bp), which were amplified as a secondary
barcode marker when amplification of GBI was unsuccessfdlo validate some

genetic species groups resolved with &PBlandbclL-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 Cemtaey and

data were edited and aligned in Geneious R7 version htip7/fwww.geneious.com

Kearseet al.2012). Additional COBP,rbcL and ITS data were acquired from GenBank
for comparative purposesgpendix B TableS1).

To determine intraspecific variation and nearest neighbor distances, tHePCOI
alignment was subjected to a barcode gap andhaisvas implemented BOLD. The
rbcL-3P sequences were compared toleigthrbcl 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.
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A multigene alignment was constructed using &®land fullengthrbcl data
for one representative of each genetic species ghaipvas resolvetbr Botryocladia
andRhodymeniaTo place the British Columbian species ibraadercontext, all
relevant GenBank datdppendix B Table S1) foBotryocladiaandRhodymeniavere
adced to the previous alignmer@ther rhodymeniaceaaxa were selectedr the
outgroupbased on Filloramo & Saunders (2016asecond multigene alignment of
COI-5P andbcL data was created for representatives of the Faucheaceae and
Fryeellaceae and wasmbined with pertinent data from GenBappendix B Table
S1). The previous multigene alignments were analyzed separately in RAXML under a
GTR+I+G modeldetermined by PartitionFindew)ith partitioning by gene and then
codon and support was determingdl®00 rounds of bootstrap resamplifipe
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 260418
Leica, Heidelberg, Germany). All sections were stained with 1% aniline blue solution in
6% 5N hydrochloric acid and permanently mtad in 50% corn syrup with 4%
Formalin. Features were photographed with a Leica digital camera (DFC480) and Leica

microscope (CTR5000).

Results

Molecularresults

COI-5P
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The DNA barcode was successfully amplified 337 specimens. These collections were
resolved in 18 genetic species groups (Ta8de Maximum intraspecific variation for
COI-5P was 0.77% with the exceptionFfyeella callophyllidoideg1.53%; Table3.1)
andNeogastroclonium subarticulatu(@.93%; Table3.1). In both cass the greatest
divergence was betweeollections from BritistColumbiaandCalifornia. The within
species variation for British Columbian specimenBmykella callophyllidoidesnd
Neogastroclonium subarticulatuwas 0% and @.75%, respectively. In general,
interspecific variation for CGbP ranged from 2.67% to 2&% (Table3.1). The
collections morphologically assigned to the followsig species resolved in single
genetic species groupsryeella garderni, Leptofauchea pacifica, Lomentaria
hakodatensis, Minium parvum, Neogastroclonium subarticulatcSparlingia pertusa
(Table3.1), while other morphospecies were resolved as part of cryptic complexes
(discussed below).

Californian samples (n= 7) identified Bstryocladia pseudodichotonveere
resolvedn a distinct genetic species group (5.13%; T&dl¢ from British Columbian
and northern Washington collections, which were described herBinhasvkesisp.
nov. A British Columbian collection and two Californian specimens were
morphologically identified aRhodymenia callophyllidoidebutgeneticallymostsimilar
(6.50 %; Table3.1) toFryeella gardnerinecessitating transfer of this specie&tygeella.
Collections assigned Bloiocladiaresolved as four genetic species grotipsee found
in British Columbiawhere only two were expecte@loiocladia fryeangBritish
Columbia n= 20) was distantly (13.14 %; TaBl#&) related to a single specimen from

California attributed t@. media Additional collections from British Columbia were
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assigned t@s. vigneaultiisp. nov. (n= 14) and the cldgallied (3.73%; Tabl&.1) G.
laciniata (British Columbia n= 73)which also included a collection from Washington.
Some collections (n= 3) of the paraskaucheocolax attenuataere genetically
identical to their host species (TaBl&), G. laciniata while two other collections were
distinct and most closely related® media(2.67%; Table8.1). Specimenghat were

field identified asR. californicawere resolved as two distinct genetic groups (8.81%
interspecific variation) assigned & califorrica (British Columbia n= 128, California n=
8, Oregon n= 2) anR. bamfieldensisp. nov. (British Columbia n= 5, Washington n= 2)
(Table3.1). Similarly, collections morphologically assignedRopacificaformed two
distantly related groups (8.27% inteesific variation) assigned ®. pacifica(British
Columbia n= 9, California n=7) and the resurrededhizoidegBritish Columbia n= 25,

California n= 2) (Tabl&.1).

rbcL-3P

Consistent with CObP,rbcL fully resolved 18 genetic species groups. gsivcL-3P
data, we were able to assigdicollections for which COBP amplification failed to
genetic species group&pendix B,Table S1). A single Californian collection was
resolved a8. pseudodichotomahile a specimen from British Columbia that was field
identified as the former species was resolveB.dsmwkesii Specimens field identified as
Gloiocladiaspp. were resolved &. fryeana(n= 4),G. laciniata(n= 22)andG.
vigneaultii(n= 2) and five ollections attributed t®hodymeniavere resolved aR.

bamfieldensign= 1),R. californica(n= 1), andR. pacifica(n= 3), respectively, while a
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single collectioNGWS012983; Appendix B, Table Sfigld identified asRhodymenia

sp.was in fact a dichotoously branche&parlingia pertusa.

Comparison tabcL in GenBank

A GenBank entry attributed @. fryeana(FJ713148) from Washington was resolved
with our collections of5. fryeanafrom British Columbia (€8 bp different across 650 bp
available for comparison). One entry f&r laciniata(FJ713149, California) had a single
base pair difference (across 1363 bp) from our Californian specimen assi@hed to
medig while a secon@J71350, British Columbia) joined (3 bp differences across
1363 bp) ouG. vigneaultii.Four additional GenBank entries 18t laciniata

(AY294355, Alaska; KM253823, KM253724, KM253834, California) matched (p

differences across 1363 bp) our collectiossigned to that species.

ITS

Our ITS data foB. hawkesiandB. pseudodichotomaere consistent with CE3P in

that two distinct genetic species groups were resolve@$2ip differences across 616

bp; Appendix B,Table S1). As witlthe COI-5P resultsthe ITS for three collections of
FaucheocolaGWS004768A, GWS014315 and GWS020832; all parasitic.on

laciniata), wereresolved as genetically identical to their host collections. Also consistent
with COL5P, the ITS for one of thieaucheocolaxollections (GWS001423) was distinct
(352 bp differences across 1475 bp) from those of the previous three parasite callections
as well as from itost species;. laciniata(352 bp differences across 14§2ppendix

B, Table S1)The ITS1 forG. fryeanawas virtually unalignable to that &. laciniata,
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G. mediaandG. vigneaultij however, although highly divergent, the ITS2 was more
comparableA comparison of ITS data fds. laciniatato that ofG. vigneaultiisuggested
that there weréwo distinct geertic species (33833 bp differences across 1494 bp),
which corroborated witkhe COI-5P resultsFurther examination dfaucheocolaxand
Gloiocladiadata revealed a ~160 bp repetitive sequence in the ITEL faciniata, G.
mediaandG. vigneaultiias well asboth genetic groups assignedroattenuataln those
species, that repetitive sequemoeurred 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 prevous 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) betwé&nvigneaultiiand a GenBank represetiva
(U30363; Washingtorthat wasassigned t@s. laciniatawith those differences possibly
attributed to errors in the GenBank sequence at otherwise conservative sites. Similarly, a
GenBank entry o6G. fryeana(U30364; Washington) was most similar (4 bifeslences
across 1494 bp) to our data fér laciniataand, again, those differences were potentially
a result of errors in the GenBank sequence. Both U30363 and U30364 were host to
parasiticF. attenuatarepresented by the GenBank entries U30366 an@&&B0
respectively). The GenBank data for U30366 and U30365 were identical to each other
but distinct from the ITS data generated for British Columbian collectioRsattenuata
included in the present study (FR&j1) raising the distinct possibility @f third species

included inthis morphospecies.
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Phylogenetic Analyses

RAXML analysis includeeightrepresentatives @otryocladia,which were resolved in
two groups (Fig3.2). Botryocladiaspecies from the Northeast Pacific wegsolved as
sisterto each other in the first group, which also included two species from the Atlantic
Islands/tropical & subtropicdlorthwestern Atlantic (Fig3.2). The secon@otryocladia
clade was comprised & neushulifrom Pacific Mexico, two species from Austelthe
South Pacific specié3. ebriosaand the Northwest Pacific speciébrysymenia wrightii
(Fig. 3.2).

The 24 species oRhodymenidhat were mcludedwereresolved in three groups
and an unresolveld. pseudopalmatg@rig. 3.2). The first group includkrepresentatives
predominantly from Australia in addition to species from the Central Pacific, New
Zealand, Northeast and Northwest Atlantic (Bg). The second clade included our four
Northeast PacifiRhodymenigpeciesamong which, a specimen Bf intricata from the
Northwest Pacific wagesolved Also, weakly associated as sistethat clade was the
generitype specieR. pseudopalmatiiom the Northeast Atlantic. Lastly, the third clade
was comprised exclusively of species from the Southern $fgmarei(e., Australia,

South Africa and South America; Fig2).

Phylogenetic analyses strongilacedFryeella callophyllidoidesn the
Fryeellacea@s sister té-. gardneri(Fig. 3.3). Minium parvunwas fully resolved in a
monophyletic lineage witthe previous species Bfyeella(Fig. 33). In fact, it was
more closely related to the tvirmyeellaspp. than were specieslagptofauchea,

GloiocladiaandWebervanbosse@lativeto one anotheffig. 3.3).
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Fifteen specimens @loiocladiaandGloiodermaspp. and two representatives of
Faucheocolaxvere included in our phylogenetic analyses and were resolved in four
clades (Fig3.3). The first clade include@. halymenioideand an unidentified species
from Western Australia, which were distytelated toG. spinulosdrom the Northwest
Pacific (Fig.3.3). The second clade was comprised of closely resolved Northwest Pacific
G. japonicaand the Gulf of Mexico speci&s. tenuissimawhich were weakly allied to
the Northwest Pacific speci€s iyoensig(Fig. 3.3). The third clade included three
Northeast Atlantic species, which were closely resolved, in addition to the more distantly
related specieG. pelicanafrom the Gulf of Mexicq(Fig. 3.3). Lastly, the fourth clade
was comprised of taxa exdively from the Northeast Pacific and relationships among
those taxa were resolved with strong to full support &RB). Included were two
representatives of parasific attenuatad one, which was resolved alongside its &st

laciniata, and the othemhich was fully supported as sisterGomedia(Fig. 3.3).

Morphological results

Botryocladia hawkesiFilloramo & G.WSaunders sp. nov. Fi§.4a-g

DIAGNOSIS: Thalli typically 2665 mm tall with a discoitholdfast and solid, terete stalk
either beang a single mucilagélled, saccate vesicle (333 mm long x 722 mm wide)
or irregularly branched and bearing numerous vesicles 3Hi@. Vesicle outer cortex 2
(-3) layers of small cells & nmin diameter grading to an inner cortex of2)(layers of
oblong cells (1826 ¢ nlong x 512¢ nwide); medulla of 1) large axially elongated

(96-178¢ mong x 5481¢ nwide) cells surrounding thmucilage filled cavity (Fig.
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3.4b). Gland cells scatted on medullary cells, rarely single and typically in groups-of 7
15, subspherical, 120¢ mn diameter (Fig3.4c,d). Spermatangia (28 ¢ niong) in

sori cut off from cortical cells (Fig3.4d). Carpogonial branches and auxiliary cell
branches not see@ystocarps scattered (FR)4e), 6006900 mn diameter, protruding
both inwardsand outwards, ostiolate (Fig.4f). Tetrasporangia in scattered cortical sori,
modified from existing cortical cells, cruciately divided;88¢ mong x 22.538¢ m

wide (Fig. 3.49).

HOLOTYPE : G.W. Saunders, B. Clarkston, K. Hind & D. McDei§ May 2008 (UNB,
GWS009487) (Fig3.4a); isotype GWS009486Appendix B Table S1).

TYPE LOCALITY : Pipers Point (49.54668123.79256), 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 rhodymeseal 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 BTableS1).

Fryeella callophyllidoidegHollenberg & I.A.Abbott) Filloramo & G.WSaunders comb.

nov.Fig. 3.5a&g
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BASIONYM : Rhodymenia callophyllidoiddsollenberg & I.AAbbott 1965 New species
and new combinations of marine algae fribra region of Monterey, California.

Canadian Journal of Botard3: 1184).

OBSERVATIONS OF EPITYPE SPECIMEN (UC1455019: Thalli 110150 mm across;
individual branch width 5 mm and typically consistent from base to apices, which are
rounded (Fig3.59). Blades250-300¢ mthick in cross section with an outer cortex of 1 (
2) layers of small, round cells and-2) layers of ellipsoid inner cortical cells, which
grade to 34 cell layers of large, colourless medullary cells (168¢ nmx 50-70e m

wide), blads of solid construction lacking hollow regioftag. 3.5b). Tetrasporangial

sori appear as mottled nemathecia that develop submarginally and spread toward the
blade center; cruciately divided tetrasporangia43@ mong x 1520¢ nwide) or 23
celled paaphyseal filaments develop from adventitious growth of existing cortical cells
(Fig. 3.50).

DIAGNOSTIC FEATURES OF GENETIC GROUP: Individual branch width consistent from
base to the rounded apices (Rdnd). Blades 2258250¢ nthick in cross section withn
outer cortex of 1-@) layers of small, round cells and-2)layers of ellipsoid inner
cortical cells and -3 cell layers of large, colourless medullary cells- {5 nx 110170

e My solid constructiorfFig. 3.5€). Tetrasporangial development (F8j5f,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 BTable S1).
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Gloiocladia fryeana(Setchell) SAnchez & Rodrigu€zietoFig. 3.6ag

DIAGNOSTIC FEATURES OF GENETIC GROUP: Thalli flattened, broadly flabellate, 28

mm tall; irregularly dichotomously branched, branch widths-{@%nm) variable within
an individual, branches tapering slightly towards base; apices blunt to rounde®iG&ig
b). Blades 206870¢ nthick in cross section including a medulla composed®fdyers
of large, round or slightly ellipsoid colourless cellsdkst cell typically central, 8050

e mong x 76110¢ nwide and flanked by smaller cells) and a cortex-df&lled
filaments laxly arranged and arching toward the thallus surface3Bbgd.
Tetrasporangia in prominent nemathecia appearing as dttkgs on a single surface of
the thallus and spreading from base to just below the ultimate dichotom@.ge).
cruciately divided (37 %0¢ mong x 2635¢ nwide), borne on cortical cells, terminally
on singlecelled filaments or laterally on& celed paraphyseal filaments, which
surround the developing tetrasporangia (Bi§e). Cystocarps strictly marginal (Fig
3.6af), slightly coronate, 80830¢ min diameter, ostiolatéela arachnoidegresent
(Fig. 3.60). Male gametophytes not observed.

REPRESENTATIVE COLLE CTIONS: Listed inAppendix B(Table S1).

