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ABSTRACT

The red algae (Rhodophyta) is a monophyletic phylum and is comprised of seven classes including the
Florideophyceae. The class monophyletic Florideophyceae is postulated to have diverged from the class
Bangiophyceae and contains over 32 orders including the freshwater Batrachospermales and Thoreales.
Classifications within these orders as well as the class are based predominantly on female reproductive
characters and vegetative morphology. The order Batrachospermales contains a number of families and
genera with the genus Batrachospermum being the largest with eight recognized sections. The order
Thoreales was once considered a genus within the order Batrachospermales but is currently recognized as
an autonomous order. Due to the cryptic nature of the genera, particularly Batrachospermum, the
Morphological Species Concept has proven to be limiting in the classification at the species level. This
study examines the usefulness of the mitochondrial gene encoding cytochrome ¢ oxidase subunit [ (COI)
in delimiting species within the orders Batrachospermales and Thoreales from several countries spanning
three continents and comparing this data to a parallel analysis of the gene encoding the large subunit of
the chloroplast enzyme Ribulose 1, 5-bisphosphate carboxylase/oxygenase (rbcL). Sequence data and
phylogenetic analysis illustrates possible delineation among species using the COI marker. Distinct clades
of sections Batrachospermum, Setacea, Virescentia, Turfosa, Contorta, Gonimopropagulum and Aristata
were observed from various geographic locations; as well as clades of genus Sirodotia, Tuomeya
Lemanea, Paralemanea and Thorea. The present study proposes the elevation of the current recognized
infrageneric sections to the status of genus based on both COI and rbcL genes sequence data. In addition,

very few clades appeared to reflect any biogeographic trends.
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1.0 INTRODUCTION

1.1 GENERAL INTRODUCTION

The red algae (Rhodophyta) are the oldest taxonomically defined eukaryote represented in the
fossil record (Andersen, 1992; Knoll, 1992; Butterfield, 2000) and currently contains approximately 6000
— 10,000 extant species (Glimn-Lacy and Kaufman, 1984; Woelkering, 1990; Thomas, 2002;) in over 834
genera (Schneider and Wynne, 2007). In addition, the Rhodophyta are a distinct monophyletic lineage
characterized by a two-membraned plastid that contains the photosynthetic pigments phycocyanin,
phycoerythrin and allophycocyanin, which are organized in phycobilisomes in unstacked thylakoids
(Gabrielson et al., 1985; Gabrielson and Garbary, 1986; Gabrielson et al., 1990). The Rhodophyta are
also characterized by the lack of flagella, centrioles and the photosynthetic pigments; chlorophyll b and
chlorophyll ¢ (Woelkering, 1990; Freshwater et al., 1994; Yoon et al., 2006). Additional features
observed in some, but not all, red algae include pit connections (pit-plugs) and secondary pit-connections
that separate cells (Wetherbee and Quirk, 1982; Gabrielson et al., 1985; Gabrielson et al., 1990; Saunders
and Hommersand, 2004); mitochondria associated with the development of golgi bodies; and plastids
surrounded by thylakoids (Adam et al., 2005). In addition, some red algae also exhibit a complex life
history (Figure 1) that involves three phases: gametophyte, carposporophyte and chantransia (John et al.,

2002; Kumano, 2002; Rajan, 2002).

Traditional classification of the Rhodophyta considered this group to consist of one class (Rhodophyceae)
and two subclasses (Florideophycidae and Bangiophycidae) (Gabrielson et al., 1985; Gabrielson and
Garbary, 1986; Gabrielson et al., 1990; Freshwater et al., 1994, Ragan et al., 1994). However, more
recent studies (e.g. Yoon et al., 2006) have re-evaluated this and divided this phylum into seven classes

including: the Rhodellophyceae, Cyanidiophyceae, Compsopogonophyceae; Stylonematophyceae,



Porphyridiophyceae; Bangiophyceae; and Florideophyceae (Saunders and Hommersand 2004; Yoon et
al., 2006). The class Florideophyceae is hypothesized to have arisen from the class Bangiophyceae
(Oliveira and Bhattacharya, 1999; Miiller et al., 2001b) and the Florideophyceae is clearly a
monophyletic group (Gabrielson et al., 1985, Gabrielson and Garbary, 1986; Gabrielson et al., 1990;
Freshwater et al., 1994, Ragan et al., 1994). This class contains over 32 orders (Schneider and Wynne,
2007) including two that are the focus of this study: Batrachospermales Pueschel et Cole, and the
Thoreales Miiller, Sheath et Sherwood. Classification within the Florideophyceae is based predominantly
on female reproductive characters and vegetative morphology (Freshwater et al., 1994). Nonetheless,
recent categorizations have employed comparisons of ultrastructure pit-connections or pit-plugs
characters that are synapomorphic (Kapraun et al., 2007) as well as molecular phylogenetic analyses of
various genes (e.g. Saunders and Kraft, 1997; Harper and Saunders,2001; Le Gall and Saunders, 2007) .
With respect to pit-plug characteristics, orders within the Florideophyceae have been categorized into two
groups based on the number of cap layers (0, 1, or 2) and the presence or absence of cap membranes
(Pueschel and Cole 1982; Pueschel, 1989). Orders with two cap layers include the Acrochetiales,
Balliales, Balbianiales, Batrachospermales, Corallinales, Colaconematales, Nemaliales, Palmariales, and
Thoreales (Saunders and Bailey, 1997; Harper and Saunders, 2001) and single cap layer, Hildenbrandiales
(Freshwater, 1994; Harper and Saunders, 2001). Those exhibiting no cap layers but rather cap
membranes, include the Gigartinales, Ceramiales, Bonnemaisoniles, Gracilariales, Halymeniales,
Nemastomatales, Rhodymeniales, and Plocamiales (Freshwater et al., 1994; Saunders and Bailey, 1997;

Saunders and Hommersand, 2004).



Figure 1: Life Cycle of Batrachospermum

The life cycle shown above illustrates the triphasic, heteromorphic life cycle of Batrachospermum. The
three life phases; gametophyte, cystocarp and chantransia all of which are haploid, characterize this life
history. In this life cycle, the gametophytic plant develops male (spermatangia) and/or female
(carpogonia) sex organs which bear spermatium J'and carpogonium Q. By attaching to the trichogyne, the
spermatium fertilizes the carpogonium. As a result of fertilization, a carposporophyte is developed from
the carpogonium. Following this, the carposporophyte produces carpospores which upon release
germinate into a heterotrichous chantransia stage. Filaments of the chantransia by vegetative meiosis
produce new haploid gametophytes. Reproductive characteristics of this history are often used in the

classification of members of the Rhodophyta.
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1.2 THE ORDER BATRACHOSPERMALES PUESCHEL ET COLE

The order Batrachospermales Pueschel et Cole (1982) was once classified as a family within the
order Nemaliales (Gabrielson et al., 1990; Pueschel, 1994) and is now recognized within it’s own order,
the Batrachospermales. This order contains three families: Batrachospermaceae (four genera:
Batrachospermum, Nothocladus, Sirodotia and Tuomeya), Psilosiphonaceae (one genus: Psilosiphon) and
Lemaneaceae (two genera: Lemanea and Paralemanea) (Kumano, 2002; Wehr and Sheath, 2003). The
genus Batrachospermum is the largest of the four genera within the Batrachospermaceae, comprising
eight recognized sections: Contorta, Setacea, Virscentia, Arista, Turfosum, Hybrida, Batrachospermum
(Necchi, 1990; Kumano, 2002; Wehr and Sheath, 2003) and Gonimopropagulum (Sheath and Whittick,
1995; Kumano, 2002). Necchi and Entwisle (1990) suggested that the three other genera, Nothocladus,
Sirodotia and Tuomeya, be placed in the genus Batrachospermum as sections as the morphological
characters employed to differentiate them were not considered sufficient for generic standing.
Nonetheless, Vis et al. (1998) proposed to maintain their generic status since some morphological
characters noted in these genera are not observed in the genus Batrachospermum. The order
Batrachospermales is exclusively freshwater with its members described as paraphyletic, lacking
tetrasporangia and auxiliary cells, with two cap-layered pit plugs (Figure 3 a — f') and spore development

that is similar to that of genus Nemalion (Sheath, 1984; Gabrielson and Garbary, 1986; Vis et al., 1998).



Figure 2: Images of Taxa Studied Showing Reproductive Structures.

A) Paralemanea sp. thallus showing distinct ring of spermatangia (arrowheads), B) Lemanea sp. portion
of a gametophyte thallus with spermatangia patches (arrowheads), C) Batrachospermum sp., whorl with
carposporophytes (triple arrow head) within it, D) Paralemanea sp., cross-section showing outer cortex
layer and carposporophyte (triplearrows), E) B. involutum, carpogonium showing club-shaped trichogyne,
F) Batrachospermum sp., fascicle showing filaments, G) Thorea sp. showing thallus with dense central
medulla, loosely arranged assimilatory filaments (arrowheads) , H) Thorea hispida, showing thallus with
dense central medulla, loosely arranged assimilatory filaments (arrows) and numerous secondary

branches (arrowheads).






1.3 FAMILY BATRACHOSPERMACEAE FRIES

The Family Batrachospermaceae is described as a cosmopolitan family with four genera
Batrachosperum, Sirodotia, Nothocladus and Tuomeya (restricted to the Northern hemisphere) and over
100 species (Entwisle et al., 2007). This family is characterized by gametophyte with cylindrical to
moniliform outline, as well as uniaxial with regular whorls for laterals that are branch determinate. Axial
filaments are observed to be broad with periaxial cells usually between 4 to 6 cells (Kumano, 2002;

Entwisle et al., 2007)

1.4 GENUS BATRACHOSPERMUM ROTH

Initially described by Roth in 1797, the genus Batrachospermum occurs worldwide, from the
tropics to the Arctic, in streams often attached to rocks or other macrophytes (Sheath and Cole, 1993; Vis
et al., 1994, Branco and Necchi, 1997; Necchi and Branco, 1999). The genus Batrachospermum, with
respect to the rest of the genera in the order Batrachospermales is regarded as paraphyletic (Vis et al.,
1998; Kapraun et al., 2007) and consists of several distantly related taxa that are morphologically similar
(Vis et al., 1998; Vis and Entwisle, 2000). The genus Batrachospermum is distinguished by the following
characters: carpogonia branches that arise from fascicle and periaxial cells, carpogonia that are somewhat
asymmetric or symmetric with club-shaped or elongated trichogynes, and determinate carposporophyte
with gonimoblast filaments that are radially-branched (Sheath 1984; Kumano, 2002). The life history of
Batrachospermum (Figure 1) is dominated by the gametophyte, with its morphological characters like
size of whorl, carposporophyte diameter, proximal cell length and width among others, being used

repeatedly in species discrimination (Entwisle et al., 2004). This genus demonstrate an oogamy form of
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reproduction, in which a non-motile male reproductive cell (spermatium) fertilizes a female reproductive
cell (carpogonium) that is significantly larger than the male reproductive cell itself (Kumano, 2002). In
contrast to most members of the class Florideophyceae, the genus Batrachospermum lacks a tetrasporic
meiosis stage in its life history; nonetheless, it has one gametophyte stage and two sporophyte stages
(Figure 1)(Sheath, 1984; Kumano, 2002). The genus Batrachospermum is currently divided into
approximately eight infrageneric sections; Batrachospermum, Contorta, Setacea, Virescentia, Aristata,
Turfosa, Hybrida, and Gonimopropagulum (Sheath and Whittick, 1995; Kumano, 2002; Miiller et al.,
unpublished). The division of members of the genus Batrachospermum into sections was first
demonstrated by Sirodot (1873) to constitute four sections based on differences in morphology of the
carpogonium and trichogyne. Nonetheless, the current eight sections are distinguished from one another
primarily on other features such as morphology of carpogonial branch (size and shape), relative whorl
size, carposporophyte structure, trichogyne shape, and presence of unique propagules (Reis, 1974;
Kumano, 1993, 2002; Sheath and Whittick, 1995; Stewart and Vis, 2007; Entwisle and Foard, 2007). The

eight sections are described as follows:

Section Aristata Skuja: well-developed whorls, carpogonial branches that are straight, extended, and
separated from fascicles, whorls with pedicellate and spherical carposporophytes (Sheath et al, 1994a;
Kumano, 2002). Nevertheless, to differentiate species within this section characters such as primary
fascicle cell number, diameter of whorl, carposporangium size, trichogyne shape, secondary fascicle

density, and length and localization of involucral filaments are used (Kumano, 2002).

Section Batrachospermum DeCandolle: straight undifferentiated carpogonial branches (developed
from both fascicle and pericentral cells); well-developed whorls; carpogonia with trichogynes (club- to
urn- shaped) and small; globose, pedicellate carposporophytes (observed at different distances from the

axis of the whorl) (Kumano 1993; 2002; Vis et al., 1995).



Section Contorta Skuja: characterized by carpogonial branches twisted in a helix form, well-
developed confluent whorls, sessile or stalked trichogynes (Flint, 1949; Sheath et al., 1992; Shulian and
Zhixin, 2005). Kumano (1993) proposed dividing section Contorta into 5 subsections: Intorta, Torrida,
Procarpa, Kushiroense, Ambigua. Sheath et al. (1992) divided this section into 5 distinct groupings based

on both qualitative and quantitative characteristics.

Section Gonimopropagulum Sheath and Whittick: characterized by well-developed whorls,
oboconical elongated trichogynes, differentiated carpogonial branches that are straight, sessile
carpogonia, absence of carposporophyte, presence of unique propagules partitioned into regions by the

septum (Sheath and Whittick, 1995; Kumano, 2002).

Section Hybrida De Toni: well-developed whorls, axial and globular carposporophytes, elliptical or

ovoid trichogynes and carpogonia with sessile (Necchi, 1990; Sheath and Vis, 1995; Kumano, 2002).

Section Setacea De Toni: characterized by short whorls made up of few fascicles closely pressed to
the main axis, short carpogonial branches arising from the pericentral cell, and globular carposporophytes
extending beyond the reduced whorls. The section Setacea is differentiated from the section Contorta as

having carpogonial branches that are straight instead of ones in helix form (Sheath et al., 1993c).

Section Turfosa Sirodot: characterized by plants pseudo-dichotomously branched, straight
carpogonium-bearing branches dropping from periaxial cells, reduced well developed wells, big spherical
or semi-spherical carposporophytes with two types of gonimoblast filaments (radially branched

determinate and prostrate inderterminate) (Kumano, 2002).
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Section Virescentia Sirodot: well-developed whorls; straight and short carpogonial branches (arise
from proximal fascicle cells or pericentral cells); carposporophytes produced singly or in pairs along the
main axis; elongated carpogonia with cylindrical and pedicellate trichogynes (Mori, 1975; Starmach,

1977, Sheath et al., 1994b; Kumano, 2002).
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Table 1: Summary of Sections of Batrachospermum and Taxa

Section Taxon

Aristata B. macrosporum

. anatinum

. arcuatum

. boryanum

. confusum

. gelatinosum

. heterocorticum

. involutum

. spermatoinvolucrum
. sporulans

Batrachospermum

U 0 0 0 0 0 0 W W

Contorta . ambiguum

. globosporum
. intortum

. louisanae

. procarpum

. spermatiophorum

0 0 0 0 0 W

Gonimopropagulum B. breutelii

Hybrida B. virgato-decaisneanum

Setacea B. androinvolucrum

B. atrum

Turfosa B. turfosum

Virescentia B. helminthosum
B. elegans
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1.5 OTHER GENERA: NOTHOCLADUS SKUJA, SIRODOTIA KYLIN, TUOMEYA HARVEY

The genus Tuomeya was created by Harvey in 1858 and differentiated from the other genera of the
order Batrachospermales by having a thallus that is densely branched, cartilaginous, and
pseudoparenchymatous, with lateral whorls compacted and radiating from a uniseriate axis (Gordon,
1934; Kaczmarczyk et al., 1992). Additional distinguishing features were included by Skuja (1944) and
Webster (1958), and these include unique secondary gonimoblast with cylindrical cells (Kaczmarczyk et
al., 1992). Necchi and Entwisle (1990) treated the genus Tuomeya as a section of the genus
Batrachospermum on the basis of taxonomic changes such as often ill-defined compactness of cortex,
prominence of dome-like apical cell similar to ones observed in the genus Nothocladus, and asymmetrical
distinct carpogonia that is of little use as a sectional differentiating character (Kaczmarczyk et al., 1992).
On the contrary, Kumano (1993) treated the genus Tuomeya and the genus Batrachospermum as separate
genera. Kaczmarczyk et al. (1992) observed the formation of spermatangia at the apex of determinate
branches in species of the genus Tuomeya an examined feature characteristic of other members of the
Batrachospermales (Sheath, 1984). As observed by Skuja (1944) and Webster (1958), gonimoblast
filaments are made up of cylindrical cells; however, Kaczmarczyk et al. (1992) observed branch systems
that are more dense than described by Stechell (1890) and Webster (1958), incorrectly distinguished as
branches of spermatangia. The carposporophytes of the genus Tuomeya are similar to those observed for
the section Contorta in the genus Batrachospermum (Necchi, 1990; Sheath et al., 1992). Infrageneric
classification of approximately 24 populations by Kaczmarczyk et al. (1992) of the genus Tuomeya on the
basis of morphometric features produced two groups for this genus. The two groups were separated
primarily on the basis of gonimoblast cell number and plant length, nonetheless, these difference observed

in these features offers no base for the separation of these two groups (Kaczmarczyk et al., 1992).