Gloiocladia laciniata(J Agardh) NSanche & RodriguezPrieto Fig.3.7ak
OBSERVATIONS OF HOLO TYPE SPECIMEN (LD 25708: Thallus ~120 mm tall, irregularly
dichotomous, individual branch width vaile from bas¢éowards apicef2-10 mm wide)

(Fig. 3.73). In cross section, blade ~360nthick with 23 layers of large medullary cells
97



(110-210¢ nlong x 76120¢ nwide), 1 inner cortical layer and a cortex of compact
slightly arched filaments-3 cellslong (Fig.3.7b,9. Cystocarps marginal and scattered
(Fig. 3.78) on both blade surfaces, distinctly coronate (Bigd), 9531000¢ mn

diameter, ostiolatdégla arachnoidegresent (Fig3.7€).

DIAGNOSTIC FEATURES OF GENETIC GROUP: Thalli 20-180 mmtall, spreading, flabellate,
irregularly dichotomously branched, individual branch width variable from base to apices
(1.311 mm wide) (Fig3.7f,g). In transverse section, plants were-28@¢ nthick with

2-3 layers of medullary cells (8200e mong x 90-124¢ nwide), 1¢2) inner cortical

layers and a cortex of compact slightly archilsanents 34 cells long (Fig3.7h,i).

Cystocarps scattered either on both blade surfaces (typically one side is more abundant)
or marginal (Fig3.7f) or a combination odurface and marginal (Fi§.7g), distinctly

coronate (Fig3.7j), 806930¢ mn diameter, ostiolatéela arachnoidegresent (Fig.

3.7k).

REPRESENTATIVE COLLE CTIONS: Listed inAppendix B(Table S1).

Gloiocladia mediaKylin) Filloramo & G.W.Saunders@mb. nov. Fig3.8aj

BASIONYM : Fauchea medi&ylin 1941 (Californische RhodophyceeActa Universitatis
Lundensis37: 27).

OBSERVATIONS OF HOLO TYPE SPECIMEN (LD 1613738: Cystocarpic plant ~ 29 mm tall,
irregularly dichotomous (Fi3.89). Blade ~36& nthick in transverse section (Fig.8b)
with a dorsiventral cortex (8 celled compact filaments towards one surface arsl ~4
celled filaments on the opposite surface) (Bi§c,d); single inner cortical layer; and

medulla of 23 layers of large colourds cells (10200¢ miong x 75110¢ nwide) (Fig.
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3.8b). Cystocarps produced near thallus apsmsgteresn both blade surfaces, typically
rounded (Fig3.8€), ~900¢ mn diameter, ostiolate, sessitela arachnoidegpresent

(Fig. 3.8f).

DIAGNOSTIC FEATURES OF GENETIC GROUP: Thalli ~28 mm tall, irregularly
dichotomously branched (Fig.8g). In transverse section, 2830¢ nthick with a

cortex 34 celled compact filaments towards one surface ard eelled filaments on the
opposite surface; singianer cortical layer; and medulla of®layers of large colourless
cells (130270¢ mong x 83130¢ nwide) (Fig.3.8h). Cystocarps rounded, located
towards ultimate portion of blade on both blade surfaces 38g, 780840¢ mn
diameter, ostiolate essile tela arachnoidegresent (Fig3.8j). Male gametophytes and
tetrasporophytes not observed.

TYPE LOCALITY : Pacific Grove, California, USA.

DISTRIBUTION : Genetically confirmed only from Carmel and Monterey, California, USA.

REPRESENTATIVE COLLE CTIONS: Listedin Appendix B(Table S1).

Gloiocladia vigneaultiiFilloramo & G.W Saunders sp. nov. Fig.9ah

DIAGNOSIS: Plants 3775 mm tall, flabellate, irregularly dichotomously branched,
individual branches 1-%8 mm wide, tapering in width from base towards the apices
(Fig. 3.99). Blades 378150¢ nthick in cross section with Z) layers of medullary cells
(130-300 lorg e nx 70-200¢ nwide) (Fig.3.9b), a single inner cortical layer and a
cortex of anticlinal, compact filaments o6cells (Fig.3.9¢); obvious cuticle ~1% m
thick (Fig.3.9%,0). Cystocarps typically scattered over both blade surfaces3Bdj, in

same individuals predominantly marginal with few cystocarps on the blade surfaces (Fig.
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3.9¢), rounded to coronate (Fig.9f), 9031120¢ mn diameter, ostiolatdela
arachnoidegresent (Fig3.9f,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 tetrasporangia43% mong x 2025¢ nwide) cruciately

divided and developing from cortical cells or laterally on paraphyséscéis long) (Fig
3.9h). Male gametophytes not observed.

HOLOTYPE : G.W. Saunders & K. Dixorf) June 2012 (NB, GWS030615), female (Fig.
3.9ac,f,g); isotypes GWS030614etrasporophytand GWS03061,&etrasporophyte
(Appendix B Table S1).

TYPE LOCALITY : Islets west oAdam Rocks (52.11603131.23820), Gwaii Haanas,
British Columbia, Canada; subtidal (8 m) on invert

HOLOTYPE COI -5P BARCODE: KU687640.

ETYMOLOGY : Namedfor Leandre Vigmeault 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 fom British Columbia, Canada.

REPRESENTATIVE COLLE CTIONS: Listed inAppendix B(Table S1).

Minium parvum R.L.Moe, Fig 3.10ad
OBSERVATIONS OF TETRASPOROPHYTES:. Thalli appeared as dark patches on the surface
of articulated coralline algae (Fi§.10g. In cross section, extensive basal holdfasts were

25-40¢ nthick composed of a single layer of axially elongated cells that produced short,
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erectfilaments of 14 spherical cells that frequently became connected via secondary pit
connections (Fig3.10b). The extensive holdfasts produce multiple reduced upright thalli,
which typically spread laterally to overgrow the holdfast (Bifj0c). The cells of the

upright thalli were also joined by numerous secondary pit connections3(Eodp).

Extensive tetraspongial nemathecia developed across the dorsal surface of the upright
thalli via the adventitious growth of the outermost cortical cells @Gif0).

Tetrasporangial initials originated from the outer cortical cells of the reduced upright
thallus and when ature were cruciately divided (35 ¢ mong x 17.528¢ nwide)

(Fig. 3.10d). Cortical cells not bearing tetrasporangia divided to produce paraphyses (3
cells long), the cells of which became elongated and compressed between the developing
sporangia (Fig3.100).

REPRESENTATIVE COLLE CTIONS: Listed in theAppendix B(Table S1).

Rhodymenia bamfieldensiBilloramo & G.WSaunders sp. notfig. 3.11ab

DIAGNOSIS: Plants flabellate, irregularly to regularly dichotomously branched, erect, 53
63 mm tall with a compressed stipe (up to 20 mm long) arising &rfoasal discoid

holdfast learing stolons typically giving rise to new thalli; individual blades typically
3.6-6 (-8) mm wide wih broadly rounded apices (F§119. Blade thickness 11B50

¢ mat midthallus including-3 (-5) layers of large, round, colorless cells (480 mn
diameter) grading to-2 inner cortical layers of typically more elongated cells subtending
2 (-3) layers of darkly staining, rounded cortical cells §¢~&in diameter) (Fig3.11b).

Reproductive material not observed.
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HOLOTYPE : G.W. Saunders & K. Dixon,&June 2011 (UNB, GWS014391) (Fig
3.113b); isotypes GWS014378, GWS014383 and GWS014883€ndix B Table S1).
TYPE LOCALITY : Bordelais Island (48.81895125.23127), 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
collectedd a centeefor marine biological research in Canada.

DISTRIBUTION : Whidbey Island, Washington, USA to Bamfield and Sidney, British
Columbia, Canada

REPRESENTATIVE COLLE CTIONS: Listed inAppendix B(Table S1).

Rhodymenia californicaKylin Fig. 3.11cg

DIAGNOSTIC FEATURES OF GENETIC GROUP: Plants flabellate, irregularly to regularly
dichotomously branched, erect, up to 60 mm tall with a short sigiegafrom a basal
discoid holdfast that bears stolons; individual blades typicallGrbn wide with
rounded apices (Fi®.11¢). Blade thickness 11283¢ mat midthallus including %
layers of large, round, colorless cells{#8e nin diameter) graaig to 22 inner cortical
layers of typically more elongated cells subtendingB? layers of darkly staining,
rounded cortical cells (~6 mn diameter) (Fig3.11d). Carpogonial branches and
auxiliary cell branches not found. Cystocarps primarily locatédanch apices5006520
€ mn diameter, rounded, submarginal and protruding outwards, ostiolat& (FHig.
Spermatangia located in sori appearing as light patches on blade surfaces apib&ge

spermatangia (~2.% nwide) developing from cells dhe outer cortex (Fig.11f).
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Tetrasporangia located in superficial apical sori on one or both blade surfaces towards
thallus apices, cruciately divided,-33 ¢ mong x 915¢ nwide with cortex surrounding
tetrasporangia unmodifigéFig. 3.119g).

REPRESENTATIVE COLLE CTIONS Listedin Appendix B(Table S1).

Rhodymenia pacific&Kylin Fig. 3.12ab

DIAGNOSTIC FEATURES OF GENETIC GROUP: Plants flabellate, dichotomously branched,
erect, 2490 mm tall with terete stipes-@ mm long); discoid holdfastith short basal
stolons; individual blades 412.6 mm wide with broadly rounded apices (Bg.29. In
cross section, blades 1:@50¢ nthick with 3 ¢4) rows of large, round, colourless
medullary cells (6776 ¢ mn diameter) grading over2 cell layergo a single outer
cortical layer of small, round or oblong, darkly staining cells§-€5nwide) (at times, an
incomplete inner cortical layer present) (RBdL2b). Male and female gametophytes and
tetrasporophytes not observed in our collections.

REPRESENTATIVE COLLECTIONS : Listed inAppendix B(Table S1).

Rhodymenia rhizoide&.Y.DawsonFig. 3.12cd

DIAGNOSTIC FEATURES OF GENETIC GROUP: Plants broadly flabellate, dichotomously
branched, erect, 368 mm tall with terete stipes (38D mm long) and smatliscoid
holdfasts bearing abundant basal stolons that may give rise to new blades; individual
blades €9 mm wide with rounded apices (FB)12¢). In cross section, blades 1440

€ nthick featuring 23 layers of large, round, colourless medullary c@&56€ mn

diameter) grading over-2 cell layers to a single outer cortical layer of small, darkly
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staining cells (~& mn diameter) (at times, a second incomplete layer present) (Fig.
3.120).

REPRESENTATIVE COLLE CTIONS: Listed inAppendix B(TableS1).

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 applisgdoies diversity
assessments. Over the past 20 years, advances irbB&&4d identification have exposed
the complications that phenotypic plasticity and convedrgealutionbring to the task of
distinguishing seaweed species based on morphology alomedga 2005, 2008T.he
present study sought to reassess the number of rhodymenialean species present in British
Columbia using a contemporary molectdasisted alpha taxonomic approach. In doing
S0, 16 species in 10 genera were resolved, confirfriygdla garderni, Gloiocladia
fryeana, Gloiocladia laciniata, Leptofauchea pacififiast reported from British

Columbia by Dalen & Saunders (200 M)pmentaria hakodatensis, Minium parvum,
Neogastroclonium subarticulatum, Rhodymenia californica, Rhodymanifiga and
Sparlingia pertusand uncovering cryptic and overlooked taxaBotryocladia,

Faucheocolax, Fryeella, GloiocladendRhodymenia
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Botryocladia

The specie8. pseudodichotomaas described from Carmel Bay, California by
Farlow (1899) a€hrysymenia pseudodichotorarlowand later transferred to
Botryocladiaby Kylin (1931). AlthoughB. pseudodichotomiaas been widely reported
from British Columbia (Collins 1913; Scagel 1967; Widdow&@oon 1975; Hawkes
et al.1979; Lindstrom & Foreman I8), Hawkes & Scagel (1986) postulated that
specimengrom British Columbia may not be conspecific with tegeciedrom
California owing to morphological differences between plants from each loc&uion
data validated their hypothesis adlections fom British Columbia and northern
Washington were resolved as genetically distinct from Califarspeecimens (including
collections from Monterey and Pacific Grove, which are near the type locality of Carmel
Bay). Owing to the previous, the northern spgeias described as the noteeton B.
hawkesii.

While extensive collecting in British Columbia has resulted in frequent
encounters witlB. hawkesiiB. pseudodichotomlaas not been collected suggesting that
this species does not extend north to Britisfu@ibia. Extensive collecting in California
is needed to determineBf. hawkesiextends to that flora (searching both G&H and
rbcL data forB. hawkesiin GenBank did not yield matches to previously published
sequences from California). Additionadllectionefforts in Washington and Oregon will
contribute to a better understanding of the respective distributidhishafwkesiandB.
pseudodichotomim the Pacific Northeast.

At present, biogeography the most valuable character for distinctian a

morphological assessment failed to identify useful distinguishing featurBs famwkesii
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andB. pseudodichotoma&lthough Hawkes & Scagel (1986) indicated that their
specimens from British Columbia were smaller than those from Califanaiahat the

British Columbian specimergpically consistdof a short stip&dearinga single vesicle

or at most six vesicles vsp to 100 vsicles in those from Californjave foundthat

overall specimen size and numbers of vesioleslapped between the two species

groups recognized herein. Unfortunately, we lacked tetrasporophytes and gametophytes
of B. pseudodichotomf@r comparison to reproductive materialBafhawkesii Although
details of reproductive features #Br pseudodichotomexist in the literatureg(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 confirmBd pseudodichotomia needed to

as®ss if there are indeed any useful reproductive features for delifBitimgwkesiand

B. pseudodichotom&Jntil that time, a combination of genetics and biogeography are the

most reliable tools for identifying these taxa.

Fryeella

The monotypic genuBryeellaKylin (1931)was based oRauchea 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 formain of paraphyses and tetrasporangia (Kylin 1931; Le &all
al. 2008). Our molecular analyses resolved some specimens (British Columbia n=1;
California n= 2) as strongly allied teryella gardneri(Table3.1). Subsequent

morphological observations indicated adventitious growth of the cortex during
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paraphyseal/tetrasporangial development (59, which is typical of the genus;
however, the solid pseudoparenchymatous construction of the thall3(s@ywasmore
consistent with placement Rhodymenialnvestigation of the literature uncovered,
Rhodymenia callophyllidoidddollenberg &I.A. Abbott, which was described from
Monterey, CalifornigHollenberg &Abbott 1965). Interestingly, wheR.
callophyllidoides was described, it was noted that it lacked a stipe, which is atypical of
Rhodymeniabut consistent witlirryeella. Details of the tetrasporangia were lacking in
the type description d®. callophyllidoidesdescribed only as located in mottled,
submargial nemathecia that spread to the blade center (Hollenberg & Abbott 1965),
which was consistent with developmenthe genetic groupesolved in this studyT his
warranted a closer examination of the tyfkhough type material oR.
callophyllidoideswvaspreviously mislocated (K.A. Millepers. comn), tetrasporangial
epitype material (UC1455019) collected from Monterey and identified by I.A. Abbott as
R. callophyllidoidesvas provided on loan by Jepson Herbarium of the University of
California. Anatomichexamination revealedsimilar vegetative anatomy (Fig.5b,¢

and adventitious cortical growth for the formation of paraphyseas and tetrasporangia (Fig
3.5¢,9 aswe observed in specimens of our genetic group. Owing to the previous, we
transfereR. allophyllidoidesto FryeellaasF. callophyllidoidegHollenberg &
I.A.Abbott) Filloramo & G.WSaunders comb. noinclusion ofF. callophyllidoidesn
Fryeellachallenges the feature of a hollow, mucilddjed thalli as diagnostic of the
genus; howevethe utility of this character has been questioned for gkaues

distinction in other rhodymenialean genezag(,Halichrysisincludes taxa with both

solid constructi on anetalR0®7).I0pevof ofirrCalipmiann s 0 ;
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collections off. callophyllidoidesvas divergent (CGbP; 10 bp differences across 664

bp) from the British Columbian and the other Californian collection. Although some
rhodymenialean taxa exhibit higher than usual intraspecific divergergeSaunders &
McDonald 210; 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. fryeanaandG. laciniatawere the only species ®floiocladia
recognized in British Columbia. These taxa were distinguished according to cystocarp
position, which was reportedly strictly marginal f6r fryeanaand distributed over
thallus surface fo. 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 Gloiocladiain British Columbiacalled into question the utility of these features.

One of the genetic species groups featured female gametophytes with strictly
marginal, slidntly coronate cystocarps (Fig. 3)Gnd was assigned @. fryeanaas that
criterion and the overall gross anatomy and vegetative construction were consistent with
Setchdlbs (1912) original description, as wel/l
that species in British Columbia. Additionally) ebcL sequencén GenBank repaed as
G. fryeanafrom its type locality in San Juan Islands, Washinggmuped withour
British Columbia collections. In the presence of female reprodudtiofryeanamay be

distinguished from othegloiocladiaspecies in British Columbia accordingit® strictly
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marginal cystocarps (Fi§.69, thinner thalli in cross section (2300 um) and short {2
3 celled), arched, laxly arranged cortical filaments.(Bi§c,d.

The two remainingsloiocladiaspecies in British Columbia included female
gametoplgtes with cystocarps scattered on both blade surfaces, which was traditionally
associated witls. laciniata Owing to an inadequate préag description, the
cystocarpic holotype d&. laciniatawas acquired on loan from the Lund University
Biological Mus@im to determine if it was a good morphological match to one of our two
remaining British Columbigenetic species groups. Holotype material featured distinctly
coronate cystocarps (Fi8.70d scattered densely on the thallus margin, as well as
scattered (zarsely) on both blade surfaces (Bg/g. Female gametophytes for one of
our genetic groups were consistent with the previous observation and were asstgned to
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 speGiegigneaultii.Interestingly, a single
female gametophyte genetically assigne®iwigneaultiifeatured predominantly
marginal cystocarps (Fi§.96 indicating greater variability for features of the cystocarp
than in otheGloiocladiaspp. in British Columbia. Vegetativel@. laciniataandG.
vigneaultiiare similar in that the cortical filaments for each group areerdensely
arranged than those observed@rfryeana however, the former two species may be
distinguished based on the number of cells in the cortical flame@s\agneaultiihas
more cells in the cortical filaments comparedtdaciniata(Fig. 3.9cvs. Fig 3.7c,).
Additionally, G. vigneaultiifeatures an obvious, thick cuticle covering both blade

surfaces (Fig3.99.
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Overall, we have identified some features, which when comparediseful for
distinguishingGloiocladiaspecies in British Aambia, 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 wassingle collection (GWS021443) @loiocladiafrom
California that was genetically distinct from the th@&eiocladiaspecies recognized
from British Columbia. Investigation of the literature revealed the spEamshea
media,which was described from Bific Grove, California by Kylin (1941) to
accommodate specimens that were intermediate in size befwpggmaegSetchell &
Gardney Kylin (1-3 cm tall) and~. laciniata(8-15 cm tall). Soon after, Doty (1947) and
then Abbott & Hollenberg (1976) reducBdmediaandF. pygmaearespectively, to
synonymy withF. laciniata. Cystocarpic holotype material 6f mediawas provided on
loan from Lund University Herbarium and compared to cystocarpic holotype material of
F. laciniata(= G. laciniatg) and our sinig sample from CalifornigAlthoughF. media
was considered qualitatively consistent wizhlaciniatain all ways except thallus size;
our observations of holotype material indicated inconsistencies in cystocarp shape and
location between these specieshil® holotype material fo6. laciniatafeatured
distinctly coronate cystocarps distributed densely along the margin and sparingly on the
thallus surface (FigB.7a,d, the holotype specimen fé1. mediahad smooth, round
cystocarps that were located rgreh the margins and predominantbyvardsthe upper
half of the blad€Fig. 3.8a,¢ The latter observations were consistent with those for

specimen GWS021443 from California and the epithetediawas resurrected as
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distinct fromG. laciniataand trasferred toGloiocladia(asG. medid. Currently the

distribution of this species is limited to California.

Key to species ofGloiocladia

la. Cortical filaments laxly arranged and arching towards the thallus surface, blades 200
300 mn cross section (Fig.6d); cystocarps strictly on blade margin (Fig.

1b. Cortical filaments compact and arising perpendicular from the thallus surface, blades
> 300e mn cross section; cystocarps on bbtade surfaces or both surfaces and blade

mar gi reé.eeggééeeceéééececeéééeceeceéééeeecee..2

2a.Blades 306850¢ min cross sectiofFig. 3.8b,h) cystocarps strictly round€éig.
38ei) produced on both bl ade s.ur.f.aG esdiat owar o
2b. Blades > 35@ mn cross section; cystocarps rounded to distinctly coronate, covering

both blade surfaces or both surfaces as well as blade margin. . . . . ....... 3..... é ..

3a.Cortex composed 0f-8 celled filamentscuticle ~5¢ nthick (Fig
3.7c,i)éeé. . eéecéeéeéeéeéecécécecéececébdativiaa
3b. Cortex composed of-8 celled filaments subtending an obws cuticle (~1% m

thick) (Fig. 3.83 € . . . . . . . v v v v v i b G.vigneaultii .
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Faucheocolax attenuataas described from Carmel Bay, California by Setchell
(1923) as parasitic dRauchea laciniatgd= Gloiocladia laciniatg. At this time, we
cannot accurately determine the number of parasitic speciBatdcheocolaxThe
current data suggest three with two of those being specic kaciniata One parasitic
species group was resolved (based on-B®fbcL and ITS) as genetically identical to
its host species, which w&s laciniata(Table 3.1; Figur&.3). A second parasitic
species included collections that were genetically distinct (based o @icL and
ITS) from their host (genetically assigned3olaciniatg) andwere relatedo the
Californian specie&. mediaTable 3.1; Figure 3.3 he last parasitic species group
included two genetically identical specimens from Washington that were resolved (based
on ITS) by Goffet al.(1996) as genetically distinct from their two host species
Comparison of our data fét. attenuateandGloiocladiaspp to the previous indicated
that the parasite species in Geffal.(1996) was not a molecular match to either of our
parasite genetic groups. Further, the host specimeneGalf(1996) identified as.
fryeanais G. laciniata while their host specinmeidentified asG. fryeanais G.
vigneaultiiextending the host rangé their parasitéo our new speciesA source of
uncertainty is the possibility thatr genetic group that resolved as identical to its host is
actually not representative of a panasienetic 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
respectiveGloiocladiahosts Our cdlections that resolved distantly from their hoSt (
laciniata) andallied to G. medidikely represent an alloparasitghile our other parasite

collections that resolved as genetically identical to their Go&iciniatarepresent a
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recently divergeda@elphoparasite. It is challenging to estabiighich parasite lineage is
likely representative of trugé. attenuatalndeed, before any formal taxonomic changes
are made, more work is needed to better understangbiesite diversity in the
Northeast Pafic. Regardless to the number of parasitic species and their relative host

specificity, these species should be assigned to the same(Ba&n3s3).

Minium

Current familylevel distinction in the Rhodymeniales is based, in part, on the
ontogeny of the tetrasporangia (Dalen & Sunders 2007; LeeGalll2008; Filloramo &
Saunders 2016a). The most recent phylogenetic assessment of the Rhodymeniales
supportednclusion of he monospecific genidinium within the Fryeellaceae
(Filloramo & Saunders 2016a); however, that study lacked anatomical observations to
determine if the vegetative and reproductive featurddimium were consistent with
those considered diagstic of the Fryeellaceae. Most members of the Fryeellaceae
(Fryeella, HymenocladiopssndPseudohalopeltjsfeature adventitious growth in
tetrasporangial development whereby the outer cortical cells swell and either convert to
tetrasporangia or divid® produce 34 celled paraphyses with a basal cell that becomes
elongated between the enlarging tetrasporangia (LeeGall2008; Saunders &
McDonald 2010). In his original description Minium, Moe (1979) did not report
adventitious growth of the cent during tetrasporangial differentiation; however, this
fine distinction in tetrasporangial development is relatively new (Le&gall. 2008) and

would not have been considered at that time. In addition, Moe (1979) not surprisingly
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viewedMinium as a aanst with reproductive features formed in an extensive nemathecia

in analogous comparison to tbeustosP ey ssonnel i aceae. Moe (197
crustose |l ayero composed of branched fil am
monostromatic layer of cells.n Moed6s i nterpretation, this

produce nemathecia (the cells of which were joined by secondary pit connections) for

both the gametophyte and tetrasporophyte genera@wigg to our molecular results,

we Vview Moebsl|l @&pbasal asrequbsal ent to an ext
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 gametophgtavith developed carposporophytes ortiétessporophyte

generation with weltleveloped tetrasporangial nemathecia (male gametapigte

observed). In our interpretation, postfertilization events and development of the
carposporophyte do not occur witin A ne mat heci umo, (dthotghwi t hi n
diminutive) axes, which is typical of Rhodymenial&&getative develapent of the
tetrasporophyte was fundamentally similar to the carposporophyte, but included the
production of a true fryeellacean nenmatium (including tetrasporangia and associated
paraphyses) on the dorsal surface ofdin@inutive upright axes. Although details were
challenging to decipher, the absence of secondary pit connections among cells of the
nemathecium compared to the abund@aoicsecondary 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 ter cells.Owing to reproductive similarities betwelhnium

andFryeella,as well as their close affiliation in phylogenetic analyses @8), it would
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not be inappropriate to subsume the former into the latter; however, due to the unique
gross morphagy of Minium, we continue to recognize it as a distinct genus in the

Fryeellaceae.

Rhodymenia

Rhodymenia californicandR. pacificawere both described from California by
Kylin (1931) who distinguished them according to thallus size and individualtbranc
width (R. pacificabeing taller with broader individual blades compareR taalifornicg.
For the present study, those criteria were used to field identify specimens aR either
californicaor R. pacifica The resolution of cryptic complexes for each of those species
indicated that Kylinds diagnostic features
genetic data resolveR. californicaandR. pacificaas more closely related than either is
to their oerlooked counterpart (Fi§.2), which indicates that similarities among the
complexes were derived at least in part by convergence.

Both genetic groups assignedRocalifornicawere consistent with the prototype
description oRR. 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 representativR ofalifornica,while the second group was rare
and limited to southern British Columbia amorthern Washington and was described as
R. bamfieldensisp. nov. A comprehensive moleculssisted floristic survey of
California and Oregon is required to determine the southern distributn of
bamfieldensiselative toR. californica(geneticallyconfirmed from British Columbia,

Oregon and California). Although our collectiongRofcalifornicasignificantly
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outnumber those d®. bamfieldasis it is possible that some of the southern British
Columbia and northern Washington specimens that wefeuaéid toR. californicaby
Hawkes & Scagel (1986) were in f&t bamfieldensis.

The only observed difference betwdenbamfieldensiandR. californicawas
individual branch width, which was typically less for the latter species. Although this
featuremay be helpful in the field, species identifications should be confirmed by genetic
data as thinner collections Bf bamfieldensiand thicker collections dR. californica
overlap in size. Included in our collectionsRofcalifornicawere the first reards from
British Columbia of fenale and male gametophytes (RdL1e,j. Interestingly, all
gametophytic collections of this species were collected from Haida Gwaii in northern
British Columbia. Unfortunately, we lacked reproductive materifd.dfamfiédensisfor
comparison. Future collections of reproductRiebamfieldensisf they exist,may
provide useful characters for distinguishing it fr&ncalifornica

One of our genetic species groups field identifie® agacificawas anatomically
consise nt wi t h Kyl logdéseriptibnla@d3also inclpdedtapotype material.
As a resultthe aforementioned group was attribute®tgacifica.The second genetic
group was morphologically assignedRorhizoideswhich was described from San
Diego, California by Dawson (1941) whapnsidered the prominent stipes and abundant
stolons ofR. rhizoidesas justification for distinguishing that species frBmpacifica
Dawson (1963) later rejected the significance of those differences and synonRmized
rhizoideswith R. pacificasuggesting that this species was highly variable in morphology
Our anatomical observations herein indicat

species was warranted as collections attributé&thtmdymenia rhizoidesere
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distinguished from those assignedRopacificaaccording to the following criteria:
prominent stipes, abundance of stolons, fewer medullarjegelts, smaller medullary

cells and thinner blades in cross secti®ecognition ofR. rhizoidesn British Columbia
represents a northern range extension for this species. Traditighgbgcificawas

reported from northern British Columbia to northern Baja Mexico (Guiry & Guiry 2016);
however, some of those reports may be basd®l. ohizoidesFuture molecular studies

are needed to clarify the distribution®f pacificarelative toR. rhizoidesn the northeast
Pacific. At presentR. rhizoideshas a disjunct distribution between central California and
northern British Columbia (only two colleofis were from southern British Columbia;
Appendix B Table S1). If that distribution pattern holés,rhizoidesadds to a growing
number of species that may have migrated to northern British Columbia from California
on t he Ak eiepthemartlem migrationmf Californian species growing on
substrata that is carried along wWiilp rafts to northern British Columbia on the winter

Davidson CurrentSaunders 2014).

Key to species oRhodymenia

la. Mature plants usually under 60 mm in heightdividual branches mostly less than 6

,,,,,,,,,,,,,,,,,,,,,

mm wi de. . éé. . éééé. . éeéeéeé e . cacceééeed e .

1b. Mature plants typically 280 mm in height; individual branchesl® mm wide..... 3

2a.Individual branches 3-6 mm wide (Fig3.11a,h.e é é é ..é . . K. bamfieldensis

,,,,,

2b. Individual branches 0-8 mm wide (Fig3.11cQ).é € € é é .. é . R. californica
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3a.Blades 16250¢ mn cross section with-3 layers of large round medullary cells-67
76 ¢ mn diameter; stolons not prominent (F&j12a,) . é. .é. .6 é é é R. pacifica
3b. Blades 144170e mn cross section with-3 layers of large round medullary cells-35
56& mn diameter; stolons prominent and abundant (&it2c,g........... 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.