13



The genus Sirodotia is distinguished from other genera by its asymmetrical carpogonium in
addition to its off-center trichogyne attachment, semiglobular protuberance on one side of the base, as
well as a carposporophyte with branched gonimoblast filaments inching along the main axis (Kylin, 1912;
Sheath, 1984). Necchi and Entwisle (1990) treated the genus Sirodotia as a section in the genus
Batrachospermum on the basis of Sirodotia having a distinct asymmetrical carpogonia, a feature that is
observed to vary considerably in shape, hence, not suitable for sectional classification. Nonetheless;
Kumano (1993) retained the genus Sirodotia, separate from the genus Batrachospermum on the basis of
difference in reproductive structures, with the genus Sirodotia possessing a diffuse gonimoblast and a
lobed carpogonium base compared to the genus Batrachospermum with dense globular gonimoblast and
an isodiametric carpogonium base (Kumano, 1993). Necchi et al. (1993) reported fourteen species of
Sirodotia, identified on the foundation of shape and size of whorl, carpogonium, fascicle cells, and the
occurrence of specialized spermatangial branches (Flint, 1948; Kumano, 1982c¢). Necchi et al. (1993) also
proposed that asymmetric carpogonia with off-center trichogynes, as well as the occurrence of a distinct
basal protuberance, and the formation of a diffuse, filamentous, carposporophyte that broaden
longitudinally along the main axis are both unique characters in the family Batrachospermaceae.
Consequently, the authors suggested that a detailed morphometric analysis of numerous members of the
family would be essential to establish whether these two characters are simply an excessive in the range
of morphological variation within the family (Necchi Jr. et al., 1993). Necchi Jr. et al. (1993) proposed

the genus Sirodotia be retained as a distinct taxonomic unity until the above is done.

The genus Nothocladus has members with typical batrachospermalean pit-plug with two cap layers,
of which the outer one is dome-shaped (Sheath et al., 1996a). The genus was created by Skuja (1934) to
include populations of the order Batrachospermales that have well-developed whorls that are confluent
and lateral, mucilaginous and cartilaginous filaments, corticated central axis among others characters

(Sheath et al., 1996a). The taxonomic significance of the three key features; symmetrical carpogonia,
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diffuse carposporophyte (determinate) and specialized spermatangial filaments that distinguish the genus
Nothocladus are uncertain (Sheath et al., 1996a). For example Starmach (1977) concluded after observing
species such as Nothocladus may be apogamic, that is with only female filaments occurring. As well, for
the presence of indeterminate gonimoblast filament and symmetrical carpogonia, Necchi and Entwisle
(1990) included Nothocladus to the section Turfosa of the genus Batrachospermum. Nonetheless,

Kumano (1993) maintained Nothocladus at the generic level.

1.6 FAMILY LEMANEACEAE ROEMER

The family Lemaneaceae, like other families in the order Batrachospermales has a heteromorphic
triphasic life cycle made up of the phases; chantransia, gametophyte and carposporophyte (Magne, 1967,
Sheath, 1984). Traditionally, all freshwater red algae samples that possess uniaxial cartilagineous and
pseudoparenchymatous thalli are placed under this family (Ku¢era and Marvan, 2004) with other
characteristics such as fascicles cells with large vacuoles that occupy most of the cell volume towards the
interior. The family Lemaneaceae is divided into two genera Lemanea and Paralemanea (Kucera and
Marvan, 2004, Xie et al., 2004). The genus Lemanea is characterized by plants with axial but no cortical
filaments, as well as hair cells in the inner cortex and ray cells shaped like T- or L- and closely applied to
the outer cortex. Arrangement of nodal spermatangial sori are observed as patches (Figure 2B). On the
other hand, members of genus Paralemanea are characterized by the lack of stalks and hair cells in the
inner cortex of the plants. Axial filaments of these plants are enclosed by cortical filaments, while their
ray cells are made up of two layers, the proximal layer which does not touch the outer cortex and the
distal layer which branches like a “Y” and connects to the cortex. Unlike the genus Lemanea, nodal

spermatangial sori arrangement of the genus Paralemanea is in the form of rings (Figure 2A)(Xie et al.,
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2004). Members of the family Lemaneaceae are observed in streams, largely distributed in northern
hemisphere (Sirodot, 1872; Atkinson, 1890; Isrealson, 1942; Khan, 1973, Vis and Sheath, 1992) and
some few observed in southern South America (Necchi and Zucchi, 1995). Taxonomic classification of
this family has held different views from several authors. For example Sirodot (1872) divided the
Lemanea into two genera according to both morphological and anatomical characters. Sirodot proposed
including in the genus Sacheria species that are free of axial cortication and have T- or L- shaped rays
cells near the outer cortex. On the other hand, Sirodot proposed the genus Lemanea to include species
with axial cortication and simply ray cells that are not adjacent to the outer cortex. On the contrary, in
1959, Silva proposed that the genus (subgenus) Lemanea include species that lack axial cortication and

the genus (subgenus) Paralemanea include species that have axial cortication.

1.7 FAMILY PSILOSIPHONACEAE ENTWISLE, SHEATH, MULLER AND VIS

Previously assigned to the family Lemaneaceae, is been shown to be distinct phylogenetically on a
genetic level from the two genera Lemanea and Paralemanea in that family. The family Psilosiphonaceae
is characterized by a cartilaginous thallus, uniaxial with determinate laterals like that of the family
Batrachospermaceae, fascicle structure that is obscure and an outer cortex that is pseudoparenchymatous

(Kumano, 2002; Entwisle, 2007).
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1.8 THE ORDER THOREALES SHEATH, MULLER AND SHERWOOD

Once considered a genus within the order Batrachospermales, the new family Thoreaceae is a well-
supported monophyletic clade within the new order Thoreales (Miiller et al., 2002; Harper and Saunders,
2001). The family Thoreaceae is observed worldwide; however, likely to be observed in temperate warm
waters or tropical and subtropical regions (Sheath et al., 1993a). Members of this order are exclusively
freshwater, characterized by members with uniaxial chantransia stage, gametophytes with multiple axials,
and two cap-layered pit plugs (Kapraun et al., 2007). Studies by Miiller et al. (2002) observed a
monophyletic cluster of Thoreaceae from the Lamneaceae and the Batrachospermaceae; the other two
families categorized within the Batrachospermales. An analysis of DNA sequences and ultrastructure
examination brings up uncertainty about the classification of the Thoreaceae in the Batrachospermales
(Miiller et al., 2002). Further, examination of Thoreaceae revealed 18S rRNA secondary structure
components not observed in other members of the Rhodophyta (Miiller et al., 2002). As well, the pit-
plugs (gametophytic and chantransia stages) of the Thoreaceae are made up of two cap layers, a common
feature of the Batrachospermales, no pit-plug membranes were confirmed in the Thoreaceae, hence
indicating further that the Thoreaceae have been placed in the wrong order, the Batrachospermales and

must therefore have it own order, the Thoreales (Miiller et al., 2002).

The solely freshwater order Thoreales was created by Miiller et al. (2002) to include the genus Thorea
(Sheath et al., 1993a; Miiller et al., 2002) with short branch monosporangia (Sheath et al., 1993a)
separating it from Nemalionopsis genus with monosporangia at the tips of assimilatory filaments confined
at the periphery of the thallus (Sheath et al., 1993a). The phylogenetic relationship and taxonomy of the
Thoreaceae to additional lineages of the red algal is not entirely resolved to date. For example Thorea
hispida as observed by Schnepf (1992) have plate-like shaped pit-plugs without cap layers compared to a

domed-shaped pit plug outer cap layer observed for Thorea violacea by Lee (1971). The pit-plug outer
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cap layer is a characteristic used to distinguish Batrachospermales (Pueschel, 1994), hence any
discrepancies in shape renders this feature futile for classification purposes. Pit plugs with no cap
membranes have not been observed in either the Thorea or the Nemalionopsis (Miiller et al., 2002).
Further studies of the Thoreaceae using ultrastructure and analysis of sequences from different gene

regions need to be conducted to resolve the taxonomic issues of the Thoreales.

1.9 THE MORPHOLOGICAL SPECIES CONCEPT (MSC): APPLICATION TO THE

BATRACHOSPERMALES AND THOREALES

The MSC is probably the most commonly used methodology to delineate taxa within the red algae;
however, as noted with many other groups, the use of morphology can be problematic but should not be
ignored. Among members of the order Batrachospermales, the morphospecies concept has in some
taxonomic studies proven to be quite useful when applied alone or combined with phylogenetic analyses.
For example Vis and Sheath (1998) combined gene data (rbcL and ITS1, ITS2) with morphometric data
in reducing B. spermatoinvolucrum to a form of B. gelatinosum, which encompasses the characteristic
carpogonial involucral filaments bearing spermatangia. Similarly, Miiller et al. (2008, submitted)
combined carpogonial branch morphology with phylogenetic analyses of the chloroplast rbcL. gene and
the mitochondria cox2-3 spacer in strengthening the differentiation of infrageneric taxa under genus
Batrachospermum. As well, well-defined morphological characters were employed by Sheath et al.
(1992; 1993¢; 19944, b, ¢) Vis and Sheath (1996) and Vis et al. (1995; 19964, b), in circumscribing each
sections under the genus Batrachospermum. Despite its benefits, it is clear that the use of morphology
alone in traditional taxonomic practices is not enough to provide accurate and reliable taxonomic
information. Limitations of the MSC has been observed within and among red algal species with extreme

morphological variability and often lacking the obvious features (synapomorphies) used in identifying
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them (Hebert et al., 2003a, Robba et al., 2006). For example, observations made in Rhodophyta species
such as Bangia and Porphyra, indicate that morphology alone is not sufficient for discriminating between
these genera (e.g. Brodie et al., 1998; Miiller et al., 1998; 2005). Consequently, morphology can be
misleading when attempting to differentiate species with a long evolutionary history like ones belonging
to the Rhodophyta, many of which have different generation alternating forms (Robba et al., 2006).
Categorizing taxa within the order Batrachospermales has been subjected to several changes, especially
with members of the genus Batrachospermum. Currently, molecular data available for this genus conflicts
with morphological features traditionally employed to classify the species within this genus (Kapraun et
al., 2007), therefore, a comprehensive re-examination of the species within the genus Batrachospermum

is required.

At the infrageneric level, taxons within the confines of section Batrachospermum have been
characterized on the grounds of whether thallus were monoecious or dioecious; shape of their whorls;
their carpogonia shape and size; monosporangia; and the presence or absence of spermatangia (on the
involucral filaments of the carpogonial branch) (Vis et al., 1995). Nonetheless, it is hypothesized that
some of these features are impacted by conditions of the environment (Israelson, 1942). In a study by
Necchi (1990), Necchi observed the presence of both sessile and pedicellate trichogyne in a number of the
Batrachospermum species he examined and proposed this character as not valid for sectional
classification. Lately, several species have been characterized using measures such as inflated and
irregular cortication, carpogonial branches with involucral fascicle developed on one side, and
cylindrical-shaped fascicle cells (Vis et al., 1995). Several authors including Necchi and Entwisle (1990)
and Vis et al. (1998) have demonstrated uncertainty in the criteria’s employed in distinguishing taxa at
the generic and infrageneric level in the order Batrachospermales. For example, the section Setacea is
differentiated from the section Contorta as having carpogonial branches that are straight instead of ones

in helix form (Sheath et al., 1993c; Vis et al., 1998). Previously, the section Setacea was incorporated in
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the section Virescentia by Necchi (1990) and Necchi and Entwisle (1990), however both authors

continued separating taxa with well-developed whorls and reduced whorls (Sheath et al., 1994a).

Similar to the section Batrachospermum, species within the section Virscentia have been
differentiated using characters such as monoecious or dioecious, length of carpogonial branch and
localization, density of secondary branches and terminal hairs, and the shade of green (Mori, 1975;
Starmach, 1977; Kumano, 2002). The above species traits however are observed to be variable; hence,
most species are defined inadequately (Sheath et al., 1994b). As well, numerous synonyms have been
proposed for this section; nevertheless, no study has yet evaluated the type specimens and resolved within
this section the precise number of species (Sheath et al., 1994b). Furthermore, species previously placed
in the sections Setacea and Claviformia has been suggested by Necchi (1990) and Necchi and Entwisle
(1990) to be categorized into section Virescentia (Sheath et al., 1994a). Sheath et al. (1994b) studies of
species within the section Virescentia discerned two misclassified type specimens in the section. The first
type specimen B. julianum was noticed to possess carpogonial branches that were robustly twisted and
therefore, should be categorized in the section Contorta (Sheath et al. (1994b). The second type
specimen, B. transtaganum with two described forms, have the first form exhibiting carpogonial branches
in helix shape, hence warranting classification in the section Contorta. The second form on the other
hand, has extended carpogonial branches that arise from fascicle cells at the mid-level, hence should be
classified in section Batrachospermum (Sheath et al., 1994b). Although taxonomy had relied on certain
characteristics to differentiate species in section Virescentia, Sheath et al. (1994a) observed certain
characteristics that were in contrast to prior reports. For example, in all their North American populations
and other specimens, Sheath et al. (1994b) observed restricted secondary branching, monoecious, fascicle
apices with few or no singly produced hair cells, and pericentral and proximal fascicle cells formed
carpogonial branches, all differing from previous findings (e.g. Sirodot, 1884; Mori, 1975; Starmach,

1977).
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Similar to sections Batrachospermum and Virescentia, defining species within the section Aristata
has also been problematic using the MSC. It has been observed that some of the characters used in
distinguishing section Aristata from the other sections are overlapping and do not separate the sections
properly. For example the species B. breutelii within this section is observed to have carpogonial
branches with few cells, as well as cells short and similar to those observed in section Virescentia and
section Turfosa (Sheath et al., 1994a). Also, in section Batrachospermum, branches bearing carpogonia
are supported by pedicels are also observed in species of section Aristata (Sheath et al., 1994b). Kumano
(1993, 2002) separated species within section Aristata into two subsections Macrosporum and Aristata
with hypogenous cells at carpogonium base and without hypogenous cells at carpogonium base
respectively (Figure here). Sheath et al. (1994a) concluded the proposed subsection by Kumano (1993)
were unnecessary. Sheath et al. (1994a) observed variance within length and density of involucral
filaments based on maturity that were found along the carpogonial branch. For example, the species B.
excelsum’s mature carpogonium is not encircled by an apparent rosette (Sheath et al., 1994a) although
Kumano (1993) categorized it in subsection Macrosporum. The main distinguishing character of section
Aristata as proposed by Necchi and Entwisle (1990) is the presence of carpogonial branches that are
straight and ca. 12 cells long. Nonetheless, Sheath et al. (1994a) observed in their studies that, the group
that contained the species B. cayennense and B. longiarticulatum suit the view proposed by Necchi and
Entwisle (1993) for this section considerably. On the other hand, the species B. macrosporum and B.
breutelii are described to have shorter carpogonial branches, ca. 4-11 cells long, similar to that observed
for species in section Turfosa (Sheath et al., 1994a). The section Aristata species B. breutelii has been
described in their post-fertilization gametophytes to have huge septated structures inferred to be either
gemmules (Skuja, 1933), tetrasporangia (Ratnsbapathy and Kumano 1982) or of parasitic origin
(Starmach, 1977). The septated structures, Sheath et al. (1994a) concluded, are distinct enough to justify a

new section for this species, although the nature of them needs to be first confirmed. Consequently, with
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all the above discrepancies within the section Aristata using the MSC, its taxonomy needs to be studied

and resolved employing other taxonomic methods, perhaps in combination with the MSC.