Max Distance
intraspecific to nearest
divergence neighbor
Species (%) Nearest species (%)
Botryocladia hawkesii Botryocladia
(n=27) 0.31 pseudodichotoma 5.13
Botryocladia pseudodichotom
(n=7)* 0.15 Botryocladia hawkesii | 5.13
Faucheocolax attenuata
(n=2) 0.30 Gloiocladia media 2.67
Faucheocolax attenuata
(n=3)1 0 Gloiocladia laciniata 0
Fryeella callophyllidoides
(n=23) 1.53 Fryeella gardneri 6.50
Fryeella gardneri Fryeella
(n=63) 0.61 callophyllidoides 6.50
Gloiocladia fryeana
(n=21) 0.46 Gloiocladia media 13.14
Gloiocladia media
(n=1)* N/A Faucheocolax attenuati 2.67
Gloiocladia laciniata Faucheocolax attenuati O
(n=74)n 0.76 Gloiocladiavigneaultii | 3.73
Gloiocladia vigneaultii
(n=14) 0.76 Gloiocladia laciniata 3.73
Leptofauchea pacifica Neogastroclonium
(n= 36) 0.30 subarticulatum 17.76
Lomentaria hakodatensis
(n=20) 0 Fryeella gardneri 20.46
Minium parvum
(n=6) 0 Fryeella gardneri 9.24
Neogastroclonium
subarticulatum Fryeella
(n=31) 0.93 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 californicg 7.18
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Rhodymenia rhizoides

Rhodymenia

(n=27) 0.63 bamfieldensis 3.26
Sparlingia pertusa
(n=81) 0.77 Rhodymenia californicg 17.34

* Species collected exclusively from California.

ASome specimens #faucheocolax attenuataere resolved as genetically identical to

their host specieGloiocladia laciniata.
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Figure 3.1 Simplified schematic of ITSL for representatives of Faucheocolax
attenuataand Gloiocladiaspecies. The asterisk (*) indicates thE. attenuata
genetic group that was genetically distinct from its host species, whilee single
cross €) refers to GenBank data 30366 & U30365)assigned td-. attenuata
and isincluded here for comparison.The double cross &) refers to theF.
attenuatagenetic group that was geneticallydentical to its host G. laciniata
For all species, ITS1 included a 5
repetitive elements (~160 bp), which occurred as a complete unit (gray and
white horizontal stripes),as a complete unit interrupted by an indel (white witt
dash indicating indel) or as only

white diagonal stripes) end. Additional indels indicated by black line.
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Sparlingia pertusa

Chrysymenia ornata

Drouetia viridescens

Irvinea ardreana
Botryocladia bermudana (Atlantic Islands; tropical/subtropcal Western Atlantic)
Botryocladia occidentalis (Atlantic Islands; tropical/subtropcal Western Atlantic)

* I: Botryocladia hawkesii (BC, WA)
Botryocladia pseudodichotoma (CA)

Botrvocladia neushulii (Pacific Mexico)
Botryocladia sonderi (Australia)

_l: Botryocladia leptopoda (Australia)

Botryocladia ebriosa (South Pacific)

Chrysymenia wrightii (Northwest Pacific)

{ Rhodymenia leptophylla (New Zealand)
Rhodymenia gladiata (Australia)

Rhodymenia novazelandica (Australia, New Zealand)

67 Rhodymenia sp. (Central Pacific)

Rhodymenia insularis (Austrahia)

75

94

Rhodymenia lociperonica (Australia)

Rhodymenia norfolkensis (Australia)

2

Rhodymenia compressa (Australia)
Rhodymenia holmesii (Northeast Atlantic)

Rhodymenia delicatula (Northeast Atlantic)

Rhodymenia pseudopalmata (Northeast Atlantic)

Rhodymenia bamfieldensis (BC; WA)

Rhodymenia rhizoides (BC; CA)

Rhodymenia intricata (Northwest Pacific)

|__Rhadymenia californica (BC; CA; OR)
Rhodymenia pacifica (BC; CA)

Rhodymenia corallina (South America)

Rhodymenia obtusa (South Africa)

Rhodymenia wilsonis (Australia)

Rhodymenia womersleyi (Australia)

771 Rhodymenia stenoglossa (Australia)
Rhodymenia prolificans (Australia)
Rhodymenia contortuplicata (Australia)
Rhodymenia novahollandica (Australia)

0.08

Rhodymeniaceae
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Figure 3.2 Phylogenetic tree resulting from RAXML analysis of the concatenated

COI-5P andrbcL alignment for representatives ofBotryocladiaand Rhodymenia

(general biogeography included in parenthesesind select rhodymeniaceaen taxas

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
abbreviationsar e as foll ows: ABCO= British Col umb
United States; fAORO= Oregon, Uni ted States

States.
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80

54

Pseudohalopeltis tasmanensis

Hymenocladiopsis prolifera

Minium parvam (BC) Fryeellaceae

ﬁ|——F.r;vee.’ﬂ'a gardneri (BC, CA, WA)
Fryeella callophyllidoides (BC)

* — Leptofauchea pacifica
L

eptofauchea nitophylloides

ﬁ{— Webervanbossea tasmanensis

Webervanbossea splachnoides

Gloioderma australe (South Pacific)

Gloiocladia spinulosa (Northwest Pacific)

39

. I: Gloiocladia sp. 1WA (South Pacific)
Gloioderma halymenioides (South Pacific)

Gloiocladia ivoensis (Northwest Pacific)

0.2

— Gloiocladia japonica (Northwest Pacific)

[ Gloiocladia tenuissima (Northwest Atlantic)

Gloiocladia pelicana (Northwest Atlantic)
73

Gloiocladia microspora (Northeast Atlantic)

Gloiocladia repens (Northeast Atlantic)

89 Gloiocladia furcata (Northeast Atlantic)

Gloiocladia fryeana (BC)

Gloiocladia media (CA)

Faucheocolax attenuata (BC)

Gloiocladia vigenaultii (BC)

Faucheocolax attenuata (BC)

90| Gloiocladia laciniata (BC, WA)

Faucheaceae
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Figure 3.3 Phylogenetic tree resulting from RAXML analysis of the concatenated

COI-5P andrbcL alignment for representatives of theFaucheaceaand

Fryeellaceag(general biogeography included in parenthesesBootstrap support

values appended with asterisks indicatig 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 abbreviationsarea f ol | ows : ABCO =
Col umbia, Canada; ACA0= California, United

United States.
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Figure 3.4 Botryocladia hawkesiFilloramo & G.W.Saunders sp. nov. a) Habit of
vegetative holotype (GWS009487). Scale Bar = 16 mm. b) Vegetative anatomy, cross
section at midvesicle (GWS003120). Scale Bar = 4n. c) Surface view of gland

cells borne on medullary cell (GWS004852). Scale Bar = &n. d) Cross setion 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 ostiolg GWS009082). Scale Bar = 25%m. Q)
Transverse section of tetrasporangial sorus showing cruciately divided

tetrasporangia in an unmodified corex (GWS009081). Scale Bar = #gm.
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Figure 3.5 Fryeella callophyllidoidegHollenberg & 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 = 119 mc) Cross section of tetrasporangial sorus showing
developing tetraspoangia embedded among paraphyseal filaments (UC1455019).
Scale Bar = 7% md) Habit of vegetative specimen from Monterey Bay, California
(GWS014349). Scale Bar = 18 mm. e) Cross section of vegetative specimen
(GWS014349). Scale Bar = 8 mf) Habit of tetrasporophyte showing
tetrasporangial sori (arrows) (GWS022358). Scale Bar = 13 mm. g) Cross section of

tetrasporangial sorus (GWS022358). Scale Bar = 80m
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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 = 28 md) Cross section of vedative plant (GWS010426).
Scale bar = 12& me) Cross section of tetrasporophyte showing developing
tetrasporangia on cortical cell (arrow), terminally on singlecelled filament

(arrowhead) or laterally on paraphyseal filaments (double arrowhead)

(GWS028%8). Scale bar = 6% mf) Slightly coronate, ostiolate cystocarps

exclusively on thallus margin. (GWS008730). Scale bar = 1.6 mm. g) Cross section of
cystocarp with visibletela arachnoideasurrounding the developing carposporangia.

(GWS008730). Scale bar 283¢ m
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Figure 3.7 Gloiocladia laciniata.a) Habit of cystocarpic holotype specimet
(LD 25708). Scale bar = 37 mm. b) Cross section of vegetative portion o
the cystocarpic holotype specimen (L25708). Scale bar = 102 mc)
Enlarged image showing the cortical cell filaments. Scale bar = E2md)
Distinctly coronate cystocarp located marginally on holotype specimen
(LD 25708). Scale bar = 558 me) Cross section of a cystocarp showing
tela arachnoideaas well as ostiole (LD 25708). Scale bar = 281mf) 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) Hahif female gametophyte from
British Columbia showing cystocarps scattered ototh the blade surface
and margins (GWS027923). Scale bar = 22 mm. h) Cross section of
vegetative specimen (GWS021106). Scale bar =95ni) Enlarged image
showing the cortical cdl filaments. Scale bar = 1% m)) Distinctly
coronate cystocarps located marginally and on thallus surface.
(GWS027923). Scale bar = 909 mk) Cross section of cystocarp showing
ostiole andtela arachnoideasurrounding the developing carposporangia

(GWS027923). Scale bar =268 m
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Figure 3.8 Gloiocladia mediaKylin) Filloramo & G.W. Saunders comb. nov. a)
Habit of cystocarpic holotype specimen (arrow) from Pacific Grove, California
(LD1613738). Scale ba= 28 mm. b) Cross section of vegetative portion of
cystocarpic holotype (LD1613738). Scale bar = 9 mc) Enlarged image showing
the cortical cell filaments of the dorsal cortex. Scale bar =8 md) Enlarged image
showing the cortical cell filaments othe ventral cortex. Scale bar = 1 me)
Round, ostiolate cystocarps scattered over blade surface of holotype specimen
(LD1613738). Scale bar = 2448 mf) Cross section of a cystocarp of the holotype
specimen showing ostiole antkla arachnoideasurrounding the developing
carposporangia (LD1613738). Scale bar = 196 mg) Habit of cystocarpic specimen
from Monterey, California (GWS021443). Scale rules are in millimeters. h) Cross
section of vegetative portion of cystocarpic specimen (GWS021443¢afe bar = 74
€ mi) Round, ostiolate cystocarps scattered over blade surface. (GWS021443). Scale
bar = 1000e mj) Cross section of cystocarp showing ostiole artdla arachnoidea

surrounding the developing carposporangia (GWS021443). Scale bar = 209
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Figure 3.9 Gloiocladiavigneaultii 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) Crosgction of vegetative portion of
cystocarpic holotype showing obvious cuticle on both blade surfaces (GWS030615).
Scale bar = 8& mc) Enlarged image showing cortical cell filaments (GWS030615).
Scale bar = 2 md) Cystocarpic specimen with coronate tocarps 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 speciméela arachnoideavisible
(GWS030615). Scale bar = 400 mg) Cross section of cystocarp showing ostiole and
tela arachnoideasurrounding the developing carposporangia (GWS030615). Scale
bar = 187¢ mh) Cross section of tetrasporophyte showing developing and mature

cruciately divided tetrasporangia (GWS027428). Scale bar = @ m
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Fiure 3.10 Minium parvum. a) Tetrasporangial specimén (arrows) (GWS019580) on
Calliarthron tuberculosum Scale bar = 12 mm. b) Transverse section of extensive
basal holdfast, which is growing orC. tuberculosum Secondary pit connections
(arrowheads) visible between cells of neidgoring upright filaments (GWS020962).
Scale bar = 27% m c) Transverse section of reduced erect thallus extending from
the holdfast with an extensive tetrasporangial sorus on the upper surfacBecondary
pit connections (arrowhead) among cells of the upght thallus as well as apically
borne tetrasporagnia.Arrows indicate the portion of the reduced thallus growing
over the basal holdfast.Scale bar = 142 m d) Mature cruciately divided
tetrasporangia (arrow) born apically on filaments. Paraphyses compesl of small
spherical cells (arrowheads) borne on cells that become elongated and compressed
between the developing tetrasporangia (GWS020962). Scale bar =60n
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Figure 3.11 Rhodymeniaspp. a)R. bamfieldensis-illoramo & G.W.Saunders sp.
nov. vegetative habit of the holotype (GWS014391). Scale bar = 46 mm. b)
Transverse section oR. bamfieldensisp. nov.at thallus midpoint of vegetative
holotype (GWS014391). Scale bar = 8 m c) Vegetatie habit of R. californica
(GWS022228). Scale Bar = 27 mm. d) Transverse section of vegetative specimen of
R. californica (GWS022284). Scale bar = 92 m e) Cross section of cystocarp &.
californica showing developing carposporophyte (GWS038588). Scddar = 231 m
f) Cross section of spermatangial sorus dR. californica showing sporangia
developing from outer cortical cells(GWS038591). Scale bar = 66 m g) Cross
section of tetrasporophyte oR. californica showing developing and mature
cruciately divided tetrasporangia in an unmodified cortex (GWS003239). Scale bar

=47¢ m
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Figure 3.12 Rhodymeniaspp. a) Vegetative habit oR. pacifica(GWS022080). Scale
bar = 46 mm. b) Transverse section of vegetative specimenRfpacifica
(GWS021330). Scale bar = 126 mc) Vegetative habit ofR. rhizoides(GWS022378).
Scale bar = 46 mm. d) Transverse section of vegetative specimerRofhizoides

(GWS022378). Scale bar = 80 m
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Chapter 4 A re-examination of the genud_eptofauchea(Faucheaceae,
Rhodymeniales) with clarification of species in Australia and the

northwest Pacific

Citation for published manuscrigkilloramo, G.V. & Saunders, G.W2015. A re-
examination of the genusptofauchegdFaucheaceae, Rhodymeniales) with clarification

of species in Australia and the northwest Padiitycologia 54: 375-384.
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Abstract

Recently collected material from Coffs Harbour, New SdMales, Australia was
identified as the generitype béptofaucheal nitophylloidesThis facilitated a re
examination of_eptofaucheand its constituent species to assess monophyly. Multigene
phylogenetic analysis of CE&P, LSU andbcL solidly allied species assigned to
Leptofauchean previous studies with the generitype, establishing for the first time
monophyly for this genus. In addition to nitophylloides COF5P barcode analyses
revealed a second Australian speciesagtofautieafrom the Cocos (Keeling) Islands,
Indian Ocean, described Bscocosanap. nov. Further, CGBP barcode analyses
resolved collections assignablelteptofauchedrom South Korea as two genetic species
groups. One of these groups wadeptophyllawhile the second genetic species group
warranted description @f. munseomicap. nov. GenBank entries for the two species of
Leptofauchegreviously reported in the northwest Pacific leptophylladescribed from
Japan andl. rhodymenioidedescribed fronthe Caribbean) were resolved as conspecific

(a cryptic complex at best) and morphologically assignéd keptophylla

Introduction

The red algal order Rhodymeniales is composed of six families differentiated by the
number of cells in the carpogoniabinch, tetrasporangial cleavage patterns and the
ontogeny of the tetrasporangial nemathecia (Le &all.2008). The Faucheaceae was
established by Saundestal. (1999) and accommodates genera with toelked

carpogonial branches, typically welevdopedtela arachnoidean the cystocarp,
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cruciate tetrasporangia and adventitious cortical growth during nemathecial development
(Dalen & Saunders 2007; Le Gall al.2008). The genulseptofauche&ylin (1931) was
included in the Faucheaceae based otistralian speciek. nitophylloideqJ. Agardh)
Kylin (Dalen & Saunders 2007).

Dalen & Saunders' (2007) recent monograpbegtofaucheadded considerably
to Kylinds (1931) original description of
diagnostic ctteria: a medulla of-3 cell layers grading abruptly in size to an incomplete
layer of inner cortical cells subtending)2-3 (-4) irregular layers of small pigmented
cells, a weldevelopedela arachnoidean the cystocarp, and adventitious cortical
growth in the formation of cruciately divided tetrasporangia and paraphgsaddition
to the generitypeDalen & Saunders (2007) includedchiloensidDalen et G.W.
Saunders from Child,. pacificakE.Y. Dawson from Mexico and. rhodymenioide$V.R.
Taylorf rom t he Netherl ands Antilles in this g
description of Mexican material &s auricularis.Y. Dawson was consistent with the
vegetative construction typical béptofaucheaarchival material was not available fo
comparison; therefore the taxonomic assignment could not be confirmed (Dalen &
Saunders 2007). Dalen & Saunders (2007) exclidatiastomosan@Vebervan Bosse)
R.E. Norris et Aken from Indonesia, which had been transferred to the genus
AsteromenigSauwnderset al.2006). In the same study, Dalen & Saunders (2007) further
guestioned the generiand specietevel assignment of plants from South Africa
attributed toL. anastomosanisy Norris & Aken (1985), which featured vegetative

construction consistemiith Leptofaucheabut lackedela arachnoidean the cystocarp.
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Other peciesexcluded by Dalen & Saunders (20079ludedL. brasiliensisA.B. Joly
from Brazil characterized by a single layered medulla and tetrasporangia produced in
chains similar to mabers of the Phyllophoraceae (Schneider & Searles 1976; Dalen &
Saunders 2007), to which it has recently been assigned (Schetesdl2011), and..
earleaeGavio et Fredericq from the Gulf of Mexico, which featured a monostromatic
medulla and lacketkla arachnoidean the cystocarp (Gavio & Fredericqg 2005).

At the time of the Dalen & Saunders (2007) monograph, thelagtofauchea
species included in molecular analyses werehiloensisL. pacificaand an unidentified
species from Western Australi@presented by a single specimen. These species resolved
as a distinct lineage in the Faucheaceae; however, without molecular representation of the
generitypemonophyly of the genus was uncertain (Dalen & Saunders 2007). In the
interim, subsequent moleeuland morphological studies increased the number of species
assigned th.eptofaucheal eptofauchea coralligenRodriguezPrieto et De Clerckvas
described from the Mediterranean Sea (RodrigRrézto & De Clerck 2009). In addition,
L. leptophylla(SegawaSuzuki, Nozaki, Terada, Kitayama, Hashimoto & Yoshizaki was
recognized based on a poorly known Japanese faucheacean species previously assigned
to GloiocladiaJ. Agardh(Suzukiet al.2012).

Prior to the transfer df. leptophyllato Leptofaucheasome pecimens from
northeastern Japan were attributed to the Caribbean spedeslymenioidegSuzukiet
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 theateldJapanese
collections warranted a reassessment of this determination.

For the present study we used &3P to assign receheptofaucheaollections
from Australia and South Korea to genetic species groups. Subsequent morphological
assessment identified one of taggenetic groups as the generitypenitophylloides
When included in multigene analyses with novel and previously desdrédpdfauchea
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 irAppendix C,Table S1). Plants were pressed or dried in silica to

serve as vouchers with subsamples preserved in silicargabfecular analyses. Sample
processing and DNA extraction followed Saunders & McDevit (2012) with amplification

of the 56 end of the cyt oeéR)rtemnrlosd, 50xi dase
biphosphate carboxylase large suburitl) gene and thauclear largesubunit

ribosomal RNA (LSU) gene as outlined in Saunders & Moore (2013). Primer pair
combinations for CObBP are recorded with accessions in the Barcode of Life Database

(BOLD) (http://www.boldsystms.org) and GenBank. Amplified PCR products were

sequenced by the Génome Québec Innovation Centre. Raw data were edited using
SequencherE 5.0 (Gene Codes Corporation, A

Geneious R7 version 7.1.7 (Biomattdrp://www.geneious.corj/
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Using BOLD, COI5P data were searched and subsequently subjected to a barcode
gap analysis to determine intraspecific variation and distance to nearest neighbors. LSU
andrbcL data were generated for one representative from each genetic species group
resolved during the CEBP analyses with faucheacean species from the genera
Gloiocladia, GloiodermaandWebervanbossdacluded as outgroup taxapgpendix C,

Table S1Table4.1). Additional sequence data were acquired from GenBank for all
availableLeptofaucheapecies (Tabld.1). Single gene alignments were analyzed using
RAXML 7.2.8 (Stamatakist al.2008) in Geneious R7 version 7.1.7 under a GTR+I+G
model with partitioning ¥ codon (COI5P,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
Table4.1 were repreanted by COBP, LSU andbcL data with the exception @f.
chiloensiglacked COI5P),L. coralligena(lacked COI5P andbclL) andL. earleae
(lacked COI5P and LSU). Maximum likelihood (ML) analysis was performed using
RAXML 7.2.8 (Stamatakist al.2008 in Geneious R7 version 7.1.7 under a GTR+I+G
model with partitioning by gene and then by codon for-6Bland’bcL. Robustness was
assessed using 1000 bootstrap replicates.

Morphological analyses were completed by rehydrating algal tissue in 5%
formaldéhyde in seawater, and preparing sections using a freezing microtome (CM18250,
Leica, Heidelberg, Germany). Sections were stained with 1% aniline blue solution in 6%

5N HCI 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 s8eeth Korean collections from

Jeju as four distinct genetic species groups (T4Rle The specimen from Coffs

Harbour was morphologically assigned to the generitypgtophylloidegbelow) and

was distantly related to its nearest neighhqgpacifica(10.82%) (Tablel.2). The

collection from the Cocos was described as the novel sgeaiesosangbelow) and

was most closely related (11.02%)L. munseomicaa hew species described herein

from South Korea (Tablé.2). The second South Korean genspecies group was
representative of the Asian spediedeptophyllaand its nearest neighbor was

Leptofauche@p. 1WA (9.63%) (Tabld.2).

Phylogenetic results

Single and multigene analyses were used to explore relationships kafitofauchea.
Initial rbcL analysis resolved our South Korean isolate.déptophylla(GWS018540)
with the GenBank entries far. leptophylla(AB693120)andL. rhodymenioides
(AB383124);however, AB693120 resolved on an anomalously long bradiskervation

of this latterrbcL alignment revealed th#te sequencé&B693120was chimeriavith the
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first ~640 bp matchin@hampiasp. while the final ~730 bp were almost identical to our
sequence for South Koreanleptophylla(a single substitution at a third codon position).
Comparison of our sequence for South Korealeptophyllato the GenBank entry fdr.
rhodymenioide¢AB383124) revealed two base pair differences (one at a second codon
position and the other at a thicddon position) over 1362 bp of tHecL. As second
codon positions are conservative, this difference may represent an error, indicating that
only a single or, at most, two differences were present fabttieof these specimens.
The low divergence amorige thregbclL sequences suggested conspecificity. The LSU
data resolved similar results. Over a total alignment of 2753 bp, the LSU sequence for
our South Korean isolate bf leptophylla(GWS018362) had 6 bp differences when
compared to the GenBank entoy L. leptophylla(AB677823) with two of these
uncertain (at highly conserved siteSpmparison othe LSU sequence for our.
leptophyllaspecimerfrom South Koreanatthe GenBank entry fdr. rhodymenioides
(AB677824)revealed only 2 bp differenceth within variable regions. Overalhe
observed differences mbcL and LSU data likely reflect population level differences or
at best two closely related species groups foeptophyllain the northwest Pacific
accounting for previous reports lofleptophyllaandL. rhodymenioidegdiscussed
below). Owing to the previous, we included LSU abd. data only from our South
Korean representative bf leptophyllain the multigene phylogeny.

Maximum likelihood analysis of the multigene alignment established monophyly
for the genud.eptofauchean placing species currently assigned to this gemasfully

supported group with the generitypenitophylloideqFig. 4.1). Relationships among
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species ofLeptofaucheavere resolved with variable suppdreptofauchea chiloensik.
coralligena L. nitophylloidesandL. pacificaformed distinct lineages while. cocosana
andL. munseomicaere fully resolved as sister species and allied to thedulhported

group comprised df. earleaeL. leptophyllaandLeptofaucheap. 1WA (Fig4.1).

Morphological results

Leptofauchea nitophylloide$J. Agardh) Kylin

Our specimen df. nitophylloidesvas a diminutive plant (230 mm tall) with rounded

to attenuate apices (Fig2a). Thallus thickness in crosection was 780 um. It had a
medulla of two layers of large, elongated cells-6®5um long x 125 pm wide), an
incomplete inner cortical {er, and an outer cortex comprised of a single layer of small
cells (to 5 um long x 2.5 um wide) (Fig.2b). In surface view, the cortical layer was
complete, although underlying medullary cells were visible (FRr)4Reproductive

structures were notserved.

Leptofaucheacocosandrilloramo & 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. 4.39. Crosssections at midhallus were 655 um wide with 2 {3) layers of large

(30-50 pum long x 17.80.0 um wide), thirwalled, axially elongated medullary cells

(Fig. 4.3b These supported a cortex of smaller, round cells5(jam in diam.), typically
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with an incomplete second layer of small, scattered, darkly pigmented cells as seen in
surface view (Fig4.3¢. Female reproductive anatomy and early {fedtlization evens
were not observed. Cystocarps (570 um in diameter) distributed at blade margins (Fig.
4.39, smooth, ampulliform, ostiolate, with walkefinedtela arachnoidedFig. 4.39.
Spermatangia and tetrasporangia unknown.

HOLOTYPE: GWSO037755 (cystocarpic) degesliin Connell Memorial Herbarium
(UNB). Images of the holotype shown in Fig. 43ollected from Winter Wall, south of
Horsburgh Island, Cocos (Keeling) Islands, Australia, Indian Océ2rD8788°S,
96.83701°E), 12 May 2013; from 15 m on reef flag;. K. Dixon and G.W. Saunders.
Holotype DNA barcode: GenBank KR140330, C&H.

ETYMOLOGY: Named for the type locality, Cocos (Keeling) Islands, Australia.

DISTRIBUTION: Thus far only known from the Cocos (Keeling) Islands, Australia.

Leptofauchea leptophylldSegawa) Suzuki, Nozaki, Terada, Kitayama, Hashimoto &
Yoshizaki

South Korean collections af leptophyllawere 2540 mm tall and forked-3 times with
mostly rounded/obtuse, at times attenuate apices4{Hg,). Some blades were
constricted below #n apices (Figd.4b). At mid-thallus, blades were 13160 um thick
featuring 2 {3) layers of large, polygonal to elliptical medullary cells-@&bum long x
40-80 um wide) with abundant secondary pit connections &#x). Small, axially
elongated cellformed a single layer between the medullary cells and cortex4Big.

The cortex is comprised of 23] cell layers; a continuous innermost layer of cells 7.5 um
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in diam. and 1-@) outer layers of smaller irregularly arranged celid {(Zm in diam.)

(Fig. 4.49. 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 fromhatligs to branch apices
confined to a single blade surface (Fgld. Mature tetrasporangia (88b um long x
25-30 um wide) were cruciately divided (Fi4.49. The initials arose directly on
modified cortical cells (Figd.4f), either terminal on single celled filaments oetat on

5-8 celled paraphyses (to 100 um long x 5 um wide) (#i4g. Male and female plants

were not represented in our South Korean collections.

Leptofauchea munseomickilloramo & G.W. Saunders sp. nov.Fig. 4.5
DESCRIPTION Thallus flat, prostrate, 382 mm in dimension. Individual blades
flabellate, regularly dichotomously branchee3 2.am broad throughout. Branch apices
typically rounded, at apices narrowing and becoming attenuaté . ®rdm) (Fig4.53.
Crosssections amid-thallus were 1380 um thick with 3 {4) layers of large, round,
thick-walled (~2.5 pm) medullary cells (3& pum in diam.) commonly separated by
intercellular spaces (Fig.5h. Medulla graded into a single inner cortical layer of
smaller cells 1522 um long x 7.512 um wide) subtending an outer cortex e layers,
with the outermost commonly incomplete (Fghb). Reproductive structures not
observed.

HOLOTYPE: GWS018532 deposited in Connell Memorial Herbarium (UNBages of

holotype showrmn Fig. 4.5 Collected from the channel between Little and Big Munseom
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Islands, Jeju, South Korea, northwestern Pacific Ocean (33.22751°N, 126.56802°E), 19
May 2010; from 16 m on rockeg. G.W. Saunders and-B8. Choi. Holotype DNA

barcode: GenBank HQ5449, COI5P.

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 & Saunder$2007) clarified the distinguishing features of the gdregofauchea
which were revisited and modified slightly based on observations herein. Useful
characters for gentlsvel diagnosis include a medulla comprised-df &ll layers

grading abruptly in size to a thin cortex typically eB 2ell layers, wetldevelopedela
arachnoidean smooth, ostiolate cystocarpad weltdefined tetrasporangial nemathecia
with both cruciately divided tetrasporangia and paraphyses formed by adventitious
growth of the cortical cells. When comparing individuaptofaucheapecies to the
generitype, aspects of vegetative and female reproductive anatomy were all consistent;
however, Kylin (1931) lacked tetrasporophytes when he desdrib@tbphylloides.

Millar (1999) collected plants from Norfolk Island that he considered the first encounte
with L. nitophylloidessince the type collection. He noted terminal, cruciately divided

tetrasporangia | ocated in oval sori. Mi || a
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ontogeny as the taxonomic utility of this feature was not acknowleddbdtaoint (Le
Gall et al.2008); however, his description (Millar 1999, p. 510, Fig. 31) was inconsistent
relative to other species attributedeptofauchegdDalen & Saunder2007). This called
into question the monophyly dkptofaucheaRegardlesdDalen & Saunders (2007)
retained the genus pending the inclusioh.afitophylloidesn molecular analyses. In
retrospect, the tetrasporangia described for Millar's (1999) Norfolk Island collections
were more consistent with the gerrislopeltis which isspecies rich in Australia
(Saunders & McDonald 2010; Schnei@eial. 2012) but not recognized at the time of
Mi | | ar 6s 1 93%pbciepoiddpeltisfeature oval to oblong tetrasporangial
sori formed by the swelling of intercalary and terminateo 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, Newuth Wales and Abrolhos Island,
Western Australia, have been assignablegqotofaucheaBy comparisonpver 250
specimens ofalopeltisrepresenting 15 genetic species groups distributed widely
throughout Australia were collected (GWS, unpublished ditd¢ed, a collecting trip
by the second author has uncovered fdalopeltisspp. (total of 13 specimens) from
Norfolk Island and one or more of these |
tetrasporophytic observationslofnitophylloides

Collected abou500 km north of the type locality, our plantlafptofauchea
nitophylloideshad 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 medully 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.. coralligena (RodriguezPrieto & De Clerck 2009). Thus, variation in
robustness and consequently blade thickness and medullary cell size is not unexpected
within species ofeptofauchegDalen & Saunders 2007) and we consider our collection
assignable th. nitophyloides.Accordingly, it isthe first record for this species since the
type collection. This collection provided the necessary genetic data to confirm
Leptofaucheas a monophyletic lineage in which we resolved the following spasies
members of the genuls. chiloensisL. cocosanap nov., L. coralligeng L. leptophylla
L. munseomicap. nov, L. nitophylloidesandL. pacifica.Leptofauchea earleas
discussed below as a special case wiolea fide L. auriculari@ndL. rhodymenioides
have yet to be included in molecular studies (below).