Comparable to section Batrachospermum, Virescentia, Aristata, section Turfosa is defined by
several morphological characters. Due to having excess characteristics either than those already used to
distinguish section Turfosa like helically twisted carpogonium-bearing branch, some species including B.
guyanense, B. nodiflorum and B. toridium are now categorized in section Contorta due to carpogonia
twisted in a helix form (Sheath et al., 1994c). As well, the species B. cayennense, B. dimorphum, B.
excelsum, and B. oxycladum were previously categorized in section Aristata since they posses reasonably
long, differentiated carpogonial branches and carposporophyte joined by pedicels (Kumano, 1990; Sheath
et al., 1994c). Nonetheless, currently the species B. cayennense is recognized as a synonymous species to
B. breutelii under the section Gonimopropagulum (Kumano, 2002). Likewise, the species B. excelsum and
B. oxycladum are now both recognized as synonymous to B. macrosporum under subsection Macrospora,
section Aristata (Kumano, 2002). The species B. dimorphum is, however, now placed under the
subsection Ambigua, below the section Contorta (Kumano, 2002). The species B. orthostichum has been
recategorized into the section Turfosa from section Setacea by Necchi (1990) on the basis of the presence
of both prostrate and erect gonimoblast filaments in the specimens. Sheath et al. (1993¢); however,
argued that B. orthostichum posses only erect gonimoblast filaments, and therefore fit in section Setacea.
For species within section Turfosa, frequency and length of secondary fascicles, in addition to characters
such as plant coloration, fascicle cell number, carpogonium and carposporangium size and shape,
peripheral cortication, monosporangia absence or presence, mature or aborted carposporophytes, and
spermatangia on involucral filaments are used to differentiate one species from the other (Necchi, 1990;
Kumano, 2002). Nonetheless, some of these characteristics are variable and no type specimens have yet
been compared to resolve the extent to which each characteristic can be used to separate species within

this section (Sheath et al., 1994c¢). Sheath et al. (1994c¢) studied species within section Turfosa and
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observed that the type specimens of B. bambusinum and B. keratophytum var. chalybeum have been
misclassified in the section Turfosa. B. bambusinum is observed to have fascicles with few cells pressed
closely to the axis like observed for species in section Setacea (Sheath et al., 1993c). On the contrary, the
species B. keratophytum var chalybeum is observed with twisted carpogonial branches and hence
proposed to be categorized in section Contorta (Sheath et al., 1992). Nonetheless, B. keratophytum have
previously been distinguished from the species B. turfosum based on whether they were carposporic or
monoporic, however, studies by Miiller et al. (1997) concluded that B. keratophytum and B. turfosum are
synonymous based on small sequence divergence between ITS1 and 2 regions of the two species
compared to that of other algal studies employing the same DNA region and also that plants were

monosporic at different times of the year.

To differentiate the section Hybrida from section Batrachospermum, Necchi (1990) and Necchi
and Entwisle (1990) added two additional features to above defined characters for section Hybrida;
asymmetrical carpogonia, and the occurrence of both straight and curved carpogonial branches. Kumano
(1993) identified three species within the section Hybrida, and these were B. abilli, B. mikrogyne, and B.
virgato-decaisneanum. Nonetheless, Kumano (2002) recognizes only two species within section Hybrida;
B. virgato-decaisneanum and B. abilii with no specified reason to omitting B. mikrogyne. Sheath and Vis
(1995); however, described B. mikrogyne as a heterotypic synonym to B. virgato-decaisneanum. Species
within section Hybrida are differentiated mostly on the basis of cortication density, size of trichogyne and
carposporophyte, shape of whorl and trichogyne, and length and density of hairs (Flint, 1953; Reis, 1974).
Morphometric data observed for B. virgato-decaisneanum by Sheath and Vis (1995) compared with
previous studies were comparable, with one exception, longer carpogonia length in specimens from Brazil
observed by Necchi (1990) compared to ones observed by Sheath and Vis (1995). This exception,

however, is considered minimal and B. virgato-decaisneanum appears to be defined as a species in
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whorl shape by Reis (1965b), however, the study conducted by Sheath and Vis (1995) only confirmed
whorl shaped as a differentiating character. Sheath and Vis (1995) observed too much variability in
trichogyne shape to be employed as character in differentiating species in section Hybrida. However,
Sheath and Vis (1995) added whorl size as a differentiating character for the species B. abilii. On the
contrary, the species B. mikrogyne was previously differentiated from B. virgato-decaisneanum on the
basis of carpogonia size, specifically smaller size (Flint, 1953). In contrast, Sheath and Vis (1995)
observed longer carpogonia in type specimens of B. mikrogyne than those of B. virgato-decaisneanum. As
well, Flint (1953) noted the absence of cortication in B. mikrogyne, mainly on the carposporophytic
plants. However; Sheath and Vis (1995) observed in abundance cortication in the carposporophytic
specimens of B. mikrogyne they examined. Another feature employed to separate B. mikrogyne was
unevenly large carposporophytes compared to the whorls (Flint, 1953). Although the average
carposporophyte height of B. mikrogyne compared to whorl diameter is larger than that of B. virgato-
decaisneanum, Sheath and Vis (1995), observed some overlap between the two species, and consequently

considered them to be synonymous to each other.

The majority of the morphological characters employed to distinguish members of the
Batrachospermales overlap tremendously; hence, morphometric data obtained and analyzed has, in some
groups, proven ineffective in distinguishing members of the order Batrachospermales. Consequently, this
calls for other taxonomic and systematic tools to resolve the various issues among the various sections.
One such method is employing the molecular tool DNA barcoding to resolve the various issues at the

generic and infrageneric level.
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1.10 PREVIOUS MOLECULAR STUDIES ON THE ORDERS BATRACHOSPERMALES AND

THOREALES

The phylogenetic and biogeographical relationships of different levels of the red algae including
the order Batrachospermales and Thoreales have been examined extensively using conserved DNA
sequences that code for genes such as the nuclear ribosomal small subunit (18S rRNA) gene and the large
subunit of the gene encoding the chloroplast enzyme Ribulose 1,5-bisphosphate carboxylase/oxygenase
(rbcL) (e.g. Freshwater et al., 1994; Sheath and Miiller, 1997; Miiller et al., 1998; Vis and Sheath, 1998;
Vis and Entwisle 2000; Hall and Vis, 2002). The study by Vis and Sheath (1998), examined the
relationship between B. spermatoinvolucrum and B. gelatinosum employing both the rRNA internal
transcribed spacers (ITS) 1 and 2 sequences and the rbcL gene and concluded that sequence data from
both genes provided different resolution capabilities with the 18S rRNA gene sequencing proving more
useful in resolving internal branch relationship, while the rbcL gene resolved terminal branch
relationships. Nonetheless, the rbcL gene has been used in several phylogenetic and phylogeographic
studies on members of the order Batrachospermales (e.g.Vis et. al, 1998; Vis et al., 2001; Hanyuda et al.,
2004; Vis et al., 2005). While its been useful in resolving interspecific and intergeneric relationships (e.g.
Freshwater et al., 1995; Fredericq and Ramirez, 1996) among taxa due it high rate of mutation, the rbcL
gene is been observed to be problematic when addressing higher level taxonomic questions due to long
branch attraction (e.g. Felsenstein, 1978; Garybeal, 1998) (Freshwater et al., 1999). Other molecular
markers including the Inter-simple Sequence Repeat (ISSR) (e.g. Hall and Vis, 2002) have been
employed in attempts to resolve either phylogenetic or biogeographical relationship among the red algae.
Hall and Vis (2002) study use of ISSR to investigate genetic relationship among individuals of B.
helminthosum among and within distant streams resulted in important genetic differentiation among the
individuals studied. Nonetheless, the genetic variation among streams was substantially high such that

inter-stream correlation could not be established. Hence ISSR proved limited in reflecting geographic

25



distance among B. helminthosum. Aside from the use of nuclear or plastid markers in interspecific and
intraspecific studies, mitochondrial data is commonly now employed to address systematics,
biogeography or population genetics questions (e.g. Zuccarello et al., 2002, Chiasson et al., 2003). An
example of such mitochondrial marker, the noncoding region in the middle of the mitochondrial
cytochrome oxidase subunit 2 and subunit 3 gene (cox2-3) has been employed in different red algae
members like B. helminthosum and B. macrosporum and has proven useful in evaluating phylogeography
(Chiasson et al., 2003). While cox2-3 spacer has proven useful in phylogeographic studies of B.
helminthosum and B. macrosporum, no studies have yet established its reliability in B. gelatinosum, the
type species of the genus Batrachospermum, hence the need for a new marker to explain both the

biogeography and phylogeography of this species and other members of the Rhodophytes.

1.11 BIOGEOGRAPHIC TRENDS IN NORTH AMERICAN COLLECTIONS

The red algae are considered a cosmopolitan group, and of the all described genera, an estimated 3
— 5% are observed in freshwater (Kumano, 2002; John, 2002). Freshwater algae represent organisms
observed developing in inland waters and are usually photosynthetic but lack a vascular system (Sheath,
2006). The geographic distributions of freshwater red algae are believed to be impacted by factors such
as temperature and water systems, continental drifts and glaciation (causing species divergence) as well as
vector-assisted transport (Sheath and Cole, 1990). Vector-assisted transport could include waterfowl and
muskrats transporting various kinds of algal fragments and spores via their feet, feathers and bills
(Atkinson, 1980). As well, the muskrat is been observed to carry viable algae in contents of its stomach
(Roscher, 1967). In North America the most substantial diversity of species have been observed in

temperate and tropical latitudes with boreal regions having the fewest (Sheath and Cole, 1990). Although
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observed in all biomes (except Antarctic), freshwater red algae are most common in warm-temperate and
tropical climates (Orfanidis and Breeman, 1999; Kumano, 2002), being observed primarily in fast-
flowing streams (Kumano, 2002). Globally, certain taxa distribution, including those of section Contorta
and Thorea are observed in lowland tropical and subtropical regions (Starmach, 1977; Kumano, 1980;
Sheath et al., 1987). Nonetheless, Thorea species are observed to be abundant in temperate territories
during warm months (Kremer, 1983; Entwisle and Kraft, 1984). Further, studies have reported
widespread of the genus Thorea in Illinois, Florida, Grenada, Mexico, Ohio, Nebraska and Texa (Sheath
et al., 1993 and all references therein). Distribution and systmatics evaluation of the genus Thorea
indicated scattering and isolation of populations, mostly restricted to the Costal Plain and tropical regions
of North America. In Europe, however, the reach of Thorea is been reported to stretch north (Tomas,
1981) and in South America, Africa, and Asia have been reported to occur as localized populations
(Sheath et al., 1993 and references therein). In North Amercia, the Thoreaceae is been observed to occur
in moderately flowing, medium to large streams. Streams with warm waters and high pH.On the contrary,
member of the genus Lemanea are observed to occur in boreal and alpine environments (Skuja, 1938;
Kumano, 1980). These geographic patterns distribution by account of Kremer (1983) are based on
photosynthetic response to temperature, with Lemanea fluviatilis and Batrachospermum sp.
demonstrating maximal photosynthesis at roughly 15°C. Macroalgae from North America tundra streams
are observed to be distributed in accordance with ecological factors including stream velocity and
freezing periods as well as ability to survive by means of how resistant their cells are (Sheath and Cole,

1992).

Several studies have employed molecular techniques to study the biogeography of algae in both
marine and freshwater. This has included the use of ITS-1 and ITS-2 of rDNA by Vis and Sheath (1997),
Rintoul et al. (1999) and Entwisle et al. (2000) to assess interspecies and intraspecies relationships of

freshwater red algae. Similarly, the gene encoding the large subunit of the chloroplast enzyme Ribulose 1,
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5-bisphosphate carboxylase/oxygenase (rbcL) has been employed to examine the biogeography of
freshwater algae, especially that of Bangia atropurpurea (Miiller et al., 1998) and Psilosiphon scoparium
(Entwisel et al. 2000). A combination of the two genes (ITS rDNA and rbcL) however, has been
employed by Vis et al. (2001) to study the biogeographical trends of B. helminthosum in North America.
Vis et al. (2001) observed a complex phylogeography of B. helminthosum with distantly located samples
appearing genetically similar. Vis and Sheath (1997) study of B. gelatinosum over a wide geographic
range in North American observed a relatively low sequence variation of the ITS region used and
concluded B. gelatinosum to be a toxon that is morphologically variable and geographically wide spread.
Like Vis and Sheath (1997), Rintoul et al. (1999) employed the internal transcribed spacer (ITS1 and
ITS2) in addition to the 5.8S rRNA gene to study the systematic and biogeography of the order
Compsopogonales (Rhodophyta). Rintoul and colleagues observed no apparent geographic trend in the
Compsopogonaceae. Similarly, Entwisle et al. (2000) applied the ITS1-5.8S rDNA ITS2 as well as the
rbcL to explore the biogeography of Psilosiphon (Batrachospermales) in Australia and New Zealand.
Entwisle and colleagues observed too widespread species in their Australian clade to offer any significant
hypothesis on their biogeography. Nonetheless, they observed a significant phylogeny support to indicate
three Psilosiphon scoparium origins were prior to New Zealand separating from Gondwana over 150

million years ago (Dawkins, 2004).
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1.12 DNA BARCODING: THE RATIONALE

The use of mitochondrial DNA (mtDNA) sequences in reconstructing evolutionary relationships
among recently diverged animals has been in practice for over two decades (Ballard and Whitlock, 2004).
Mitochondrial DNA has been established as the marker of choice for inferring species-level and generic-
level relationships (Hurst and Jiggins, 2005), and hence plays a crucial role in evolutionary, biodiversity,
population genetics and conservation studies (e.g. Zardoya and Meyer, 1997; Boore and Brown, 1998;
Mindell et al., 1998; Naylor and Brown, 1998; Rasmussen and Arnason, 1999). An average animal
mitochondrial genome contains approximately 37 genes; 13 of which code for proteins, 22 for tRNA and
2 for rRNA subunits (Boore, 1999; Ballard and Whitlock, 2001) and among vertebrates the order of these
genes is distinctly conserved (Brown, 1985; Boore, 1999). Mitochondrial genomes of vertebrates are
usually about 16,569 base pairs (bp) long with no introns and few intergenic spacers (Broughton et al.,
2001; Ballard and Whitlock, 2001). The only noncoding sequence, called the control region (CR), is
typically about 1100 bp long and has a function in regulating transcription and replication (Shadel and
Clayton, 1997). Myriad properties of animal mtDNA have made it a preferred choice for studies of animal
evolution, conservation and diversity, and these include it maternal mode of inheritance, high rate of

mutation, high copy number and lack of recombination (Ballard and Whitlock, 2004).

Relying on the above unique properties of the animal mtDNA, in the past 5 years a new
taxonomic method termed DNA Barcoding has been proposed as a potential method for resolving all of
biodiversity. DNA Barcoding as a method employs short mtDNA genetic markers of organisms to
identify species (Hebert 2003a, b; 2004). The concept of DNA barcoding is based on the assertion that
most eukaryotes have mitochondria and that mitochondrial DNA (mtDNA) has a relatively fast rate of
mutation (Ehara et al., 2000; Hebert et al., 2003; 2004a; Hurst and Jiggins, 2005). Due to its fast rate of

mutation, a significant variation is seen in mtDNA sequence between species, and theoretically, a
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comparatively small variance within species (Hebert et al., 2003 a, b; 2004; Hurst and Jiggins, 2005).
With an approximate length of 650 bp, a region of animal mitochondrial gene, cytochrome c oxidase
subunit 1 (CO1) has been proposed as a potential ‘barcode’ (Hebert et al. 2003 a, b; 2004). The CO1 gene
is used for a number of reasons, the first being that it lacks introns, secondly it is limited to recombination
and lastly it has haploid inheritance (Hebert et al., 2003a). In addition, CO1 gene has two important
advantages over other mitochondrial genes. The first being the 5° end of the CO1 gene can be recovered
easily from many, if not all, animal phyla because the gene is strong for universal primers due to high
conservative selection pressures. Secondly, like other coding protein genes, the third-position nucleotide
of the CO1 gene demonstrates high rates of base substitution that is not observed in the rRNA gene
(Hebert et al, 2003a). Previous studies of protists (Bolivar et al, 2001; Sakaguchi, 2005; Litaker et al.,
2007; Lara et al., 2007) with phylogenetic focus employed analysis of the small subunit (SSU) rDNA,
and while this marker has provided valuable insight into the similarities between the major lineages of the
protistan, the SSU rDNA evolves too slowly, to be employed in resolving recently derived species (de

Vargas, 1997; Chen and Yu, 2000; Merzlyak et al., 2001).

DNA barcoding has already been used extensively to discover and identify divergent animal taxa
(Hebert et al, 2004) as well as red macroalgae (Saunders 2005, Robba et al. 2006; House et al., 2008). In
2003, Hebert and colleagues used DNA barcoding to assign 150 newly investigated organisms to species
with 100% identification success (Hebert et al., 2003a). The Internal Transcribed Spacers (ITS1 and 2)
was suggested by Saunders (2005) as the marker that can be used for red algae DNA barcoding as it was a
tool in resolving a many species issues within the red algae, however, the ITS regions have their own
shortcomings. The presence of indels within ITS 1 and 2 makes them difficult to align to those of other
species because they will cause inaccurate estimation of nucleotide difference (Saunders, 2005). In a
study by Robba et al. (2006) the use of COI in six orders of red algae indicated that one could

discriminate within (intraspecific) and between (interspecific) species. Results from this study indicate
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that DNA barcoding using COI works in identifying red algal species. Robba et al. (2006) results showed
that COI gene through DNA barcoding uncovered diversity and revealed the initial stages of speciation.
Witt et al. (2006) used DNA barcoding to examine Hyalella within the genus amphipod crustaceans.
Although difficult to examine the taxonomy of this genus, Witt et al. (2006) through the COI nucleotide
observed divergence range from 4.4% to 29.9% among the provisional species studied. DNA barcoding is
very promising and current databases like Barcode of Life Data system (BOLD,

http://www .barcodinglife.org) are available that aim at collecting DNA sequence from other gene regions
that have been barcoded. This identification region hence could be used to study species relationships in
members of the orders Thoreales, Batrachospermales and potentially assign species. Nonetheless,the use
of COI in DNA barcoding, has its own.practical challenges that are relevant to mtDNA and its use in
DNA barcoding to assess biodiversity and identify species. The potential drawbacks of DNA Barcoding
related to mtDNA and inheritance, include recombination, maternal inheritance, heteroplasmy, reduced
effective population size, unpredictable mutation rate, and a mix of genetic factors. While these
drawbacks are legitimate issues for proponents of barcoding to acknowledge (e.g. mutation rate),
proponents of barcoding argue some of these difficulties are often overestimated (maternal inheritance

and recombination). The following explore some of the limits DNA barcoding might encounter

Maternal Inheritance

Through the cytoplasm of the oocyte, several hundreds of mitochondria and thousands of mtDNA
are inherited from the female. This uniparental mode of animal mtDNA inheritance has been the
persistent principle for several years and has been one of the exceptional benefits of the mtDNA, since it
gives a mean to trace related lineages back through time. This property of animal mtDNA brings to light
the maternal ancestry of a population avoiding the confusing effects of biparental inheritance and
recombination, which are persistent in nuclear DNA (Pakendorf and Stoneking, 2005). For years it has

been demonstrated that the mitochondria of sperm are destroyed in the oocyte (Manfredi et al., 1997;
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Shitara, 1998) through ubiquitination (Sutovsky et al., 1999; 2000). Examples of these listed Korpelainen
et al. (2004) include that of the bivalve mollusks which exhibit doubly biparental mitochondrial
inheritance. Implications of different inheritance modes including defining species that ignore all process
of evolution that do not affect females and a bias in interpretation of processes that affect the sexes
differently. Occurrences of paternal inheritance of mitochondria are being noted across an extended range

of taxa and this is increasing (Zhao et al., 2004).

Recombination

Mitochondria DNA recombination in animal cells was thought to be absent or exceptionally rare
(Avise, 1994, Castro et al., 1998), based predominantly on the failure to observe recombinant haplotypes
in studies of mtDNA variation in animal cell cultures or natural populations (Zuckerman et al., 1984).
The lack of recombination, as suggested by some authors (e.g. Howell, 1997; Tsaousis et al., 2005), could
be attributed to a possible mechanism that has evolved in the mitochondrial genome of animals to slow
Muller’s ratchet. Observations in current data indicate recombination in several animal species including
the nematode Meloidogyne javanica (Lunt and Hyman, 1997), the Mediterranean mussel Mytilus
galloprovincialis (Ladoukakis and Zouros, 2001a), blue mussel Mytilus troussulus (Hoarau et al., 2002),
and humans (Kraytsberg et al., 2004) and these should be valid examples for concern for proponents of
DNA barcoding. The occurrence of mitochondrial recombination would generate sequence variation by

means that defy significant assumptions of DNA barcoding protocol (Rubinoff et al., 2006).

Rates of Mutation

The rate of mtDNA evolution is about 5 — 10 times faster than that of the nuclear genome (Brown
and Wilson, 1979) primarily due to the absence of repair enzymes to amend errors in replication and any
damage to the DNA (Clayton, 1982). As a result mtDNA has a high level of mutation, ultimately leading

to higher mutation rate and more divergence among the mtDNA of individuals (Wilson et al., 1985). In
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animals, mtDNA is observed to evolve at a rapid rate in regard to nucleotide substitution (Avis, 1994).
Nonetheless, gene arrangement and genome size appear relatively consistent among species (Avis, 1994).
Consequently, proponents of DNA barcoding rely on the divergence caused by mutation to delimit
species. However, speciation is noted not to be driven exclusively by changes in mtDNA nor do
speciation events automatically change the mtDNA haplotype (Rubinoff et al., 2006). Researchers for the
most part assume differentiation within a characters system indicates changes in the organism or its
history (Ballard and Rand, 2005) and from the perspective of mtDNA, studies have focused on whether

differentiation of the mtDNA indicates species trees or gene trees (Ballard and Rand, 2005).

Heteroplasmy

Heteroplasmy refers to the presence of more than one type of mtDNA in an individual.
Considerable levels of heteroplasmy have been reported in humans (Grybowski et al., 2003) insects
(Nardi et al., 2001; Farge et al., 2002); bats (Petri et al., 1996) and among other groups. Heteroplasmy
may suggest that the mitochondria of an individual may denote a sampling of the alleles within a
population like any other nuclear gene (Rubinoff et al., 2006). Consequently, for DNA barcoding to be
accurate there should be no overlap with these alleles and that of other species. While heteroplasmy
maybe rare, it still possess difficulties especially on a large-scale base since these difficulties can be
amplified at the global level. An example of heteroplasmy is already been observed in a study of skipper

butterflies (Hebert, Penton, et al., 2004).

It is agreed by several researchers that mtDNA alone is not an adequate marker to infer
phylogeny at the species-level (e.g. Funk and Omland, 2003; Ballard and Whitlock, 2004; Hurst and
Jiggins, 2005). However, if animal mtDNA should be employed alone as an evolutionary marker, as is
done in DNA barcoding, certain tests should be included in the studies. These could include heterogeneity

rate test along the length of the sequence as well as varying branches of the tree (Ballard and Rand, 2005).

33



Additional tests could include examining the basic assumptions and predictions of the neutral theory (i.e.
a constant mutation rate, allele frequency distributions that are stationary and a link between divergence
and levels of polymorphism) (Ballard and Whitlock, 2001) to enhance our ability to interpret results of
animal mtDNA analyses. While there is no doubt that DNA barcoding will create some mistakes, what is
uncertain is the rate of occurrence of these mistakes and whether the occurrences surpass tolerance limits
(Hurst and Jiggins, 2005). Funk and Omland (2003) review of species polyphyly based on mtDNA data
indicated approximately 23% of species may not, for mtDNA sequences be monophyletic, a pattern not
revealed by DNA barcoding tests (Hebert et al., 2003; 2004a). DNA Barcoding does not necessary aim at
replacing all other taxonomic tools, but rather be part of an ‘integrated’ approach in resolving all of

biodiversity.

DNA barcoding has been shown to be successful in identifying species in members of the red algae (e.g.
Saunders, 2005; Robba et al, 2006; House et al., 2008). Consequently, to attempt resolving taxonomic
level relationship issues among members of the order Batrachospermales and ascertaining the order status
of the Thoreales, DNA barcoding protocol would be employed in the present study under the following

objectives:

a) Test the efficacy of the DNA barcoding protocol (COI) in resolving species relationships in the

Batrachospermales and Thoreales

b) Test the usefulness of the cytochrome c oxidase subunit I (COI) in identifying interspecific and

intraspecific variations in members of the Batrachospermales and Thoreales

c) Investigate ny possible geographic variation in members of the two orders and

d) Compare results of the COI gene to that of the plastid rbcL gene
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2.0 MATERIALS AND METHODS

2.1 SAMPLE INFORMATION

Specimens employed in this study were collected from freshwater locations across three continents: North

America, Europe and Africa (Table 2, Figure 3 (Represent North American Distribution)).

2.2 PCR AMPLIFICATION AND SEQUENCING

Extracts of DNA from previous studies were used with the methods of extraction outlined in those
papers (Vis and Sheath, 1997; Vis and Sheath, 1998; Miiller et al., 2002). Other genomic DNA were
extracted from materials stored at — 80°C using a modified phenol-chloroform extraction protocol
(Saunders et al. 1993) and for other specimens the DNeasyTM Plant Mini Kit (Qiagen Inc., Mississauga,
ON, CA) was used, following the protocol outlined by the manufacturer. PCR amplification of the COI
gene region were performed using the primers GazF1 5>’TCAACAAATCATAAAGATATTGG 3’ and
GazR1, S’ACTTCTGGATGTCCAAAAAAYCA 3’ as outlined in Saunders (2005). The primer pair
F160, 5> CCTCAACCAGGAGTAGATCC 3’ and rbcL reverse 5S’ACATTT GCTGTTGGAGTCTC 3’
were used to amplify fragment of the 1461-bp rbcL gene (Vis et al. 1998). PCR reactions were performed
in 50uL volumes for each sample. Each PCR contained SuL of 10x PCR buffer (without MgCl,), 3uL of
MgCl, (25mM), 1.0 pL of ANTP (10 mM), 1.0 pL of forward primer GazF1(100mM) for COI or F160
(10mM) for rbcL, 1.0 pL of reverse primer GazR 1(100mM) for COI or rbcLR (10mM) for rbcL, 38 puL
of distilled water, 0.5 pL of Taq polymerase (Fischer), 1.0 uL of BSA and 1.0 pL of DNA template. The
reactions were carried out using the Eppendorf (Eppendorf Canada, Mississauga, ON). PCR reactions
were performed with 1 cycle 1 cycle of 94°C for 2 min; 30 cycles of 94°C for 30 s, 45°C for 30 s, 72°C for
1 min; 1 cycle of 72°C for 5 min (Robba et al., 2006) with annealing temperature changed to 45°C from

500C. Amplified samples were subjected to gel electrophoresis on 1% agarose gel against the ladder Hind
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Il (Fisher Scientific Canada, Ottawa, ON). Consequently, QiaQuick PCR Amplification System (Qiagen
Inc. Mississauga, ON, CA) was used to purify all positive PCR products result and sequencing was
performed using the ABI 3130XL capillary sequencer (Applied Biosystems Canada, Streetsville, ON,
CA). For sequencing, GazR 1 was used for majority of the COI products. For products of rbcL, both the
forward F160 and reverse rbcLR were used as well as the internal primer R897, 5’

CGTGAGTATGTTGAATTACCTGC 3’ for results missing internal base pairs.
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Table 2: Collection Information for Order Batrachospermales and Thoreales Samples used in the Present Study

Taxa # Taxon Taxon ID Collection Information Col rbcL
B. ambiguum Montagne AUS Australia .
B. ambiguum CR27 Los Alturus, Costa Rica .

B. ambiguum CR22 Costa Rica .
B. ambiguum CR25 Rio Coton, Costa Rica, Coll.: R. Sheath & K. Miiller, 19.Feb.98 .
B. ambiguum BLZ2a Little Vaqueros Creek at Rt. A-10, Pine Ridge, Belize, Coll.: R. Sheath, 01.Jan.00 .
B. ambiguum BLZI13a Belize .
B. androinvolucrum Vis et Cole BC126 Last Shoe Ck at Rt. 4, 8 km east of Uclulet, B.C., Coll.: R. Sheath, 15.Aug.89 .
B. atrum Harvey BI13 Blue Hole near Stanford Dingley, UK, Coll.: R. Sheath, 24.May.96 . .
B. atrum IR20 Rt. 261 7 km north of Ardara, Ireland, R. Sheath, 13.Jul.97 .
B. atrum SCO14 Scotland .
B. boryanum Sirodot ONBSC2a Blue Springs Creek, Rockwood, Ontario, Canada, Coll.: R. Sheath, 26.Sep.96 .
B. boryanum ONBSC2d Blue Springs Creek, Rockwood, Ontario, CAN . .
B. boryanum FL60 Florida, USA .
B. bruetelii Rabenhorst Steenboks River, Cape of Good Hope, South Africa, Coll.: J. Bolton, 24.Nov.93 . .
B. confusum Hassal ON Ontario, CAN .
B. gelatinosum De Candolle AT9 Small river at Newhaus, Austria, Coll.: R. Sheath, 21.Jun.98 .
B. gelatinosum NF211 Newfoundland, CAN .
B. gelatinosum NH40 New Hampshire, USA .
B. gelatinosum NS28 Cheticamp River, Cheticamp, Nova Scotia, Canada .
B. gelatinosum LABI10 Labrador, CAN .
B. gelatinosum ON11 Blue Springs Creek at Guelph Line, 5 km SW of Rockwood, Ontario, CAN .
B. gelatinosum IRI8 Treland .
B. gelatinosum Vancouver Island 1 British Columbia, Canada .
B. gelatinosum Vancouver Island 3 British Columbia, Canada .
B. globosporum Israelson TX9 Tandau Park, New Brunfels, Texas, USA .
B. globosporum AZ10a Montezuma well outlet canal, Arizona, USA, Coll.: R. Sheath, 01.Dec.93 . .
B. globosporum ONFR French River, Ontario, Canada, Coll.: G. Lemon, 29.Jun.97 .
B. helminthosum Bory Oak Ridge Tennessee, USA .
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Taxa # Taxon Taxon ID Collection Information rbcL
B. helminthosum RI1 Chipuxet River at Taylor’s Landing, North Kingston, Rhode Island, U.S.A.
B. helminthosum ONFR Flat Rock, Ontario, Canada .
B. involutum Sheath et Vis San Marcos TX San Marcos, Texas, USA
B. involutum TX35 Frio River, Texas, USA, TX36, Coll.: A. Sherwood, 31.May.97 .
B. turfosum Bory JPC Newfoundland
B. turfosum Moscow B Ontario .
B. turfosum AT21 Biedringer Platte, Austria, AT21, Coll.: R. Sheath, 01.Jul.98 .
B. turfosum MINN Minneapolis
B. turfosum MS3a Mississippi , USA
B. louisianae Skuja TX36 Baverlein Ck at Rt. 337, Texas, Coll.: R. Sheath, 3.May.97 .
B. louisianae M57 Rt. 26 near Wolf R., Mississippi, Coll.: R. Sheath, 3.Jul.93 .
B. macrosporum Montagne MSla Rt. 57, 0.5km n. of Leaf, Mississippi, Coll. : R. Sheath, 27.Nov.93
B. macrosporum MS9 Mississippi, USA
B. procarpum Skuja LA21 Bogue Lusa Creek, Louisiana, USA, Coll. : K. Miiller & D.Couture, 24.Jun.00 .
B. procarpum LA22 Louisiana, USA
B. procarpum LA27 Louisiana, USA
Batrachospermum sp. BI13 Blue Pool Stanford-Dingley, Bradfield, British Isles .
Batrachospermum sp. 1 Kenya 7 Lake Victoria, Kenya
Batrachospermum sp. 2 Kenya 7 Lake Victoria, Kenya
Batrachospermum sp. 4 Kenya 9 Lake Victoria, Kenya .
Batrachospermum sp. 5 Kenya 9 Lake Victoria, Kenya
Batrachospermum sp. 6 Kenya 9 Lake Victoria, Kenya
Batrachospermum sp. 1 Kenya 11 Lake Victoria, Kenya .
Batrachospermum sp. Kenya 9 Lake Victoria, Kenya
Batrachospermum sp. Kenya 12 Lake Victoria, Kenya .
Batrachospermum sp. Kenya 14 Lake Victoria, Kenya .
Batrachospermum sp. NRC Nova Scotia, Canada .
Batrachospermum sp. NS CB Nova Scotia, Canada
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Taxa # Taxon Taxon ID Collection Information COl rbcL
B. virgatum helminthosum Bory RI40 Rhode Island, USA .
B. virgatum CT24 Connecticut, USA . .
Sirodotia sp. RI1 Chipuxet River at Taylor’s Landing, North Kingston, Rhode Island, U.S.A. .
Sirodotia sp. RI24 Stream at Town Farm Rd., Coventry, Rhode Island, U.S.A. . .
S. huillensis Skuja X7 San Marcos River, Peppers, Texas, USA .
S. suecica Kylin SWEI13 Sweden .
Tuomeya sp. Little Rock Little Rock, North Carolina, USA .
Tuomeya sp. Barton NC Barton, North Carolina, USA .
Tuomeya sp. NHI15 New Hampshire, USA .
Thorea sp. TX SM Texas, USA .
Thorea sp. NY New York, USA . .
Thorea ramosa . .
Thorea okoidai .
Thorea violacea Bory .
Paralemanea sp. Kenya 12 Kenya . .
Lemanea fucina AT11 Austria .
Lemanea fucina ATI12 Austria .
Lemanea sp. BC52 British Columbia, Canada .
Lemanea fluviatilis C. Agardh BC76C British Columbia, Canada .
Lemanea fluviatilis BCT6 Halfmoon Bay Creek .at the intergection of R.eQrooffs Rd e}nd O'Brien Rd, .
0.2 km west of Sunshine Coast Highway, British Columbia, Canada
Lemanea fucina BI2 British Isles .
Lemanea fucina BI12 British Isles .
Lemanea sp. BI15 British Isles .
Lemanea fluviatilis BI16 British Isles .
Lemanea sp. BI17 British Isles . .
Lemanea fluviatilis FRON Flat Rock, Ontario, Canada .
Lemanea borealis Atkinson FRNF French River, Newfoundland, Canada .
Lemanea fluviatilis IR3 Ireland .
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Taxa # Taxon Taxon ID Collection Information Col rbcL