Previously, onlyLeptofauchea nitophylloidesdLeptofaucheap._ 1WA were
recognized in Australia; however, we addeadocosandrom the Cocos (Keeling)
Islands. Two of the Australian species ardetldntiated by their patterns of vegetative
construction (Figg.2h 4.3b). Compared td. nitophylloideqFig. 4.2b), L. cocosana
lacks an inner cortical layer. It also features a single layered cortex of larger, round cells
and an incomplete secondaryéa of smaller, scattered cells (F&g3b) that creates a
distinct apearance in surface view (Fig. 4.3c

In acquiring data from GenBank, we discovered thatlhbke entry for

Leptofauchea leptophylighB693120) from Japan was a chimeric sequence of a
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Champiasp. and_. leptophylla.Previous comparison of this chimeric sequence to the
rbcL GenBank entry for putative. rhodymenioide§AB383124) from Japan falsely
suggested two genetically distinct entities in that flQnar reassessment of those data
(using only the correct portion of the chimeric sequence) revealed their conspecificity to
each other, as well as to our sequencé féeptophyllafrom South KoreaVariation

among thebcL GenBank entries fdr. leptophylla the incorrectly attributed.
rhodymenioideand our South Korean representativé ofeptophyllawas typical of
intraspecific divergence reported for red algae (Freshweaedr2010). Accordingly, we
conclude that these entities are conspecific, and morphologically assigniable to
leptophylla.Evaluation of LSU data was largely consistent wittl_; however, the
GenBank entry ok. leptophylla(AB677823) from southern Japaras slightly more
divergent relative to our South Korean representative &ptophyllaand the GenBank
entry incorrectly attributed tb. rhodymenioide§AB677824) from northeastern Japan.
The slight variation imbcL 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 tb. rhodymenioide§Suzukietal,2 0 1 0) r ef |l ect ed t he
laterobservations fok. leptophylla(Suzukietal. 2012) and those presenteerd for
collections from South Kore#ppendix C,Table S1Fig. 4.4. When compared to the
protologue oL. rhodymenioidesgheJapanese collections attributed to gpgcies
(Suzukiet al.2010)differed in terms obverall thallus construction and cesponding

medullary cell sizes, thallus thickness and size of tetrasporangia (Taylor 1942; Dalen &
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Saunders 2007; Suzugi al.2010). The disjunct distribution &f rhodymenioides the
cold-temperate waters of northeastern Japan so far from its tygaieyan the Caribbean,
further challenges this species determination.

In addition toLeptofauchea leptophyllave also recognized. munseomican the
northwest Pacific, thus far known only from South Korea. This new spdiffiess from
L. leptophyllain overall habit and vegetative construction. While bladds of
munseomicanay be as thick ds. leptophyllain cross section, it has more medullary
layers of smaller cells (Fige4g 4.5h). Additionally, blades i.. munseomicare
typically uniform inwidth throughout their length (Fig.59, whereas mature thalli &f
leptophyllatypically narrow toward the apices or are constricted below the apices (Fig.
4.4b). However, as habit varies for mabhgptofaucheapecies, anatomical differences
are more eliable diagnostic features.

Dalen & Saunders (2007) questioned placemeheptofauchea earleaa
Leptofauchedbased on its uncharacteristic monostromatic medulla, latekaof
arachnoideaandweak association with the Lomentariaceae rather thaRadtheheaceae
in the phylogenetic analyses of Gavio & Fredericq (2005). However, our more robust
single and multigene analyses resolieearleaedeep withinLeptofaucheaThe only
other monostromatic specieslaptofaucheaver reportedL. brasiliensiswas recently
transferred to the genéschestenogrammia the Phyllophoraceae (Schneid¢mal.
2011); this would leavk. earleaeas the only remaining monostromatic member of
LeptofaucheaAdditional analyses are needed to confirm that the GenBank smuen

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 analysesg, earleaewould represent a relatively recent speciation (Fig.
4.1) with remarkably atypical vegetative and reproductive generic features. Alternatively,
HQ400570 may represerticL for the collection(LAF-27-5-00-9-3) assigned td..
rhodymenioides Gavio & Fredericq (2005). Although the vegetative anatomy depicted
for LAF-27-5-00-9-3 is typical ofLeptofaucheait is inconsistent with the protologue of

L. rhodymenioidesas described by Taylor (1942). As a consequdgE;27-5-00-9-3

may represent aovel pecies ol eptofauchean the Gulf of MexicoBoth of these
anomalies require clarification. Additional molecular investigation is also needed to
clarify the taxonomic position of South African plants attributed. tanastomosanisy
Norris & Aken (1985)These were characterized bizgptofauchedike vegetative
anatomy but, similar th. earleaethey lackedela arachnoidean the cystocarp (Dalen

& Saunders 2007). Resolution of these South African plants as alreptefauchea
species, and clarificatioof the anomalies previously describedlfoearleaecould
challenge the reliability aiela arachnoideas a useful diagnostic feature of the genus.
Further study of both of these entities is necessary.

Leptofaucheauricularis andL. rhodymenioidesvere the only species
traditionally assigned tbeptofauchedhat lacked molecular representation in our study.
Dalen & Saunders (2007) acceptedhodymenioides Leptofauchedased on
vegetative and reproductive observations of type material. Despiteriigeuence of
Dawsonds (196 3) L.awiqulariswite Lleptafauchdathecsstatusamf this

species could not be confirmed without material available for study (Dalen & Saunders
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2007). The taxonomic status &f auricularisandL. rhodymenioideshould 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 fryeangSetchell) Sanchez & Rodrigu€zieto GwWS001381 KR085174 EU624157 ND
GWS001421 ND ND KR085187
Gloiocladia halymenioidefHarvey) R.E. Norris GWS000469 HQ919528 DQ873283 KR085192
Gloiocladialaciniata (J. Agardh) Sanchez & Rodrigu€zieto B048GWS KR085170¢ EU624158 ND
GWS020495 KR085172 ND KR085189
Gloiocladia repengC. Agardh) Sanchez & Rodrigu€zieto G0332 ND AF419143 ND
GWS001639 KR140326 ND KR140335
Gloioderma australd. Agardh G0306 JX969722 DQ873282 JX969786
Leptofauchea chiloensBalen & G.W. Saunders GWSO000503 ND DQ873285 KR140338
Leptofauchea cocosarilloramo & G.W. Saunders GWSO037755 KR140330 KR140334 KR140340
Leptofauchea coralligenRodriguezPrieto & De Clerck OCD1501 ND EU418774 ND
Leptofauchea earlea®avio & Fredericq LAF-26-5-00-1-1 ND ND HQ400570
Leptofauchea leptophyligegawa) Mas.Suzuki, Nozaki, R. GWS018362 KR140329 KR140333 ND
Terada, Kitayama, Tetsu.Hashimoto & Yoshizaki
GWsS018363 KR140328 ND ND
GWS018540 KR140327 ND KR140336
TNS-AL-174121 ND AB677823 AB69312C¢
Leptofaucheanunseomic#illoramo & G.W. Saunders GWS018532 HQ544094 KR140331 KR140337
GWwWsS018533 HQ544095 ND ND
GWS018537 HQ544099 ND ND
GWsS018674 HQ544137 ND ND
Leptofauchea nitophylloidgd.Agardh) Kylin GWS032631 KR085173 KR085179 KR085190



Species VOUCHER COI-5P LSU rbcL
Leptofauchea pacifick.Y. Dawson JD032 AY970566 DQ873286 ND
GWS010140 HM916176 ND KR085195
Leptofauchea rhodymenioidég.R. TayloF TNS-AL-161637 ND AB677824 AB383124
Leptofaucheap. 1WA G0400 HM915831 DQ873287 KR085194
Webervanbossesp. 1lsplachnoides GWS016349 HM918169 KR085175 KR085185
Webervanbossesp. 1TAS GWS015310 HM917690 KR085182 KR085193
Webervanbossea splachnoiqetarvey) De Toni GWS002435 HM916011 DQ873288 KR085186
Webervanbossdasmanensi8Vomersley GWS000922 HM91588% ND KR085196
GWS029664 KR085171 KR085178 ND

Where more than one voucher was used for molecular data, thRBRC&quence used in multigene is noted.

2 Chimeric sequence deposited in GenBanK_fdeptophylla.Only the last ~730 bp were representative.déptophyllaand used in

our analyses

3This collection is molecularly similar to and morphologically representatite leptophyllaas 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 ot.eptofaucheancluded in this study.

Max Distance to
intraspecific nearest neighbor

Species divergence (%) Nearest species (%)

L. cocosangn=1) N/A L. munseomica 11.02

L. leptophylla(n=3) 0.15 L.sp._ 1WA 9.63

L. munseomicén=4) 0.15 L. cocosana 11.02

L. nitophylloides N/A L. pacifica 10.82

(n=1)

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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Gloioderma australe

75

*

0.06

Gloiocladia repens

Gloiocladia fryeana
Gloiocladia laciniata

96

Gloiocladia halymenioides

Webervanbossea splachnoides

86

Webervanbossea sp._1TAS
Webervanbossea tasmanensis
Webervanbossea sp._1splachnoides

Leptofauchea chiloensis
Leptofauchea coralligena

*

Leptofauchea nitophylloides
— Leptofauchea earleae

- Leptofauchea leptophylla
Leptofauchea sp._1WA
Leptofauchea cocosana

Leptofauchea munseomica

Leptofauchea pacifica

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 nadal support below 70%.
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Figure 4.2 Leptofauchea nitophylloidesollected from Coffs
Harbour, New South Wales, Australia (GWS032631)) Habit
of vegetative specimen. Scale bar = 1 cm. b) Vegetative anato
cross section at miethallus. Scale bar = 40 um. c) Surface view
at mid-thallus, underlying medullary cells visible (arrow). Scale

bar =50 pum.
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Figure 4.3 Images of holotype forLeptofauchea cocosangp. nov.(GWS037755)a)
Habit of cystocarpic holotype with cytocarps (arrows) on thallus margins. Scale bar
= 5.7 mm. b) Vegetative anatomy, cross section at miballus. Scale bar = 43 pum. c)
Surface view at midthallus; underlying medullary cells visible (arrow) with outer
cortical cell indicated (arrow head). Scale bar = 30 um. d) Protuberant cystocarp

with well-defined tela arachnoidegarrow). Scale bar = 190 um.
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Figure 4.4 Leptofauchea leptophylldrom 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 = B.cm. c) Vegetative anatomy, cross section at mid
thallus (GWS018362). Scale bar = 37 um. d) Tetrasporangial thallus showing
nemathecia at midthallus (left) and branch apex (right) (GWS018540). Scale bar =
1 mm. e) Cruciately divided tetrasporangia (GWS0B540). Scale bar = 48 pm. f)
Transverse section of tetrasporangial nemathecium showing tetrasporangial initial
(arrow) borne on modified cortical cell (GWS018540). Scale bar = 15 yum. g)
Transverse section of tetrasporangial nemathecium showing tetrasporaiadj initials
positioned on singlecelled filaments (arrow heads) or laterally on paraphyseal cells

(arrow) (GWS018540). Scale bar = 19 um.
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Figure 4.5 Images of holotype forLeptofauchea munseomicsp. nov (GWS018532).
a) Habit of vegetative holotype. Scale bar = 1 cm. b) Cross section at rtighllus.

Scale bar = 34 pm
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Chapter 5 Molecular-assisted alpha taxonomy of the genughodymenia
(Rhodymeniaceae, Rhodymeniales) frorAustralia reveals overlooked

species diversity

Citation for published manuscrigilloramo, G.V. & Saunders, G.W2016.
Molecularassisted alpha taxonomy of the geRlmdymenigRhodymeniaceae,
Rhodymeniales) from Australia reveals overlooked species diveEsitgpean Journal

of Phycology51: 354-368.
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Abstract

A previously published DNA barcode survey of red macroalgae in Australia revealed
significant cryptic and overlooked diversity for the geRimdymeniavith recognition

of R. novahollandica, R. prolificans, R. stenoglossa, R. wilsordsan additional fau
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 Rhodymeniand their respective taxonomic affiliations.

Using moleculadassisted alpha taxonomy employing the DNA barcode {€F)) the
present study resolved 188 Australian specimens in 12 genetic species groups assignable
to the genu®khodymeniaF-our of these groups were attributed to the previously
recognizd species (above), whereas some collections from Lord Howe Island were
attributed to the New Zealand spedresnovazelandicaxpanding its biogeographical
range. The following seven genetic groups were inconsistent with existing species of
Rhodymeniandestablished as novel taxa: compressap. nov.R. contortuplicatasp.
nov.,R. gladiatasp. nov.R. insularissp. nov. R. lociperonicasp. nov.R. norfolkensis

sp. hovandR. womersleysp. nov. Although morphological and biogeographical
features were adequate for distinguishing some speckisaafymenidrom Australia,

DNA seqguencing in combination with morphology and biogeography provided the most

reliable means of identification.

Introduction

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 ideatifin 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 molecutassisted alpha taxonomy (MAAT), which gse
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; Ciancietaa.2 0 1 0) . The 56 region of t
cytochromec oxidase | gene (CGB P ; DNA barcode) has been c¢ch
b ar c déa, ashort(standardized region of DNA employed for diagnosing species
based on genetic differences) among the red algae owing to its effectiveness in
discriminatng 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
radicallyaltered perspectives on diversig/d.,Clarkston & Saunders
2010; Saunders & McDonald 2010; Clarkston & Saunders 2013;ddiald2014;
Saunders & Millar 2014; Schneider al.2015).

The red algal genuRhodymenias the type genus of the familyhRdymeniaceae
in the order Rhodymeniales. Greville (1830) descriRbddymenidased on ten species
includingthe generitypeR. palmettgStackhouse) Greville, which is presently regarded
as a synonym dR. pseudopalmat@.V. Lamouroux) P.C. Silva (SilvE952). Currently,
there are an estimated 62 specieRlobdymeniavorldwide (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 (Dawsdn &pdrling 1957;
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Hawkes & Scagel 1986). BladesRihodymeniare typically flat, slightly cartilaginous,
simply or dichotomously divided, and, at times, bear marginal or apical proliferations
(Dawson 1941; Hawkes & Scagel 1986). Vegetative constructiomlisaxial 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 estitlawkes & Scagel
1986). Carpogonial branches may be either ttweéur-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 autex ¢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; Havi&sagel 1986; Le

Gall et al.2008).