L. fucina var. parva Vis et Sheath NH5 Rt. 16, 1 km s. of Milton, New Hampshire, USA. Coll.: M. Vis. 26.May.89 .
Lemanea fucina NH15 New Hampshire, USA .
Lemanea fluviatilis NS32 Nova Scotia, USA .
Lemanea fluviatilis OR110a Oregon, USA .
Lemanea fluviatilis OR115 Oregon, USA .
Lemanea fluviatilis OR117 Oregon, USA .
Lemanea sp. ORI118 Oregon, USA .

Lemanea fluviatilis OR122 Oregon, USA .
Lemanea fucina SCO1 Scotland .
Lemanea species SCO6 Scotland .
Lemanea fluviatilis SWE4 Sweden .
Lemanea fluviatilis SWES Sweden .
Lemanea sp. SWEI11 Sweden . .
Lemanea fucina SWEI12 Sweden .
Lemanea fluviatilis SWEI12 Sweden .
Lemanea fluviatilis SWEI13 Sweden .
Lemanea fucina SWE21 Sweden .
Lemanea fluviatilis WAL7 Wales, UK .
Lemanea fluviatilis WALI12 Wales, UK .
Paralemanea catenata Vis et Sheath ~ IDAHO Idaho, USA .

Paralemanea sp. Little Rock Little Rock, North Carolina, USA .
Paralemanea annulata Vis et Sheath ~ NC North Carolina, USA .
Paralemanea annulata OHIO Ohio, USA .
Paralemanea sp. CAl4 California, USA . .
Paralemanea sp. CA16 California, USA . .
Paralemanea sp. CA17 California, USA .

Paralemanea catenata CA24 Napa River at Calistoga, CA, USA. Coll. R. Sheath. 28.Jun.93 . .
Paralemanea sp. CA26 California, USA . .
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Figure 3: Geographic Distribution of North America Specimen Employed in Study

Red dots on the figure approximate North America rivers and lakes from the following states and
provinces: Arizona (AZ), British Columibia (BC), California (CA), Connecticut (CT), Florida (FL), Idaho
(ID), Louisiana (LA), Mississippi (MS), North Carolina (NC), New Hampshire (NH), Newfoundland and
Labrador (NL), Nova Soctia (NS), New York (NY), Ohio (OH), Ontario (ON), Oregon (OR), — Rhode
Island (RI), Tennessee (TN), and Texas (TX) where specimens where collected for the present study.

Notably, collection of specimens was along the coastal plains.
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Table 3: Accession Numbers of COI gene sequences used from GenBank

Taxon Citation Accession Number
B. ambiguum House et al. 2008 EU095970
B. ambiguum Sherwood et al. 2008 EU636723
B. ambiguum Sherwood et al. 2008 EU636724
B. gelatinosum Sherwood et al. 2008 EU636743
B. gelatinosum Sherwood et al. 2008 EU636744
B. helminthosum House et al. 2008 EU073844
B. helminthosum House et al. 2008 EU073845
B. helminthosum House et al. 2008 EU073847
B. helminthosum House et al. 2008 EU073848
B. heterocorticum Sherwood et al. 2008 EU636740
B. intortum Sherwood et al. 2008 EU636717
B. macrosporum Sherwood et al. 2008 EU636747
B. macrosporum Sherwood et al. 2008 EU636748
B. macrosporum Sherwood et al. 2008 EU636756
B. macrosporum Sherwood et al. 2008 EU636759
Batrachospermum sp. Sherwood et al. 2008 EU636741
B. turfosum House et al. 2008 EU095972
B. turfosum House et al. 2008 EU636745
B. turfosum Sherwood et al. 2008 EU636746
Sirodotia suecica Sherwood et al. 2008 EU636737
Sirodotia sp. Sherwood et al. 2008 EU636738
Sirodotia huillensis Sherwood et al. 2008 EU636739
Neodilsea sp. Saunders 2005 AY970617
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Table 4: Accession Numbers of rbcL. gene sequences used from GenBank

Taxon Citation Accession Number
B. ambiguum Vis and Entwisle 2001 AF209988
B. ambiguum Vis et al. (unpublished) AY423390
B. atrum Vis and Entwisle 2001 AF209979
B. boryanum Vis et al. 1998 AF029140
B. gelatinosum Vis et al. 1998 AF029141
B. gelatinosum Yang and Boo (unpublished) DQ787560
B. gelatinosum Stewart 2007 EF375888
B. gelatinosum Vis and Stewart (unpublished) DQ393134
B. helminthosum Hanyuda et al. 2004 AB114645
B. helminthosum Hanyuda et al. 2004 AB114644
B. intortum Vis et al. (unpublished) AY423397
B. involutum Vis et al. 1998 AF029143
B. louisianae Vis et al. 1998 AF029144
B. macrosporum Chiasson et al. (unpublished) AY460203
B. macrosporum Chiasson et al. (unpublished) AY423419
Batrachospermum sp. Freshwater et al. 1994 u04035

B. turfosum Vis et al. (unpublished) AY423407
B. turfosum Vis et al. 1998 AF029147
Lemanea sp. Braly et al. (unpublished) DQ523257
L. fucina var. parva Vis et al. 1998 AF029151
L. fluviatilis Vis et al. 1998 AF029150
L. borealis Vis et al. 1998 AF029149
P. catenata Vis et al. 1998 AF029154
P. annulata Vis et al. 2007 DQ449029
P. annulata Vis et al. 1998 AF029153
P. palmate Kato 2008 AB275866
P. marginicrassa Kato 2008 AB275867
P. palmate Freshwater et al. 1994 U04186

S. huillensis Vis and Sheath (unpublished) AF126414
S. huillensis Vis and Sheath (unpublished) AF126410
S. huillensis Vis et al. 1998 AF029157
T. violacea Hanyuda et al. (unpublished) AB159657
T. hispida Hanyuda et al. (unpublished) AB159653
T. hispida Hanyuda et al. (unpublished) AB159652
T. violacea Miiller et al. 2002 AF506271
T. hispida Miiller et al. 2002 AF506270
T. violacea Miiller et al. 2002 AF506269
T. americana Vis et al. 1998 AF029159
T. americana Braly et al. (unpublished) DQ523253

44



2.3 PHYLOGENETIC ANALYSES OF COIl AND RBCL

Sequences obtained for samples from Table 1 were used in addition to sequence data of samples of
Rhodophyta taxa from GenBank (Table 3 and Table 4). The collected data set in conjunction with
unweighted pair group method with arithmetic mean (UPGMA) was used to construct a tree for COI. The
UPGMA was determined using Kimura-2-parameter distances (pairwise deletion) using MEGA 3.1
(Kumar et al., 2005). For phylogenetic analyses, sequences were aligned using MUSCLE v.3.6 (Edgar
2004) and ModelTest v.3.7 (Posada and Crandall 1998) was used to determine the model of nucleotide
evolution. A neigbour-joining (Saitou and Nei, 1987) tree was contructed using General Time-Reversible
model of nucleotide evolution and bootstrap resampling (1000 replicates) using PAUP* v4b10 (Swofford
2003). Maximum likelihood (ML) analysis was performed with 10 replicates of a heuristic search with a
random addition of sequences. Parsimony trees were generated using a heuristic search under the
constraints of random sequence addition (1000 replications), steepest descent, and tree bisection-
reconnection (TBR) branch swapping according to PAUP* v4b10 (Swofford 2003). Bayesian posterior
probability support for tree nodes was also calculated using MrBayes (Huelsenbeck and Ronquist 2001,
Ronquist and Huelsenbeck 2003). For analysis of the COI, trees were outgrouped using Neosildea sp. and

for rbcL gene data, trees using Palmaria sp., both closely related taxa to the groups studied.
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3.0 RESULTS

3.1 COI GENE SEQUENCE ANALYSES

Sequences of the mitochondrial gene encoding the cytochrome oxidase subunit 1 (COI) were
obtained for 67 samples (Table 2) from the two orders Batrachospermale and Thoreales and 28 species of
freshwater red algae. In addition, 23 sequences from GenBank were included in the COI sequence
analyses (Table 3). The COI spacer region is approximately 650 base pairs (bp) long; however, the
sequences obtained in this study varied from about 590 to 705 bp and resulted in a final alignment length
of 642 bp (including alignment gaps). The entire data set included members of the genera
Batrachospermum, Tuomeya, Sirodotia, Lemanea and Paralemanea in the order Batrachospermales and
genus Thorea of the order Thoreales. Where possible, new DNA extractions of original plant material
were undertaken, however, amplification of the genes of interest were conducted on older extractions for
which there was no original material. This resulted in amplification difficulties, which could be attributed
to the fact that they were stored in water and therefore the genomic DNA may have degraded over time,

as well as low concentration of DNA.

Figure 4 represents the UPGMA tree derived from COI sequence data. This figure highlights both
the intraspecific and interspecific genetic variation of the orders Batrachospermales and Thoreales
studied, demonstrating that the COI marker is viable in discriminating between and within species.
Overall, twelve distinct clusters are observed in the UPGMA tree. The order Batrachospermales is
represented by seven sections (Batrachospermum, Setacea, Virescentia, Turfosa, Contorta,
Gonimopropagulum and Aristata) and two genera (Tuomeya and Sirodotia). Five samples of the
Thoreaceae were amplified and are observed as a monophyletic cluster in Clade D (Figure 4). At the

ordinal level, grouping of both Batrachospermales and Thoreales is observed, nonetheless, the order
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Thoreales appears to be a clade within the order Batrachospermales which is in contrast to the recent
separation of the Thoreales from the order Batrachospermales as its own order by Miiller et al. (2002).
Intraspecific variation analysis over the data set resulted in an average variation between the two orders
Batrachospermales and Thoreales of 102 bp (15.9%) with pairwise nucleotide differences ranging from 0
to 149 bp for members of order Batrachospermales. The only species represented by a number of samples
that do not form a monophyletic group is B. atrum, with B. atrum BI13 grouping with the family
Lemaneaceae; nonetheless, they appear close together on the phenogram. The species B. gelatinosum is
represented by the most number of sequences (9 samples from North America and 1 from Ireland) in this
data set and vary intraspecifically by 0 to 15 bp (2.3%). Geographic trend is not evident in the
phenogram and would require additional samples from Ireland and Europe in general in order to address
the pairwise nucleotide difference between the two continents. Members of the order Thoreales differed
by an average of 81 bp and are represented by Clade D (Figure 4). As expected, interspecific variation is
higher than intraspecific variation. For example, the section Contorta (Clade A, Figure 4) contains 6
different species in which the interspecific variation ranges from 58 bp (9.03%) (between B. procarpum
and B. intortum) to 78 bp (12.15%) (between B. ambiguum and B. globosporum). For the genus
Batrachospermum, at the section level all seven sections can be clearly identified with 4 being distinctly
monophyletic with the exception of section Contorta and section Gonimoopropagulum since the
monotypic species B. bruetelii of section Gonimoopropagulum group within the section Contorta. At the
generic level, distinct clades of Tuomeya (Clade J, Figure 4), Sirodotia (Clade L, Figure 4), Lemanea

(Clade H, Figure 4), and Paralemanea (Clade I, Figure 4) are observed.

A Neighbor-Joining (NJ) tree analysis (distance=gtr, rates=gamma, shape=0.4894 pinvar=0.3348)
of the COI gene is depicted in Figure 5. Parsimony analysis of 334 (52.02%) parsimonious-informative
characters resulted in the most parsimonious tree which is shown in Figure 6, with a tree length of 2170,
Consistency Index (CI) = 0.3255 and Retention Index (RI) = 0.7842. The maximum likelihood (ML) tree

(Figure 7) is similar in topology to that of the ones generated by Bayesian analyses, hence the Bayesian
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consensus values are shown on the ML tree (Figure 7)(above branches). Comparison of the topologies of
all three phylogenetic methods (NJ, MP, and ML) trees based on the nucleotide sequence data of COI
revealed distinct patterns (Figures 5, 6 and 7). In the NJ analysis, 12 clusters are observed (Figure 5). The
cluster Clade E (Figure 5) represents members of the section Aristata made up solely of B. macrosporum
and two Batrachospermum haplotypes (NSCB and NRC) that by percent nucleotide sequence divergence
and bootstrap support (BS)(86%) appear to belong to the section Aristata. A solid well-supported cluster
of B. macrosporum (EU636759, MS1a, MS9) (BS 86%) is seen in Clade E, Figure 5. Nonetheless, the
other two remaining collections of B. macrosporum (EU636747, EU636748) also well-supported (BS
100%) appear to be different from B. macrosporum (EU636759, MS1a, MS9)(BS 86%) and
Batrachospermum sp. (NSCB and NRC).If the isolates Batrachospermum sp. (NSCB and NRC) be
identified as anything other than B. macrosporum, then it can be asserted that B. macrosporum is clearly
paraphyletic. Nonetheless this assertion is not as plausible since only a single speceies B. macrosporum is
recognized under section Aristata. Nonetheless, should the Batrachospermum isolates (NSCB and NRC)
be identified as B. macrosporum, then it appears Clade E (Figure 5), contain three distinct groups of B.
macrosporum. Clades C (Figure 5) is made up B. turfosum and denote the section Turfosa, a well-
supported clade (NJ, 100% BS; MP, 100% BS; ML, 0.96). Clade A (Figures 5, 6, and 7) is a cluster of B.
ambiguum, B. intortum, B. procarpum, B. globosporum, B. confusum, B. louisianae and two
Batrachospermum haplotypes (Batrachospermum sp. 1 Kenya 7, Batrachospermum sp. 2 Kenya 7) and
represent the section Contorta. Specimen within this section Clade A (Figures 5, 6, and 7) represent
samples spanning the three continents Africa, North America and Europe, and appear genetically diverge
even for the same species, except for the two Kenya samples (sp. 1 Kenya 7, sp. 2 Kenya 7; Clade A,
Figures 5 and 6) which group closely together, suggesting these two localized samples are genetically
identical. Clade A in ML (Figure 7); however, show some B. ambiguum specimens from distant
geographic areas grouping closely together and well-supported (1.00) like that observed for the two
Kenya samples (sp. 1 Kenya 7, sp. 2 Kenya 7). Even so, no apparent biogeographic trends are evident

within section Contorta for NJ, MP and ML (Clade A, Figures 5, 6, and 7 respectively). In addition,
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section Contorta is not monophyletic in all three methods includes within it the monotypic section
Gonimopropagulum (B. breutelii). In the NJ tree, B. breutelii is shown to form a sister taxon with B.
procarpum, both of which form a sister taxa with B. intortum with strong support (100% BS). In both MP
and ML trees however, B. breutelii is observed to form a sister taxon with B. intortum also with strong to

moderate support (MP, 100% BS; ML, 0.72).

The cluster, Clade G and K represent that of section Batrachospermum. Members of this section are
clearly cryptic since they are characterized by two clades (Clades G and K) that are slightly distant from
each other on the phylogenies and with relationships that are generally congruent with the phylogeny of
all three methods (NJ, MP and ML) with strong support (Clade G and Clade K: NJ, 100% BS; MP, 100%
BS; ML, 1.00). Samples of the type species of section Batrachospermum, B. gelatinosum occurred
primarily in Clade K (Figures 5, 6 and 7). Samples of this clade range from wide geographic areas
spanning North America (Canada) and Europe (Ireland) with the Canadian specimens grouping closely
together and forming a sister taxon with the specimen from Ireland. Nonetheless, more samples from
Canada and Europe would be needed to ascertain any biogeographic trends. Clade G (Figures 5, 6, and 7)
is made up of B. heterocorticum, B. boryanum and B.involutum mostly from North America and like
Clade K (Figures 5, 6, and 7), more specimen would be need to establish any biogeographic patterns.
Further, Clade G (Figures 5, 6, and 7) forms a well-supported (NJ, 98% BS; MP, 89% BS; ML, 1.00)
sister taxon with section Setacea (Clade F, Figures 5, 6, and 7). Section Setacea is made up of B. atrum
and two Batrachosperum haploptypes (5 Kenya 9 and B113) with strong support (NJ, 91% BS; MP, 95%
BS; ML, 1.00). Like section Setacea, Clade B (Figures 5, 6, and 7) representing section Virescentia is
well-supported (NJ, 100% BS; MP, 100% BS; ML, 1.00). Batrachospermum helminthosum, the
predominant species of section Virescentia emerge as paraphyletic since it forms three subgroups that are
well-support (NJ, 100%/66%/96% BS; MP, 100%/99%/96% BS; ML, 1.00/0.91/1.00) and appear distinct
from each other. At the generic level, five distinct genera (Sirodotia, Tuomeya, Lemanea, Paralemanea

and Thorea) are depicted in Figures 5, 6 and 7. In the NJ tree, genus Paralemanea is shown to form a
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well-supported (91% BS) polytomy with B. atrum BI13 and the clade that branches off to form the genera
Lemanea, Tuomeya, Sirodotia and section Batrachosperum. This polytomy is however not maintained in
the MP or ML phylogenies. The genus Paralemanea (Clade I, Figures 5, 6, and 7) is well-supported (NJ,
100% BS; MP, 100% BS; ML, 1.00) with a single genetically distinct specimen of Paralemanea from
Kenya occurring as a sister taxon to the rest of Paralemanea specimens, also with high support (NJ,

100% BS; MP, 100% BS; ML, 1.00). The genus Lemanea (Clade H, Figures 5, 6, and 7) is observed as
sister taxa represented by two species, one from Oregon (OR118) and the other from Sweden (SWE11),
with moderate support (NJ, 69% BS; MP,55% BS; ML, 1.00). Unlike the genus Lemanea, the genus
Tuomeya (Clade J, Figures 5, 6 and 7) is very well supported (NJ, 100% BS; MP, 99% BS; ML, 1.00) and
made of specimen soley from North America (USA). Both genera Lemanea and Tuomeya would require
additional specimen from North America and Europe to deduce any biogeographic patterns. The
Thoreaceae, represented by the genus Thorea (Clade D, Figures 5, 6 and 7) as observed in all phylogenies
is incongruent with recent findings (e.g Miiller et al., 2002; present study) of this family and order. The
Thoreaceae in all phylogenies (Clade D, Figures 5, 6 and 7) comprise T. ramos, T. okoidai, T. violacea
and Thorea sp. (NY and TX SM). In the NJ, MP and ML analysis Clade D (Figures 5, 6, and 7) are
shown to form a well-supported (NJ, 85% BS; MP, ML, 0.84) sister taxon with section Aristata (Clade E,
Figure 5). The final clade, Clade B in Figures 5, 6 and 7 represent the section Virescentia comprising the
species B. helminthosum and B. virgatum. While same species within this section appear to be genetically
distant, their cluster is very well supported (NJ, 100% BS; MP, 100 % BS; ML, 1.00). Overall, despite
variations in bootstrap support values, there was concordance in the topologies of the phylogenetic trees

obtained for the COI data set, although may not be compatible with the rbcL gene sequence data.
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Figure 4: UPGMA Tree Derived from COI Sequence Data

Phenogram identifies 12 distinct clusters of members of Batrachospermales and Thoreales, reflecting the

phenotypic similarities between sequences.
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Figure 5: Neighbor Joining (NJ) Tree derived from COI Sequences Data

Sequences were aligned using MUSCLE (ver.3.6) (Edgar, 2004) and the tree generated using to PAUP*
v4b10 (Swofford 2003) over 1000 replicates. The scale indicates percent nucleotide sequence divergence.
Nodes with <50% bootstrap support are not labelled. The tree is outgrouped using the COI gene

nucleotide sequence of Neodilsea sp.
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Figure 6: Maximum Parsimony (MP) tree derived from COI sequence data.

Tree represents the one most parsimonious tree based on 334 parsimonous-informative characters of well-
aligned COI sequences in the order Batrachospermales and Thoreales (tree length = 2170. consistency
index (CI) = 0.3255 and retention index (RI) = 0.7842). The numbers above the tree branch represents

bootstrap support of 1,000 replicates. Nodes with <50% bootstrap support are not labelled.
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Figure 7: Maximum Likelihood (ML) Tree from COI Sequence Data

Numbers above internal node represent consensus values from Bayesian analysis. Likelihood settings
were model=GTR + G, nst=6, nucleotide frequencies (A=0.23670 C=0.19600 G=0.19010 T=0.37720),
rate=gama, shape=0.2484, nrep=10, branch swapping=TBR. Nodes with <50% bootstrap support are not

labelled.
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3.2 RBCL GENE SEQUENCE ANALYSES

The Ribulose 1, 5-bisphosphate carboxylase/oxygenase (rbcL) gene was successfully amplified and
sequenced for 81 samples (Figure 3, Table 2) for the freshwater orders Batrachospermales and Thoreales.
In addition, 26 sequences from GenBank were added and including three species of the genus Palmaria
for the outgroup (Table 4). The gene contained no insertions or deletions, which enabled a final alignment
0f 991 bp to be constructed (out of 1261). A Neighbor-Joining (NJ) tree analysis of the rbcL gene is
illustrated in Figure 8, and parsimony analysis of 388 (39.15%) parsimonious-informative characters
resulted in one most parsimonious tree shown in Figure 9 with a tree length of 2032, CI=0.330, and
RI=0.853. The maximum likelihood (ML) tree (Figure 10) is similar in topology to that of the ones
generated by both Bayesian analyses and phyML aLLRT (both not shown), hence their branch support
Bayesian (above branch) and phyML aLRT (below branch) are shown on the ML tree. With the data set
employed in this study, the order Batrachospermales is monophyletic showing five paraphyletic genera
Batrachospermum (represented by sections) ,Sirodotia (NJ, 100% bootstrap; MP, 100%; ML, 1.00/1.00
support) belonging to the family Batrachospermaceae, Lemanea (NJ, 100% bootstrap; MP, 100%
bootstrap; ML, 1.00/0.96 support) and Paralemanea (NJ, 100% bootstrap; MP, 100% bootstrap; ML,
0.93/0.53 support) belonging to the family Lemaneaceae and genus Thorea belonging to the family
Thoreaceae. The third genus of the family Batrachospermaceae, Tuomeya, although represented by two
samples T. americana (AF029159 and DQ523253) do not group together. Instead T. americana
AF029159 is shown to clade within section Batrachospermum in NJ (Clade I, Figure 8) with 95%
bootstrap support and as a sister taxon with B. gelatinosum in MP (Clade I, Figures 9) with 100%
bootstrap and in ML (Clade I, Figure 10) with 1.00/0.90 support. T. americana DQ449029 on the other
hand is shown to cluster within genus Sirodotia and well-supported (NJ, 100% bootstrap; MP, 100%

bootstrap support; ML, 1.00/0.90 support). Thus, genus Tuomeya is paraphyletic. Also with such strong
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clustering support for both T. americana (AF029159 and DQ523253), it could be that both taxa were

morphologically misidentified or mislabeled in GenBank.

Genus Batrachospermum, the largest of the four Batrachospermaceae genera is represented by
seven monophyletic well-supported sections Contorta (NJ, 100% BS; MP, 100% BS; ML, 1.00/0.95
support), Aristata (NJ, 100% BS; MP, 100% BS; ML, 1.00/1.00 support), Setacea (NJ, 100% BS; MP,
100% BS; ML, 1.00/1.00 support), Batrachospermum (NJ, 83% BS and 95 BS (Clades H and I, Figure 8);
MP, 77 BS and 91 BS (Clades H and I, Figure 9); ML, 1.00/0.99 and 1.00/0.90 support),
Gonimopropagulum, Virescentia (NJ, 100% BS; MP, 100% BS; ML, 1.00/1.00 support), Turfosa (NJ,
100% BS; MP, 100% BS; ML, 1.00/0.99 support) (Clades: E, C, B, (H and I), F, D and B respectively).
One apparent feature of these trees (Figures 8 and 9) is that members of the Thoreaceae form a well-
supported clade (NJ, 100% BS; MP, 100% BS). The relationship of Thoreales as a separate order from the
order Batrachospermales is well-supported (NJ, 100% BS; MP, 100%; ML, 1.00/1.00 support) and clearly
illustrated by all three phylogenetic methods (Figures 8, 9 and 10). The order Batrachospermales forms a
moderately supported entity (NJ, 81% BS; MP, 82% BS; ML, 1.00/1.00 support). Within the Thoreaceae
all members are closely associated (NJ, 100%; MP, 100%; ML, 1.00/1.00 support) and in addition all
three representatives of T. hispida (AB159652, AB159653, AF506270) and the one sample of T. ramosa
form a solid cluster (Clade A) that is well-supported by bootstrap analysis (NJ, 100 BS; MP; 100% BS;
ML, 1.00/1.00 support) (Figure 8,9 and 10). Interestingly, T. ramosa is closely associated with all three T.
hispida (AB159652, AB159653, AF506270) in the NJ (100% BS), in MP (100% BS) and in ML
(1.00/1.00 support). In addition, T. violacea is closely positioned with this cluster (NJ, 100% BS; MP,
100% BS; ML, 1.00/1.00 support). The other two remaining collections of T. violacea (AB159657 and
AF506271) are well supported as being distinct from T. violacea (AF506269), T. hispida, T. ramosa and

Thorea sp. (NY); hence T. violacea is paraphyletic (Figures 8,9 and 10).
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Figure 8: Neighbor-Joining tree derived from rbcL sequence data.

NI tree from analysis of 991 nucleotides of the rbcL gene. Numbers above branches represents bootstrap
confidence values for the grouping as a percentage of 1000 replicates. Members of the genus Palmaria

are used as outgroup.
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Figure 9: Maximum Parsimony (MP) tree derived from rbcL data.

Strict most-parsimonious tree from analysis of the rbcL gene sequence data containing 388 parsimonous
informative characters. Numbers above branches represent bootstrap values from MP analysis as a
percentage of 1000 replicates. Bootstrap support values of >50% for nodes shared by bootstrap consensus

trees are shown. Members of the genus Palmaria are used as outgroup.
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Figure 10: Maximum Likelihood (ML) tree infered from rbcL gene sequence data.

Tree highlights the relationship between the order Batrachospermales and Thoreales. Probaility values
shown on tree branches represent ones from Bayesian analyses (above branch) and from PHYML aLRT

(below branch).
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4.0 DISCUSSION

The red algae (Rhodophyta) are a distinct lineage characterized by the lack of flagella and centrioles. In
traditional taxonomic schemes, this division contains the classes Bangiophyceae and Florideophyceae.
The monophyletic Florideophycidae is estimated to contain over 32 orders (Schneider and Wynne, 2007),
of which the Batrachospermales and Thoreales are the focus of the present study. Results from the present
study suggest it is possible to differentiate between and among red algal species employing data sequence
of COL. This conclusion is similar to findings by Saunders (2005), Robba et al. (2006) and House et al.
(2008). The COI gene, to a considerable extent, echoes the results of the rbcL gene at the terminal
branches although differ at deep branching in this study.. Overall, the COT and rbcL gene sequence
analyses suggest and raise major issues with the taxonomy of the Batrachospermales that warrant further

investigation. A clearly polyphyletic grouping is indicated for members of the Batrachospermales.

4.1 GENERIC-LEVEL TAXONOMY

The order Thoreales is represented in this study by species of Thorea (Clade D, Figures 5, 6, and
7; Clade A, Figures 8, 9, and 10) and in all trees generated from rbcL gene sequence data, genus Thorea
was not closely related to other taxa of the Batrachospermales. Consequently, the family Thoreaceae does
not appear to be a natural grouping within the Batrachospermales, which is consistent with finding by
Miiller et al. (2002), who examined pit-plug structures and analyzed sequences of rbcL and small subunit
of TRNA (18S rRNA). The previous placement of the Thoreaceae in the Batrachospermales was based in
part on pit plug ultrastructure, consisting of two cap layers, the outer one of which is domed (Pueschel
1989). However, Schnepf (1992) observed that pit plugs of T. hispida (Thore) Desvaux (as T.
ramosissima Bory) were variable, including ones with a plate-like outer cap layer. The latter type of plug

is found in the Nemaliales, Acrochactiales, and Palmariales (Pueschel and Cole 1982). Although the
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Thoreaceae superficially resemble members of the Nemaliales in being multiaxial, the inclusion of the
Thoreaceae in the Nemaliales, Acrochaetiales, or Palmariales has been observed to lack support (e.g. Vis
et al., 1998). The rbcL sequence data in the present study is in accordance with an earlier phylogenetic
analysis of the Batrachospermalean genera based on a variety of morphological and cellular
characteristics by Entwisle and Necchi (1992). Entwisle and Necchi (1992) concluded that the Thoreaceae
may have evolved separately from the genera Batrachospermaceae and Lemaneaceae. Some of their
cladograms also placed Thorea on an early branch, indicating that multiaxial thallus construction may be
a plesiomorphic character. One conclusion that could have been drawn, especially from the 18S gene data
was that the Thoreaceae be elevated to the status of order. The analysis conducted by Miiller et al. (2002)
on other specimens of Thorea and Nemalionopsis, did in fact elevate the Thoreaceae to the order status.
Aimed at resolving the taxonomic and phylogenetic status of the Thoreaceae, Miiller et al. (2002)
examined specimens of Nemalionopsis and Thorea, using as already mentioned above, their pit-plug
ultrastructure and sequence data information from their rbcL and small subunit of rRNA (18S rRNA)
genes. Phylogenetic trees derived from the two genes by Miiller and colleagues showed the Thoreaceae to
be a well-supported monophyletic clade that groups independently from the Batrachospermaceae and
Lemaneaceae, the other two families of the order Batrachospermales. This seems also to be supported by
Miiller et al. (2002) evaluation of the pit plugs of the gametophyte and chantransia stages of the
Thoreaceae. The gamotophyte and chantransia phases revealed the Thoreaceae to contain two cap layers,
with the outer one usually having plate-like shape. In addition, no pit plug cap membrane was observed,
suggesting also that Thoreaceae has been misclassified in the Batrachospermales. Thus, the elevation of
the Thoreaceae by the authors to its own order, Thoreales and is supported in the here. Unlike the pit-plug
ultrastructure, rbcL (Miiller et al.,2002; present study), and 18S rRNA genes sequence data analyses, in
the COI sequence analyses, the genus Thorea (Clade D, Figures 5, 6, and 7) also well-supported, is
observed to group within the order Batrachospermales, forming a sister taxa with section Aristata (Clade
E, Figures 5, 6, and 7). This observation raises the question whether Thorea in fact belong to the status of

order. Since by account of the COI gene it forms a sister taxon with a section, should the sections be
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elevated to the status of genera, then perhaps Thoreales should be brought down to the same taxonomic
level. Nevertheless, although COI gene sequence data for Thoreales is incongruent with the pit-plug
ultrastructure, rbcL (Miiller et al., 2002; present study), and 18S rRNA genes sequence data analyses, it is
not unexpected since DNA barcoding does not aim at inferring species relationships but rather identifying
and grouping species. Exploration of any biogeographic trends within the data set for both COI and rbcL
genes in the present study revealed very few biogeographic trends, examples of which include North
American and European separation of Lemanea sp. in the rbcL gene sequence. More samples from

distant geographic locations would be required to establish any biogeographic patterns.