Historically, classification oRhodymeniapecies has been based largely on
reproductive criteria, particularly features of the tetrasporangia (Agardh 1876). In the
most comprehensive taxonomic surveyRbiodymenigDawson (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 onbitaaching 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 spe&esdymenia
were recognized including foureges from AustraliaR. foliiferaHarvey described

from King George Sound, Western AustraialinearisI . Agar dh descri bed
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mar i A Rsprolifieahszanardinidescribed from Georgetown, Tasmania &nd
stenoglossd. Agardh described froff No v a H o(Dawson 1®4( ¥ntaddition to
the latter two taxa, Womersley (1996) subsequently reported the foll&Rtiodymenia
species from AustralidR. australisSonder (includingr. foliiferaas a synonym)
described from Western AustralR, cureataHarvey described from the east coast of
TasmaniaR. halymenioideg). Agardh) Womersley described from Orford, Tasmania,
R. leptophyllal. Agardh described from Bay of Islands, New Zeal&dbtusa
(Greville) Womersley described from Cape of Goazpkl, South Africa ani.
verrucosaWomersley described from Gabo Island, Victoria. Although Womersley
(1996) did not recor®. linearis it was later reported from Queensland, Australia
increasing the total number Bhodymeniapecies reported from Ausligato ten
(Phillips 1997; Phillips 2002; Bostock & Holland 2010).

A recent DNA barcode (C@P) survey of southern Australia resolved collections
field identified to the genuRhodymenias 20 genetic species groups within four genera
and two familiesn the Rhodymeniales (Saunders & McDonald 2010). As a result of that
study, the genudalopeltisJ. Agardh was resurrected to accommodate four species
traditionally assigned tBhodymenigR. australis, R. cunea@cludingR.
halymenioidesandR. verrucosd The novel genuBseudohalopelti&.W. Saunders and
its only species?. tasmanensi&.W. Saunders, were established for some collections
from Tasmania that resolved as a novel lineage in the Fryeellaceae while the novel
speciesMicrophyllum rolustumG.W. Saunders was described to accommodate some
rhodymenialean collections from New South Wales (Saunders & McDonald 2010).

Within Rhodymeniaensu stricto the novel speciRsnovahollandic&.W. Saunders
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(described from Port Philip Heads, Victonags reported widely from Victoria with

some collections from Western Australia and Tasmania indicating a wider distribution
while R. prolificansandR. stenoglossaere confirmed from Tasmania and Victoria,
respectively (Saunders & McDonald 2010). ThecggsR. wilsoniswhich had been
synonymized previously witR. obtusgWomersley 1996), was resurrected for
specimens from Tasmania and Victoria, which resolved separately from specirfens of
obtusafrom its type locality in South Africa (Saunders & Mafxdd 2010). The same
study also resolved two divergent genetic species groups that were loosely assyned to
leptophyllg as well as two other groups (from South Australia and Victoria,
respectively) that were uncharacterized owing to low sample (Saasaders &

McDonald 2010). Although the study by Saunders & McDonald (2010) was not
specifically aimed at assessiRodymenidiodiversity in Australia, it indirectly
highlighted the extensive overlooked and misunderstood species diversity fpgrths
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
Rhodymenidrom Australia. Our analyses provide new insight intogpexies diversity
and biogeographical distributions Rhodymeniapecies 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 geisgodymenigpredominantly 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 speciiten New Zealand,

were included in this studyppendix 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 specimidrescollections

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 foll owing Saunders & McDdofit (20
the mitochondrial cytochrome ¢ oxidase subunit 1 gene-8F)DNA barcode) and the
nuclear internal transcribed spacer region of the ribosomal cistron (ITS) according to
Saunders & Moore (2013). Primer pair combinations for-6®hare recorded on

GerBank and the Barcode of Life Database (BOLD) website

(http://www.boldsystems.ory/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.conKearseet 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
COI-5P analysis were further analyzed with amplification of either the full ITS region

(~700 bp) or only the 36 end of the I TS2 (
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searched in BOLD and GenBank and examined using a neighbmg analysis in
Geneous R7.

For phylogenetic assessment, a single-6Pkequence for each genetic species
group uncovered here was combined in an alignment with addithrmalymeniapp.
COI-5P dataAppendix D,Table S1; GenBank numbers included with accessions in
figure). Data fronBotryocladiaspp. were included as the outgroup (Filloramo &
Saundersn pres3. The CO1I5P 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 hydrochldc 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 Element2012).

Results

MolecularResults

The COI5P region was successfully amplified for 189 collections. The 188 specimens
from Australia resolved as 12 genetic species groups assigned to thd&kgedymenia

while a single specimen from New Zealand resolved as distinct from the Australian
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species groups amvdas morphologically assigned o leptophyllaTable5.1).

Maximum intraspecific divergence was 0.61% excepngovahollandicg1.65%,
Table5.1; represented by collections from Western Australia, South Australia, Victoria
and Tasmania, Fid.1), R. wilsonig(2.40%, Tablé.1; represented by specimens from
South Australia, Victoria and Tasmania; Fagl) and the novel speci& womersleyi
described hein (1.06%, Tabl®.1; predominantly from New South Wales with a single
representative from South Australia, Fagl). Interspecific variation ranged from 3.09%
to 8.66% except betwedh prolificansandR. stenoglossél.09%; Tables.1). A cluster

of specimens exclusively from Norfolk Island (Fig.1) was described as the novel
specieR. norfolkensigbelow) and resolved closest (4.90%, T&hlg to the novel
specieR. insularis(below) known only from Lord Howe Island (Figl1). Two
collections fran New South Wales (Fi.1) recognized herein as the novel speBes
compressavere resolved as a distantly related lineage (8.66%, babl¢o a group of
specimens exclusively from Lord Howe Island (F5d.) that were morphologically
assigned to thBlew Zealand specid®. novazelandica group of collectbns from
Western Australia (Figh.1) were described as the novel spe&lekciperonicabelow)
and were most closely related (6.20%, Tdblg toR. norfolkensisSpecimens assigned
to R. novazelndicawere most closely resolved (6.56%, TablE) toR. lociperonica

The novel specieR. womersleyibelow) was distantly related (7.55%, Tablg) to
another newly recognized species exclusively from TasmaniayEjgdescribed herein
asR.contortuplicata The latter species was distinct (3.09%, T&hl¢ from its nearest
neighborR. prolificans.A unique lineage comprised of collections from New South
Wales, Victoria and Tasmania (Figl) was described as the novel speélegladiata
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(below) and was most closely related (6.58%, Tall¢ to the single collection from
New Zealand identified 8. leptophylla
Although COI5P intraspecific variation fdR. gladiatawas typical of within
species variation rates, analysis of the GBldignment indicated that specimens from
Tasmania and Victoria were genetically more similar when compared to collections from
New South Wales. Urdirectional reads of ITS2 data for sample®ofjladiatafrom
each of the previous three locales were d@gsdbnidentical (31 bp differences out of
222 bp) and representative of a single species group ($4able

The ITS was also amplified to further assess the highZFOhtraspecific
variation forR. womersley{Table5.1). The ITS data were challengito 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, collectidRs
womersleyivere 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 betvieen
prolificansandR stenoglossérable5.1); however, ITS amplification of the single
representative dR. stenoglosséGWS001555) was not successful and the statés of
prolificansandR. stenoglossas distinct species was not resolved.

In RAXML analysis the AustraliaRhodymeni@enetic speies were resolved in
two clades (Fig5.2). The first clade includeR. wilsonis which was allied to its
namesak®. obtusdrom South Africa in addition t&. contortuplicatg R.

novahollandicaR. prolificans, R. stenoglossamdR. womersleyiwhich wee associated
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with Rhodymeniapecies from South Korea, the Northeast Pacific, Chile and France
(Fig.5.2). The second clade includBd compressa, R. gladiata, R. insulangich was
strongly allied to an unknowRhodymeniapecies from HawaiR. locip&onica, R.
norfolkensisandR. novazelandicas well alRhodymeniantities from New Zealand,

the Northwest Atlantic and France (F&2).

TaxonomidResults

We continue to recognize the four spedtesiovahollandica, R. prolificans, R.
stenoglossandR. wilsonisattributed toRhodymenidy Saunders & McDonald (2010).

A single vegetative sample collected from a shallow tidal pool in Pahi, New Zealand was
morphologically (Fig5.3a) and anatomically (Fig.3b) assignable t&. leptophyllal.
Agardh,and we consider this species absent from Australia. Four collections from Lord
Howe Island werehowever, morphologically (Fig. 5.3and anaimically (Fig. 5.30
consistent wittR. novazelandick&.Y. Dawson extending the range of this New Zealand
speciego Australia. The remaining seven genetic species groups were described as

novel species.

Rhodymenia compresdailloramo & G.W. Saunders, sp. nov (Figs 5.4a,b
DESCRIPTION:Thalli 2.55 cm high with numerous linear, cylindrically compressed
blades hat are sparsely and irregularly dichotomously branched, individual branches
0.3-:0.5 mm wide with attenuate apices (FBg9; discoid, crustose holdfast typically
fusing with neighboring holdfasts to form a coalesced base, stolons not observed. Axes

280-320 um in diameter in transverse section with7 (hedullary layers of colourless,
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axially elongated or rounded cells (I00 um long x 480 um wide), 32 inner cortical
layer of smaller oblong cells subtending-2)(outer cortical layers of smallerlise the
outermost cells columnar in shape (Bglb). Reproductive structures not observed.
HOLOTYPE:UNB GWS0327820n a rock at 4 m depth, G.W. Saunders and K. Dixon,
12 December 2012.

COI-5P BARCODE: GenBank accession KT781957.

ISOTYPE: Specimen UB GWS032780Appendix D,Table S1).

TYPE LOCALITY: Mutton Bird Island (South), Coffs Harbour, New South Wales,
Australia.

ETYMOLOGY:Lat in for fAcompressedo in recogniti
in this species.

DISTRIBUTION: Known only from he type locality (Fig5.1).

COMMENTS: This novelRhodymeniapecies is distinguished from other Australian
species oRhodymeniawing to its unique linear, whifike, compressed axes.
Rhodymenia compressaay be confused with species@éphalocystishat are also
characterized by sparsely branched and terete thalli (Miilak. 1996). Described from
New South Wales (Millaet al. 1996) and subsequently reported from Norfolk Island
(Millar 1999), the specie€. leucobotryA.J.K. Millar, G.W. Saunders, .M. Strachan &
Kraft is thicker in cross section and has a greater number of medullary cell layers.
Although,R. compress& known only from the type locality in New South Wales (Fig.
5.1), it is possible that this speciess a wider biogeographical distribution making it
difficult to distinguish from another species@&phalocystis, C. furcellat@. Agardh)

A.J.K. Millar, G.W. Saunders, |.M. Strachan & Kraft, described from Victoria and
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reported in South Australia and Taania (Womersley 1996). Although superficially
similar, the axes dR. compressare thinner and less cartilaginous than thoge. of

furcellata

Rhodymenia contortuplicatdrilloramo & G.W. Saunders, sp. nov.(Figs 5.4c,{l
DESCRIPTION:Thalli 2.84.6cm in height with flat, unbranched or regularly
dichotomously branched {3 times) blades, 2-8.5 mm wide typicallyharrowing at the
apices (Fig. 5.4¢ stipes ca. 1-BO mm longwith stolons extending from discoid holdfast
or above from the stipe. Blad&80-175 pm thick in transverse section with#3
medullary layers of large, colorless, axially elongated cells7(Am long x 32.547.5

pm wide) flanked by a single layer of smaller colorless medullary cell283%5m long x
20-22.5 um wide), an incompletsingle inner cortical layer of smaller darkly staining
cells subtending a single layer of small, round, darkly stgiauter cortical cells (Fig.
5.4d). Reproductive structures not observed.

HOLOTYPE:UNB GWS015201, on rock wall atB) m depth, G.W. &inders & K.
Dixon, 21 January 2010.

COI-5P BARCODE: GenBank accession HM917629.

TYPE LOCALITY: Burying Ground Point, Tasmania, Australia.

ETYMOLOGY:Lat i n meaning ftangl edadgledmbitroe c ogni t i
the blades and stolons.

DISTRIBUTION: Known only from Tasmania (Fi¢.1).

MATERIAL EXAMINED: Listed inAppendix D,Table S1.
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COMMENTS: Rhodymenia contortuplicaia distinguishedrom other species of
Rhodymenian Australia by its commonly entangled stipes and stolons. Cuwrentl
Rhodymenia contortuplicaia known only from Tasmania (Fi§.1) where it may be
confused with the speci&s novahollandicahowever, the latter species is taller and

thicker in cross section with more medullary and cortical cell layers

RhodymeniagladiataFilloramo & G.W. Saunders, sp. nov (Figs 5.4e f
DESCRIPTION:Thalli 0.53 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 holdfastspminent stolons commonly giving rise to new blades
(Fig. 5.49; individual blades 02 mm wide with attenuated or rounded apices (Fig.
5.48. Blades 80175 um thick in transverse section with(z) tightly packed layers of
round medullary cells (17-88 um in diameter) and a single inner cortical layer
subtending 42 outer cortical layers of smaller darkly staining cells (bigf).

Reprodictive 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 Latirgladius(sword), due to the typically undivided,
narrow habit of the individual blades that are reminiscent of swords.

DISTRIBUTION: New SouthWales, Victoria and Tasmania (Fi1).
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MATERIAL EXAMINED: Listed inAppendix D,Table S1.

COMMENTS: This taxon is distinguished from otli&nodymeniapecies by itearrow,
lanceolate blade®Rhodymenia gladiatanhabits the subtidal from New Soutfales,
Victoria and Tasmania making it one of the more widely distribRieadymeniapecies
currently known in Australia (Fig.1). Across that range, specimens from New South
Wales were thinner in cross section-@Dum) than those from Tasmania andtdria
(125175 um) with 23 medullary cell layers and a single outer cortical layer in the

former specimens and3medullary cell layers and2 outer cortical layers in the latter.

Rhodymenia insularig-illoramo & G.W. Saunders, sp. nov(Figs5.4gh)
DESCRIPTION:Thalli 1-6 cm in height with flat dichotomously branched blades,
individual blades 0.8 mm wide with typically rounded apices, at times attenuate (Fig.
5.49); stipes 16015 mm longwith stolons extending from above the discoid holdfag.(Fi
5.49. Blades 17d190 um thick in transverse section wittb4nedullary layers of round
to axially elongated cells (352.5 um in diameter) grading in size t&inner cortical
layers of smaller oblong cells (6%um) subtending a single layered outertex of

small, round darkly staining cells (Fi5.4h. 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 Aislando in recognitd.i
Pyramid, ~ 20 km southeast of Lord Howe Island.

DISTRIBUTION: Known only from Lord Howe Island amaarby Balls Pyramid (Fig.

5.1).