At the generic level, genus the Sirodotia is well-supported in the analyses of both COI and rbcL
genes (Clade F, Figures 5, 6 and 7; Clade J, Figures 8, 9, and 10). In both the COI and rbcL sequence data
analyses, Sirodotia huillensis is observed to group closely with samples identified as Batrachospermum
sp. from Kenya. This grouping is expected since occurrence of Sirodotia is been reported in Africa
(Rantzien, 1950) and Batrachospermum huillense Welwitsch ex W. et G. S. West (1897) from Angola,
Africa was assigned to the genus Sirodotia as Sirodotia huillensis by Skuja (1931). Nonetheless, the
African continent has not been well studied for members of the freshwater red algae and this is likely due
to the lack of collection and research. The genus Sirodotia is viewed to be closely related to the genus
Batrachospermum (Vis and Sheath, 1999). Considerable debate as to whether the morphological
characters used to differentiate this section were sufficient to remain a genus or rather be placed as a
section under the genus Batrachospermum has been ongoing (Necchi et al., 1992). To clarify the
taxonomic status of Sirodotia from Batrachospermum, a molecular study by Vis et al. (1998) using 18S
rDNA and rbcL genes sequence data revealed a clear distinct clade of Sirodotia from a paraphyletic
Batrachospermum; however, the taxonomic ranking of Sirodotia was unresolved. There was a consensus
by authors that the combined morphometric features and sequence analysis define a distinct group
whether it be ranked taxonomically as a genus or as a section of Batrachospermum (Necchi and Entwisle,

1990; Necchi et al., 1993; Vis et al., 1998). Previous studies of members of genus Sirodotia in North
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America using multivariate morphometrics and image analysis by Orlando Jr. et al. (1993) revealed well-
delineated species (S. huillensis, S. suecica, and S. tenuissima) differentiated on the basis of whorl shape
and degree of separation at maturity. Molecular studies to determine phylogenetic relationship of this
genus by Vis and Sheath (1999) using both RUBISCO large and small (rbcL, rbcS) genes revealed S.
suecica and S. tenuissima to be paraphyletic and S. huillensis to be monophyletic by both the rbcL and the
rbcL-S spacer and partial rbcS genes sequence data. The ITS1-5.8S rDNA-ITS2 region revealed little
sequence divergence (~2%) between S. suecica and S. tenuissima; hence, Vis and Sheath (1999)
suggested synonymizing the two species, with S. suecica taking priority and continually recognize S.
huillensis as a distinct clade. In North America only S. huillensis and S. suecica have been reported and
are observed to scatter in their occurrence but appear to have phylogeographic trends similar to those
reported in other parts of the world. Vis and Sheath (1999) analyses of S. huillensis suggest possible
geographic patterns in this taxon. Samples from the same geographic region, east Texas and east Mexico,
appeared to be closely related based on rbcL and the rbcL-S spacer and partial rbcS genes sequence data.
The collections from Costa Rica, a relatively distant location from Texas and Mexico, were observed to
significantly differ in rbcL sequence variation (2.6%). This level of divergence exceeded previously
reported variation of geographically distant collections of taxa belonging to the Batrachospermales (Vis et
al., 1998). The difference in sequence divergence between the two geographic locations the authors
postulated could be due to much longer divergence time of the Costa Rica samples from the Texas and
Mexico collections. In the present study however, no particular biogeographic trends are observed for
members of the genus Sirodotia in both COI and rbcL gene sequence data analyses (Clade L, Figures 5,
6, and 7; Clade J, Figures 8, 9, and 10). In both the COI and rbcL gene sequence data analyses, the genus
Sirodotia is observed to include haplotypes from Kenya identified in the field as Batrachospermum
species. These appear as Sirodotia species based on these molecular analyses, although proper
identification is yet to be carried out. These specimens from Kenya are observed to group distinct from
the other Sirodotia species probably due to all specimens being localized and genetically identical. In the

present study, the COI gene sequence data places the Sirodotia as a sister taxon with section
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Batrachospermum Clade E (Figures 5, 6, 7) both of which form a sister taxon with genus Tuomeya.
Notebably, a genus forming sister taxon with a section raises questions as to the validity of these
taxonomic rankings. The rbcL gene sequence data analyses in the present study places the genus
Sirodotia as a sister taxon with family Lemaneaceae, both of which form a sister taxon with the cryptic
section Batrachospermum again questioning the validity of these taxonomic rankings. Clearly the both
the COI and rbcL genes sequence data indicate. No biogeographic trend can be established for this genus
in the present study. More specimens from North America, Europe and Africa would be needed to do

establish any trends.

The genus Tuomeya was initially differentiated from other members of Batrachospermum by
having densely branched, cartilaginous, and pseudoparenchymatous thallus with lateral whorls that are
compacted and radiate from a uniseriate axis (Harvey, 1858). Following Harvey (1858), Setchell (1890)
documented plants that appeared in-between Batrachospermum and Lemanea. Proposals of Tuomeya to
be reduced to a section of genus Batrachospermum was put forth by Necchi and Entwisle (1990), but a
study by Kaczmarczyk et al. (1992) verified the previous classification of Tuomeya as an independent
genus and recommended retaining Tuomeya at the genus level. Using multivariate morphometric,
Kaczmarczyk et al. (1992) observed Tuomeya to differ from Batrachospermum in its
pseudoparenchymatous growth as well as its carpogonia by having trichogynes that are oblique to
perpendicular. Furthermore, Tuomeya is observed to be unique in having a gametophyte that develops
from a mass of undifferentiated basal cells (Feng et al., 2007). This recommendation by Kaczmarczyk et
al. (1992) was supported by Feng et al. (2007) in their study of Tuomeya, newly reported from China.
Feng et al. (2007) examination of Tuomeya specimens from China using the rbcL gene sequence data and
BLAST search resulted in close similarity of the China specimens with ones from North America
(GenBank accession number AF029159) with 85.57% identity. Feng et al. (2007) noticed sequence
variation of 14.51% between the Chinese population and North Carolina specimen (DQ523253) and

13.18% sequence divergence between the China populations and the sample (AF029352). Nonetheless,
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sequence divergences of only 0.55% - 10.37% have been reported for North America in previously
published data. As a consequence, the authors hypothesized the discrepancy in sequence divergence
between the China and North American samples of Tuomeya could be accredited to biogeographic
separation. Tuomeya americana has been referred to as unique to North America (Sheath, 2003) although
it been reported to occur in South Africa (Borge, 1928), Finland (Eloranta and Kwandrans, 1996), India
(Babu and Baluswami, 2005), and China (Feng et al., 2007). Like the genus Sirodotia, Tuomeya in the
COI gene sequence analyses is well-supported in the present study; however, in the rbcL gene sequence
analyses (Figures 8, 9 and 10), the two Tuomeya species do not form a coherent grouping. Instead,
Tuomeya americana AF029159, that was observed to be highly similar to the China Tuomeya population
reported by Feng et al. (2007), is observed to form a sister taxa with the subclade containing B.
gelatinosum (Clade D, Figures 8, 9 and 10). Additionally, Tuomeya americana DQ523253 is shown to
form a sister taxon with Sirodotia sp. RI24 (Clade J, Figures 8, 9, and 10). The misplacement of these two
Tuomeya species in the phylogenies could be attributed to either morphological misidentification by the
authors or mislabeling of the taxa before submission to GenBank. It could also suggest an unnamed clade
of Tuomeya with poor taxa representation, although the former hypothesis is much more plausible.
Pairwise distance analysis reveal sequence variation of 7.9% between B. gelatinosum AT9 and T.
americana (AF029159) and sequence divergence of 10.9% between T. americana (AF029159) and T.
americana (DQ523253). The difference in sequence divergence between B. gelatinosum AT9 and T.
americana (AF029159) versus T. americana (AF029159) and T. americana (DQ523253), although small
suggest T. americana (AF029159) is closely related to B. gelatinosum AT9 than it is to T. americana
(DQ523253). Thus suggesting both T. americana (AF029159) and T. americana (DQ523253) have been
mislabeled or misidentified. The genus Tuomeya is evidently paraphyletic since it does not contain the
two groups, genus Sirodotia and section Batrachospermum. Again the taxonomic status of the genus is
brought into question. Comparison cannot be made with the rbcL gene sequence since no credible taxa of

Tuomeya are represented in the data set as noted above.
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The family Lemaneaceae is represented in this study by both genera Lemanea and Paralemanea.
In the COI sequence analyses, genus Lemanea is represented by two samples that form a sister taxon with
each other and moderately supported (Clade H, Figures 5, 6, and 7). In the rbcL sequence analyses
however, Lemanea is made up of numerous species (L. fucina, L. fluviatilis and L. borealis) and forms a
well-supported clade (Clade L, Figures 8, 9, and 10). In the rbcL data sequence analyses, clear
biogeographic trends of European specimen from North American specimens is observed for the genus
Lemanea Clade L (Figures 8, 9, and 10). Specimens from Wales, British Isles, Scotland, Sweden and
Ireland are observed to form a well-supported subclade within the genus (Clade L, Figures 8, 9, and 10).
For the North American subclade, specimen from British Columbia, Oregon, Ontario, Newfoundland,
Nova Scotia and New Hampshire are observed to form a well-supported cluster. The similarity of
haplotypes seen among members of each continent and the low observed variation between the two
continents could possibly be attributed to the specimens coming from a single biome (costal plains) or the
lack of genetic divergence over a long period of time. The latter seems more plausible given the
geological history of these costal areas and the parallel zoogeographic trend observed in some fish (Riggs,
1984; Hocutt et al., 1986). This biogeographic trend cannot be establish in the COI gene sequence
analyses since the genus Lemanea is represented by only two taxa, one from each continent (North
America and Europe). More specimens from both continents could be included in future COI studies to
examine the biogeography. The genus Lemanea (Clade L, Figures 8, 9, and 10) is shown to form a sister
taxon with genus Paralemanea (Clade K, Figures 8, 9, and 10). This is expected since they belong to the

same family, Lemaneaceae.

The two genera Lemanea and Paralemanea where once classified as subgenera in Batrachosperum (Silva,
1959) until Vis and Sheath (1992) raised them to genus level. This elevation to genus-level was
confirmed by Sheath et al. (1996) based on further research on morphology, ultrastructure and
classification of the Lemaneaceae. The genus Lemanea is characterized by species that lack axial

cortication and the genus Paralemanea by species that have axial cortication (Xie et al., 2004; Kucera and
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Marvan, 2004). The grouping of Lemanea species (Clade G, Figures 8, 9, and 10); however, forms a well-
supported sister taxon with P. annulata AF029153. Examining P. annulata AF029153 sample from
GenBank in comparison to P. annulata DQ449029 (also included in this study) suggests the placement of
P. annulata AF029153 is not attributed to sequence artifact (i.e. bad sequence, N’s within sequence, etc.)
but instead could be due to possible incipient speciation or misidentification. Whether or not there may be
any morphological difference between P. annulata AF029153 and other P. annulata species is the subject
of another study. Nonetheless, observation of the rbcL gene sequence data suggests the need for
additional sampling of genus Paralemanea in order to establish intraspecific variation. Clades K (Figures
8, 9, and 10) represent members of genus Paralemanea and comprise P. catenata and P. annulata
species. This clade is well-supported with two subclades easily identifiable. The first subclade is well-
supported and groups the species P. annulata. The second subclade is also well-supported and groups
specimens of P. catenata with a Paralemanea sp. from Kenya, Africa. The same grouping of the
Paralemanea sp. from Kenya with P. catenata is observed in the COI sequence analyses. Coherence
between the two genes (COI and rbcL) sequence data suggest the Paralemanea sp. from Kenya could
probably constitute another lineage of Paralemanea, and while it is not grouping directly with P. catenata
in both gene sequence analyses, it is worthwhile to note that almost all P. catenata species employed in
both gene sequence analyses are from California, USA. Consequently, these localized specimens appear
to be genetically identical, hence the coherent grouping from the Kenyan sample. All the above sections

and genera described falls under the order Batrachospermales.
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4.2 INFRAGENERIC-LEVEL TAXONOMY

At the infrageneric level, seven out of the eight sections of the genus Batrachospermum can be
clearly distinguished using both COI and rbcL genes sequence data. The section Batrachospermum is
observed to be both cryptic and paraphyletic for both COT and rbcL genes sequence data analyses (Clade
G and Clade K, Figures 4, 5, 6, 7; Clade H and Clade I, Figures 8, 9, 10). Members of section
Batrachospermum are split into two clades with Clade K (Figures 4, 5, 6, 7) and Clade I (Figures 8, 9, 10)
comprising exclusively of B. gelatinosum and Clade G (Figures 4, 5, 6, 7) and Clade H (Figures 8, 9, 10)
made up of B. heterocorticum, B. boryanum, and B. involutum. This split suggests that perhaps section
Batrachosspermum be split into two separate sections to represent the spit, with one section being
monotypic, represented by the species B. gelatinosum.In the present study, in the COI gene sequence data,
the cryptic section Batrachospermum is paraphyletic since is shown to form a sister taxon with the family
Lemaneaceae, genera Sirodotia and Tuomeya. A noteable pattern is also observed in the rbcL gene
sequence data. These suggest again that the taxonomic ranking of all members of the Batrachospermales,
especially genus Batrachospermum be re-examined. Confirmation of the cryptic diversity of section
Batrachospermum by COl is is no surprise since COI has been recognized to reveal cryptic diversity in
groups normally not revealed by other markers (e.g. Hebert, Penton et al., 2004; Hebert, Stoeckle, et al.,
2004; Ward et al., 2005; Smith et al., 2006; Hajibabaei et al., 2006; Robba et al., 2006). For example,
Robba et al.(2006), study of the red algae using COI revealed cryptic diversity in Bangia fuscopurpurea,
Corallina officinalis, G. gracilis, M. stellatus, Porphyra leucosticta and P.umbilicalis. Comparison of the
COI with the rbcL by the authors revealed the COI was more sensitive in revealing incipient or cryptic
diversity. This has also been seen in other organisms, for example, Hebert, Penton et al. (2004) study of
neotropical skipper butterfly Astraptes fulgerator using COI gene sequence data together with
morphological characters revealed at least 10 species in this butterfly. In a study by Vis and Sheath (1998)
examining the molecular and morphological relationship between the two section Batrachospermum

species (B. gelatinosum and B. spermatoinvolucrum) using the rDNA ITS 1 and 2 spacer and rbcL gene
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sequence data, in addition to morphometric characters lead to the reduction of B. spermatoinvolucrum to a
form of B. gelatinosum. Although morphological character like spermantia bearing distinguishes B.
spermatoinvolucrum from B. gelatinosum, and confirmed by morphometric data, sequence divergence
from molecular analyses indicate the two species are identical. Thus, there appears to be little congruence
between morphology and molecular analyses. The morphological characters (i.e., straight undifferentiated
carpogonial branches; well-developed whorls; carpogonia with trichogynes (club- to urn- shaped)
(Kumano 1993; 2002; Vis et al., 1995) used to distinguish this section, are insufficient and more
characters need to be suggested to discriminate members that possess these features. Like Vis and Sheath
(1998), a similar study investigated B. gelatinosum intraspecific variation in North America using the
ribosomal internal transcribed spacer (ITS) and this marker provided little variation across a large
geographic region (Vis and Sheath, 1997). Consequently, it is clear that of the two methods (morphology

vs. molecular), molecular can best resolve species relationships in this section.