MATERIAL EXAMINED: Listed in Appendix D,Table S1.

COMMENTS: Rhodymenia insularis currently known only from Balls Pyramid and

nearby Lord Howe Island and is superficially similaRtonovazelandicahe only other

species oRhodymeniave collected from Lord Howe Island (Fig.1). Although both

species feature dichotomously divided blades extending from elongated stipes and long
stolons from which new blades typically ariBe,insularishas more radullary cell

layers and is thicker in cross section tiamovazelandica

Rhodymenia lociperonic#illoramo & G.W. Saunders, sp. nov.(Figs5.5a,b
DESCRIPTION:Thalli 1-4.5 cm in height with flat, dichotomously branched blades,
individual blades 2 mm wide with rounded at times attenuate apices %@, stipes

3-4 mm long with stolons extendirigpm above the holdfast (Fi§.59). Blades 2450

pm thick intransverse section with3) 4 medullary layers of round cells (6% pum 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 ¢€ig. 5.5h. Reproductie
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 GWS025Appdndix 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.1).

MATERIAL EXAMINED: Listed in Appendix D,Table S1.

COMMENTS: Rhodymenia lociperongéds known from Pt. Peron and Canal Rocks in
Western Australia where the only other specieRltddymeniaincovered from Western
Australia,R. novahollandicahas also been collected (Figl). Both speciemhabit the
subtidal and grow on invertebratasrocks. AlthoughR. lociperonicaandR.
novahollandicanay be confused in the fielR, lociperonicehas a thicker medulla and

thinner cortex thaR. novahollandica

Rhodymenia norfolkensigilloramo & G.W. Saunders, sp. nov.(Figs 5.5¢,dl
DESCRIPTION Thalli clumped, sprawling and decumben8 2m in dimension with
flat regularly dichotomously branched blades arising from stipes-(Brbm long)
attached to substrate by a small discoid holdfast, stolons typically giving rise to new
stipitate bladegFig. 5.59); individual blades #4 mm wide with typically broadly
rounded apices, at times attenuate (bif9. Blades 108.60 um thick in transverse
section with typically 34 layers of medullary cells (485 um long x 22.512.5 pm

wide) grading to a agle inner cortical layer of smaller, elongate darkly staining cells
(10 um long x 67.5 um wide) subtending a single outer cortical layer of round darkly

staining cells (Fig5.5d). Reproductive structures not observed.
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HOLOTYPE:UNB GWS034326, growingn 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 UNPendix D,Table S1).
TYPELOCALITY: Little Organ, Norfolk Island, Australia.

ETYMOLOGY: Named for its status as the only specieRladdymeniazurrently

known from Norfolk Island.

DISTRIBUTION: Known only from Norfolk Island (Figh.1).

MATERIAL EXAMINED: Listed inAppendix D,Table S1.

COMMENTS: Rhodymenia norfolkensis distinguished primarily by biogeography as
the only confirmed species Bhodymenidrom Norfolk Island (Fig5.1). Rhodymenia
norfolkensigs superficially similar to its closest relati®R ingularis (Table5.1) from
Lord Howe Island and nearby Balls Pyramid. HowefRRemorfolkensiss thinner in

cross section with fewer medullary cell layers.

Rhodymenia womersleilloramo & G.W. Saunders, sp. nov(Figs5.5eh)
DESCRIPTION:Thalli 0.84.3 cm in height with flat, flabellate, regularly
dichotomously branched blades, individual blades3068mm wide with rounded apices,
stipes 0.51 mm long, attached to substrate by discoid holdfast, stolons typically
extending from above the holdfast@F5.56. Blades 130150 um thick in transverse
section with 23 layers of large round medullary cells {88 um 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, raad darkly staining cells (at times a second incomplete layer
present) (Fig5.5f). Spermatangial sori formed at blade apices on both surfaces,
spermatangia 3 um long x 2.5 um wide (Fgbg. Tetrasporangial sori formed at blade
apices on a single bladarface, cruciately divided tetrasporangia-@5um long x 18

20 um wide) borne on cells of the inner cortex and embedded in the corteXx.§Hg.
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 inF=fsh

COI-5P BARCODE: GenBank accession KT781966.

ISOTYPES: Specimens UNB GWS032741 (male gametophyte) and UNB GWS032742
(tetrasporophyteXppendix D,Table S1).

TYPE LOCALITY: Mutton Bird Iskand (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 genuRhodymenia

DISTRIBUTION: SouthAustralia and New South Wales (Figl).

MATERIAL EXAMINED: Listed inAppendix D,Table S1.

COMMENTS: Rhodymenia womerslewias collected from the subtidal (665m) and

low intertidal pools and is distinguished from other Australian speciBhadymenidy
its extremely short stipe and bushy, tlike appearance. Although this species is
predominantly encountered in New South Wales, a single collection from South

Australia suggests a wider distribution (Fadl).
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Discussion

Although a vaiety of vegetative criteria have been used to differentiate species of
Rhodymeniamembers of this genumnexhibit extensive variability in habit and thallus
thickness in cross section, which complicates accurate specetsdentification
(Sparling 1%7; Womersley 1996). Owing to the previous, greater emphasis has been
placed on features of the tetrasporangia for deline&aglymeniapecies (Agardh
1876; De Toni 1900; Dawson 1941; Sparling 1957). Although effective when
reproductive material is acngjiad, 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 veerepresented in only three specRRsnovahollandica
(n=11) R. prolificang(n= 2) andR. womersleyin= 3). WhileR. novahollandica
featured tetrasporangial sori on both blade surf&egtolificansandR. womersleyhad
tetrasporangial sori on a single blade surface. The latter two species were differentiated
based on tetrasporangia size with smaller tetrasporandia foolificanswhen
compared tdR. womersleyilndeed, when reproductive material was collectedufea
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 objectivelyassigned all of our Australian collections to one
of twelve genetic species groups in the gdRbbsdymeniaWhile five of these groups
were assigned to previously establisRktbdymeniapecies, the remaining seven were

distinct from existing species andstribed as novel taxa.
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Most of the genetic species groups that we resolved were characterized by typical
red algal COI5P intraspecific variation ¢0.6%; Saunders 2005); however, C8H
divergence was uncharacteristically high Romovahollandicg1.65% maximum
divergence, Tabl6.1), R. wilsonig2.4% maximum divergence, Talel) and the novel
specieR. womersleyf1.06% maximum divergence, Tatid ). Our findings forR.
novahollandicaandR. wilsoniswere consistent with Saunders & McDonald @DWho
reported that within each respective species-B®intraspecific variation was high and
characterized by a biogeographical split between mainland Australian and Tasmanian
collections. Subsequent assessment of the internal transcribed spacandid&ed that
the mainland and Tasmanian populations for IBathovahollandicandR. wilsonis
represent single species groups (Saunders & McDevit 2012). For each species group,
high COL5P intraspecific variation likely resulted from isolation betweenniainland
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 womerslewias represented by a single collectianirSouth
Australia as well as collections from Sydney, New South Wales (n= 2) and Coffs
Harbour, New South Wales (n= 6) (Figl). Collections from Sydney and Coffs
Harbour were resolved as two slightly divergent clusteil§p differences). The single
South Australian representative®f womersleywas more similar to the Sydney
collections (3 bp differences) than to those from Coffs Harbe6ri{p differences).

Despite the variation among representatives of this species, analysis of ITS datadindicate

a single ITS typeAppendix D,Table S1). Owing to the previous, the observed-6®I
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variation reflects population level differences possibly retained from a previous period of
isolation.

Although collections assigned R gladiatawere resolved withdw intraspecific
variation (0.46%, Tabl&.1), analysis of the CGBP alignment (664 bp) indicated a
biogeographical split between collections from New South Wales (n< &0
differences) and those from Victoria (n= 7) and Tasmania (n=4) (0 bp ddé=elfig.

5.1). Between these two clusters there weBlp 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 Vicsonediea
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.STtatérfor
representatives of each cluster were essentially identidabDdifferences across ~700

bp) and indicated a single species with anatomical differences possibly resulting from
abiotic factors €.g.,salinity, temperature, water motion).

Saunders & McDonald (2010) originally questioned the distinctidR. girolificans
andR. stenoglossafter resolving low interspecific divergence based on-6RIThe
current study attempted to assess further these species using the ITS; however,
amplification of this marker failed for our single collectionRofstenoglossdespite the
previous, we propose that these entities should be maintained as djsticiebased on
biogeography (Figs.1) as well as morphological differences in overall hakit an
vegetative construction. Whereasstenoglosshad narrow, linear blades and a cortex

comprised of 23 outer layers and a single inner layer, collectior®.gdrolificanshad
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numerous marginal proliferations, a cortex of two layers and lacked arcomiesl
layer.

The specieR. leptophyllavas 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 &alk
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 ofthe 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 TasmanialRtdeptophyllaaccording 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 aifyl to clari
the geographical boundariesR®f leptophyllawe included in our DNA barcode analysis
a New Zealand specimen consistent in habitat and morphoApgpe(dix D,Table S1;
Figs5.3a,h with the protologue oR. leptophyllaThis collection failed to reseé with
any of the AustralialRhodymeniaenetic species groups (Tablé; Fig.5.2). Owing to
the previousR. leptophyllacould not be confirmed in Australia despite its reportedly
wide distribution (Fig5.1). While it is possible thak. leptophyllaexists 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 ydars. If

leptophylladoes indeed extend into Australia, it is likely not adespread 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 hereig,,R. contortuplicataandR. insularig

many of which feature the slender stipes and sslins historically recognized as

typical of R. leptophylla.

AlthoughR. leptophyllavas not confirmed in Australia, another New Zealand
speciesR. novazelandicavas 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 represdtitnovazelandigehowever, without any incorstencies
in morphology between the Lord Howe Island specimens and the type descrigtion of
novazelandicawe consider our collections as representative of this species

Observation of collection information indicated that closely related species of
Rhalymeniainhabited similar ecological niches. However, those species were typically
biogeographically distinct. For example, althowyhprolificansandR. stenoglossa
inhabit exposed areas in the shallow intertidal, in our experience, the former is tonited
Tasmania while the latter is restricted to Victoria (Bid). Similarly,R. insularisandR.
norfolkensisvere collected from reef flats in the subtidal; howeRerinsularishas only
been encountered from Lord Howe Island wRlenorfolkensis©iasonly been collected
from Norfolk Island(Fig. 5.1). The previous indicates that allopatry, rather than
ecological separation, has likely played a significant role in speciatiBhadymenian
Australia.

Overall, MAAT using COI5P provided clarification of species boundaries for the

genusRhodymenian Australia. Moving forward, we advocate for a combination of
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molecular, morphological and biogeographical data to identify AustrRlerdymenia
species. MAA assessments from less sampled locations in AustraligSouth
Australia, Western Australia & Queensland) are needed as is a comprehensive
molecularassisted floristic survey of New Zealand specieRloddymenido determine
the extent to which thabantry shareRhodymeniapp. with Australia and possibly

facilitate interesting studies regarding red algal speciation and distribution.

Key to species oRhodymenian Australia
laBl ades compressed oval i n c.r.o&. sompressat i 0 n ;

///////////

1b.Bl ades f | at i N Ccross secti.an.eéeéeeééeécecécé

2a.Blades predominantly linear or with few-2ltimes)d i c hot omi es é& ¢é e .

2b. Blades branched with morethart21 di chot omi es .éé &&& éééeé

3a. Stolons present, blades typically with predominantly lanceolate apices; pladts 5

///////

mm tall; New SouthWak, Vi ctoria or TasmanRaglada@é ééééé

///////////

4a.Blades with marginalorsudae pr ol i f er ati onésé éé.é . &@B8¢ééeeéeéeé

4b.Blades lackingmarginalarur f ace pr ol i ferations 6 .. é¢é¢éE¢
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5a.Blades with numerous marginal proliferations (sterile or fertile); numerous blades
from clumped crustose holdfast; lacking midb at lower blade; typically growing at low
tidelevelorintidepools Tasmani a . ééééé &eéé éRepeofficans
5b. Blades with surface proliferations; blades developing from single discoid non
crustose holdfast;ight mid-rib at lower blade; inhabiting tide pools, low intertidal or

,,,,,

subtidal (215 m); South Australia, Tasmani or Vi ct or é é& R.wilsénisé é é

,,,,,,

6a.Collected frommainland 1t r al i a or Tasmani aéédeedecéeééé

6b. Collected from Lord How Islando r Norfolk | sland éél0. ééécéé

7a.Blades arising from elongated stipes-@1.mm long) that form an entangled network

7

with stolons; Tamnani a €. é. . . . . . . . . . . ééR éoatértapficata .
7b. Blades developing from less prominstipes that do not become entangled with

stol é6egeéecéééececeeceéééceceéééceeceééeeceeceé s

8a.Blades 24250 um thick in cross section at midthallus; ~4 layers of round medullary

,,,,,,,

cells51:6 5 um in diaédmééeeér ) éééeééé é R.doéiperonica

sz

8b.Blades <~240umincre s secti on at nBiéktéreadléléu L& é é é é

9a.Blades 18220 um in cross section:@medullary layers of compact cells2linner
cortical layers and-3 outer cortical layers; tetrasporangial sori bahdped; widely
distributed from Soutlustralia, Tasmania, Vioria and Western

,,,,,,,,,,,,,,,,,,,,,

Australi aééeéééeeéécécececééeeaéd.ermvahollandica
200



9b. Blades 130150 um in cross section with2layers of medullary cells, a single inner
cortical layer and single outer cortical layer; tetrasporangiabsatishaped; collected

from New South Wales or Sout h R.uwenerslayi i aé é é

l0a.Col |l ected from Lord Howe | sl and .&Eléeéeééeé
10b. Collected from Norfolk Island; plants clumped, sprawling and decumbent; blades

105160 um in cras section with -3l layers of medullary cel& é é . R. norfolkensis

1la.Blades 176190 um thick in cross section at midthallush fayers of round
medullarycells(33® 2. 5 um i nédicameteér )l éé. R insularis
11b.Blades 100160 um thick in crossection at midthallus;-3 layers of round

///////////

medullary cells (3810 um in diameter) 6. € é é € € é € € é . .R. novazelandica
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Table 5.1 Intraspecific COI-5P divergence and distance to nearest neighbor for

Australian Rhodymeniaspecies included in this study.

Species Max Nearest neighbor | Distance to
intraspecific species nearest
divergence (%) neighbor (%)

R. compressén= 2) 0.15 R. novazelandica | 8.66

R. contortuplicatgn=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. leptophyllan= 1} N/A R. gladiata 6.58

R. lociperonican= 4) 0.15 R. norfolkensis 6.20

R. norfolkensign= 10) 0.15 R. insularis 4.90

R. novahollandicgn= 92) | 1.65 R. prolificans 5.86

R. novazelandicén= 4) 0 R. lociperonica 6.56

R. prolificans(n= 11) 0.61 R.stenoglossa 1.09

R. stenoglossén=1) N/A R. prolificans 1.09

R. wilsonis(n= 22) 2.40 R. prolificans 5.86

R. womersleyjn= 9) 1.06 R. contortuplicata | 7.55

asingle collection from New Zealand.
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