The Section Contorta represented by the species B. ambiguum, B. globosporum, B. louisanae, B.
intortum, B. procarpum and B. confusum (COI only), forms a well-supported clade in all analyses of
both the COI and rbcL genes (Clade A, Figures 5, 6, and 7; Clade E, Figures 8, 9 and 10). Nonetheless, in
the COI analyses, B. breutelii which is the monotypic species in the section Gonimopropagulum is
observed to cluster within the section Contorta, whereas in the rbcL analyses, section
Gonimopropagulum is placed as a separate branch (Figures 8, 9 and 10). This latter relationship is in
accord with other rbcL gene sequence studies (e.g. Miiller et al., unpublished) and morphological
classification (e.g. Sheath and Whittick, 1995). Previously classified under the section Aristata, B.
breutelii was recognized to belong in a separate section (section Gonimopropagulum) because it
possessed distinct gonimoblast propagules (Sheath and Whittick, 1995). Interestingly, while section
Gonimopropagulum does not group within the section Contorta as observed in the COI gene sequence
analyses (Figures 5, 6 and 7), in Miiller et al.(unpublished) section Gonimopropagulum is placed on a

separate branch. This discrepancy between the COI and rbcL genes sequence data could be attributed to
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again the simple concept that DNA barcoding is mainly for purposes of identification and clustering and
not to infer species relationships. Thus, DNA barcoding is appropriate for differentiation at the species-
level and not higher taxonomic levels. In a study by Vis and Entwisle (2000), examining the phylogeny of
Batrachospermales using rbcL gene sequence data of Australian taxa, the authors circumscribed the
section Contorta to include Batrachospermum species with curved or twisted carpogonial branches,
which included all species previously classified under section Hybrida. In this present study however, no
members of section Hybrida are included in both gene sequence analyses; thus, the merging of the two
sections under section Contorta is not supported. Future studies of this section using COI gene sequence
data could include previously described members of section Hybrida for comparison with the rbcL to
further establish the relationship between the two sections. In the present study, the section Contorta, in
the COI gene sequence data is observed to form a sister taxon with all other members of study (family
Lemanaeceae; genus: Thorea, Tuomeya, Sirodotia; sections: Virescentia, Turfosa, Aristata, Setacea,
Batrachospermum). Clearly the section Contorta is paraphyletic since it does not contain of all its
members. This again can be seen in the rbcL gene sequence data. Again the taxomonic rankings of these
groups need to be examined since a section appears to diverge to contain taxonomic levels (family, genus)

that are much higher.

The clade comprising species of section Aristata is well-supported in all analyses of COI and
rbcL sequence data (Clade E, Figures 5, 6, and 7; Clade C, Figures 8, 9, and 10). The species B.
macrosporum in this section is characterized by straight, long carpogonium-bearing branches that have
been differentiated from fascicles (Sheath et al., 1994a; Kumano, 2002). Despite the strong support of this
section in all analyses in the present study, the monophyly of this section has been called into question by
Vis and Entwisle (2000) due to observed paraphyly of the two species B. macrosporum and B.
cayennense studied. Low support for these two species was also observed by Miiller et al. (unpublished).
While these findings may be accurate, the current study of this section employed only the species B.

macrosporum and hence cannot substantiate the paraphyly of this section. Batrachospermum
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macrosporum in North America is observed to occur restricted to streams of the costal plains and tropical
areas (Vis and Hodge, 2008). In a recent phylogeographic study by Vis and Hodge (2008) of B.
macrosporum from North and South America using the mitochondrial intergenic spacer between the
cytochrome oxidase subunit 2 and 3 (cox2-3) revealed splits between the North and South America
haplotypes with confirmation from rbcL gene sequence data. In addition, Vis and Hodge (2008) observed
very little genetic variation among the North American haplotypes and in contrast high variation among
haplotypes from South American locations. The author’s theorized that variation among North American
haplotypes could be attributed to a fairly recent colonization event along the coastal plains. Variation in
South American haplotypes on the other hand was hypothesized to be due to the Amazon region serving
as a center for diversity. In this present study however, no biogeographic trend is observed for this section
since very few specimens of its members were used in the rbcL gene analyses and although sufficient
specimens were employed in the COI sequence analyses, almost all the specimen are of North American
origin. More specimens from distant locations would be needed to ascertain any biogeographic pattern in
this section. In the preent study, this section is observed to form a sister taxon with the genus Thorea in
the COI sequence data. Nonetheless, in the rbcL gene sequence data it is observed to form a sister taxon
with section Contorta, both of which form a sister taxon with a cluster that diverge to form the the family
Lemanacea, sections Virescentia, Gonimopropagulum, Setacea, Batrachospermum,and genus Sirodotia.
Again results of both gene sequences raising the question of the validity of taxonomic ranking employed

for these groups, whether it be section, genus or even family.

The section Virescentia is observed to form a well-supported clade in both COI and rbcL
sequence data analyses and is represented B. helminthosum and B. virgatum (Clade B, Figures 4, 5, 6, and
7; Clade D, Figure 8, 9, and 10). Morphologically, species within this section are differentiated by
whether they are monoecious or dioecious, have a shade of green, localized, and length of carpogonial
branch (Mori, 1975; Starmach, 1977). Previous study on the distribution and systematics of this section in

North America by Sheath and Vis (1994) using multivariate morphometrics and image analysis revealed
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that the qualitative features (e.g. pigmentation, shape of whorl, shape of carposporophyte etc) used to
separate species in this section are not taxonomically useful since they appeared to be present universally.
As well, quantitative characters (e.g. whole diameter, fascicle length etc) observed, appeared to be highly
variable and overlapped among examined specimens. Biogeographic patterns observed for species of this
section have been described as distinct (Chiasson et al., 2003; Hanyuda et al., 2004) and in North
America, have been reported to occur widely in eastern USA (Flint, 1948; 1050; Moul and Buell; 1979;
Sheath and Burkholder; 1985; Sheath and Cole, 1993). In western North America, this section has been
reported in Oregon (Sheath et al., 1986) and Washington (Sheath and Hambrook, 1988). In the study by
Hanyuda et al. (2004), examining the biogeography and taxonomy of B. helminthosum in Japan,
including North American haplotypes using the plastid rbcL gene, revealed clear clustering of the Japan
haplotypes from the North American haplotypes. This difference in haplotype between the Japan and
North American specimen was noted by Hanyuda et al. (2004) to be potentially attributed to continental
drifts and the consequent isolation in the Mesozoic era. Nevertheless, in this present study, no apparent
evidence of biogeographic trend is observed for the members of section Virescentia, although specimens
used ranged from North America to Africa. Hence, more specimens of section Virescentia would be
needed from both continents to discern any biogeographic patterns. In the present study, both COI and
rbcL genes sequence suggest the section Virescentia is paraphyletic since both genes indicate other

sections, genera and family diverge off this section.

Section Turfosa, represented by B. turfosum Clade C (Figures 5, 6 and 7) and Clade B (Figures 8,
9 and 10) is a well-supported clade in both the COI and rbcL gene sequence analyses. This section
previously contained B. turfosum and B. keratophytum that were distinguished from each other based on
whether they were carposporic or monoporic, however, studies by Miiller et al. (1997) concluded that B.
keratophytum and B. turfosum are synonymous based on small sequence divergence between ITS1 and 2
regions of the two species and that monosporic plants (previously only noted in B. turfosum) could be

observed in B. keratophytum at different times of the year. In the present study, the proportion of sites
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differing (0/572) for the COI gene may suggest that the six samples analyzed in this study all belong to
the species B. turfosum. Morphologically, B. turfosum is observed to possess straight, short, differentiated
carpogonial branches, characteristics which are also observed in members of the section Virescentia.
Nonetheless, like this study and other molecular studies (e.g. Vis et al., 2005) these two sections appear
autonomous and the present study, appear in separate clades although not that distant from each other in
the COI and rbcL sequence data analyses phylogenies (Figures 5, 6, 7, 8, 9 and 10). In North America,
members of section Turfosa are observed to occur in ponds, pools and bogs (Flint, 1957; Yung et al.,
1986; Wehr and Sheath, 2003) and recognized as the third most widely distributed species of freshwater
rhodophyte in North America (Sheath and Cole, 1992; Sheath et al., 1994). Again, like the section
Virescentia, no biogeographic trend is apparent in both the COI and rbcL genes sequence analyses (Clade
B, Figures 4, 5, 6 and 7; Clade D, Figures 8, 9, and 10). More specimens of members of section Turfosa
from distant locations would be need to establish any biogeographic patterns. Like other sections shown
above, the section Turfosa is paraphyletic and forms a sister taxon with a cluster that contains other

section, genera and family, as shown by both COI and rbcL gene sequence data in the present study.

The final section, Setacea is shown to be well-supported in both COI and rbcL gene analyses. In the rbcL
analyses Clade G (Figures 8, 9, and 10) this section is observed to be monophyletic, however in the COI
analyses Clade F (Figures 5, 6, and 7) members do not form a monophyletic cluster. The species B. atrum
(BI13) is observed to be placed on a separate branch, distant from the section Setacea clade (Clade F,
Figures 5, 6, and 7). This section in the COI analyses is shown to form a sister taxa with section
Batrachospermum (Clade G, Figures 5, 6 and 7). Based on the presence of well-developed whorls and
reduced whorls, members of the section Setacea were suggested by Necchi (1990), Necchi and Entwisle
(1990) and Vis and Entwisle (2000) to be integrated into section Virescentia, however, looking at the
phylogeny for both COI and rbcL gene sequence data, the two sections; Setacea and Virescentia are

distant from each other, suggesting the rejection of integration of the two sections based on morphometric
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data by Sheath et al. (1994a) was valid. While members within this section do not form a complete
coherent cluster in the COI gene sequence data, with the omission of B. atrum BI13, analyses of members
of section Setacea suggest possible geographic patterns in this taxon. Samples from the same geographic
region, Scotland and England (0.00% COI sequence variation) appear to be the same species, B. atrum in
the COI genes sequence data. The specimen from Kenya, a relatively distant location from Scotland and
England, was observed to substantially differ in COI sequence variation, 8.5% from the Scotland and
England samples. Should the Kenyan specimen be identified as B. atrum, then the difference in sequence
divergence between the two geographic locations would suggest a much longer divergence time of the

Kenyan sample from the Scotland and England samples.

4.3 GENERAL CONCLUSION

Prior to the impact of molecular data, ordinal classification of members of the red algae depended
predominantly on analyses of female reproductive structures before and after fertilization. The application
of molecular methods to systematics has further improved our understanding of the red algae at the
different taxonomic levels as well as led to the recognition of new orders. Over the past two decades,
relatively few molecular markers have been used in studies of the red algae systematics. Molecular
markers have proven to be useful, not only in elucidating red algae systematics but also in discovering
genetic variation within red algae species. A recent shift is in the use of DNA sequences as a tool for
identification, such as DNA barcoding using the cytochrome c oxidase subunit I (COI) gene. Through
sequence data and phylogenetic sequence analysis, it is become apparent that the COI can be used in
identifying and clarifying species relationships in the red algae (Rhodophyta) (e.g. Saunders, 2005; Robba

et al. 2006, House et al. (2008). Based on this, the present study was initiated to address the taxonomic
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issues among the freshwater red algal orders Batrachospermales and Thoreales using the DNA barcoding

protocol and evaluating the following

a) the efficacy of the DNA barcoding protocol in resolving species relationships in the

Batrachospermales and Thoreales

b) the usefulness of the cytochrome ¢ oxidase subunit I (COI) in identifying interspecific and

intraspecific variations in members of the Batrachospermales and Thoreales

¢) any possible geographic variation in members of the two orders and

d) compare results of the COI gene to that of the plastid rbcL gene.

The effectiveness of the DNA barcoding protocol in resolving species relationships in the two orders
Batrachospermales and Thoreales as it relates to the initial objective (a, above) of the present study was
clearly established. Not only was DNA barcoding able to resolve sepecies level relationships but was also
efficient at identifying different sections, genera and even family. In the present study, distinct grouping
of geographically consistent specimens were observed. This could be seen in all seven sections (Aristata,
Batrachospermum, Setacea, Contorta, Gonimopropagulum and Virescentia) of the paraphyletic genus
Batrachospermum. Relations of these sections are however not clearly defined. The monotypic section
Gonimopropagulum is shown to group within the section Contorta, further re-enforcing that DNA
barcoding is not meant to and does not provide evolutionary information about taxa. At the generic level,
Tuomeya, Sirodotia, Lemanea, Paralemanea, and Thorea are clearly identified. The relationship between
Lemanea and Paralemanea can be clearly seen as sister taxon forming the family Lemanaeceae. At the

ordinal level; however, the relationship between Batrachospermales and Thoreales is not resolved.
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Through COI gene sequence data anylyses, the Thoreales is shown to clade within the Batrachospermales,
which is contradictory to observations by Entwisle and Necchi (1992), Miiller et al. (2002), and rbcL
gene sequence results of the present study. Consequently the barcoding protocol was successful at
forming distinct groupings at both the sectional, generic level and family level that were stable and
sufficiently separated from other such groups such that taxonomic inferences could be made. Nonetheless,

it was unsuccessfully in resolving species relationships in the Batrachospermales and Thoreales.

In the second objective, the COI gene in fact did prove useful in identifying interspecific and
intraspecific variations in members of the Batrachospermales and Thoreales. This verification of the COI
has already been evaluated in other member of the red algae (e.g. Saunders, 2005; Robba et al., 2006;
House et al., 2008) but not in the freshwater Thoreales and majority of the Batrachospermales members
employed in this study. Saunders et al. (2005), Robba et al. (2006) and House et al. (2008) evaluation of
the COI in the red algae all indicated the COI was variable within red algal populations and suggested
species delimitation using the COI gene. Results of the present study support the use of the COI gene to
identify inter- and intraspecific variation in the red algae (Batrachospermales and Thoreales). This is
clearly evident in the present study, in the UPGMA analysis where intraspecific variation of 0 to 15 bp
(2.3%) is observed forms a unique isolate of B. gelatinosum (Clade E, Figure 4). Interspecific variation
ranged from 58 bp (9.03%) (between B. procarpum and B. intortum) to 78 bp (12.15%) (between B.
ambiguum and B. globosporum). Members of the order Thoreales differed intraspecifically by an average
of 81 bp Clade L (Figure 4). As expected, interspecific variation is higher than intraspecific variation. The
high intraspecific divergence values for B. macrosporum and B. gelatinosum and the grouping of these
sequences into multiple biogeographic lineages raise several possibilities, including the presence of
multiple species, cryptic species or incipient species. Given that no characters could be found to separate
these groups using standard taxonomic characters for the genus Batrachospermum, it would not be
sensible to describe new taxa based primarily on these short DNA sequences. Although the clusters may

represent cryptic or incipient species, as asserted for section Batrachospermum, telling apart these

83



phenomena is impossible with the present dataset. Additionally, B gelatinosum and B. macrosporum,
which had the highest intraspecific divergences, are also the two taxa for which the greatest numbers of
accessions were included in the analyses. Similar divergence levels may be present in other
batrachospermalean taxa, and more studies would need to be undertaken to examine other species in a
similar or greater depth (i.e. sequencing and morphological analysis of many representatives across the
geographic range of the taxon) to be able to expand generalizations about intra versus interspecific

sequences divergences using DNA barcoding in this order.

The North American biogeographic trends of members of the freshwater order Batrachospermales
have been studied using both molecular and morphological data (e.g. Vis and Sheath, 1997; Vis et al.,
2008). For example Vis et al. (2001) investigated the biogeography of B. helminthosum in North
America, both molecular and morphological variation. The chloroplast rbcL gene and the nuclear
ribosomal ITS regions were sequenced, and 5 rbcL haplotypes and 11 ITS genotypes were revealed. The
phylogeography of this species was concluded to be complex, with samples from distant locations being
genetically similar. However, present research on this order using COI gene sequence data suggests that
this marker is appropriate for phylogeographic studies (House et al., 2008; Sherwood et al., 2008), but
unlike Vis et al. (2001), hints of biogeographic trends was evident in this study for both the COI and rbcL
sequence data; however a lot more in the rbcL gene. Samples of certain specimen from remote regions
(North America, Europe and Africa) did appear genetically identical in this study for both COI and rbcL
genes sequence data. Identical genetic composition of the samples could suggest the samples potentially
originated from similar locations. While biogeographic trends have been reported in members of the
Batrachospermales in several studies using the rbcL gene (e.g. Vis et al., 1998; Vis and Entwisle, 2000;
Vis et al., 2001; Hanyuda et al., 2004; Vis et al., 2005), especially in members of the genus
Batrachospermum. In the present study for the rbcL gene, biogeographic relationships were evident in the
phylogenetic analyses for some groups although more specimens would be needed to establish such trend

in the remaining groups (e.g. Clade F and G, Figures 8, 9, and 10). The COI gene to a certain extent did
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establish biogeographic patterns in some groups although, more samples from North America, as well as
Europe and Africa would be needed to fully establish any pattern. For the COI gene the strongest
biogeographic trend is shown in B. atrum Clade I (Figures 5, 6, and 7) and the characteristics of this trend
may be demonstrated in all North American freshwater algae, or perhaps only in this species. More
research and specimens from distant geographic locations would need to be included to examine and
ascertain any patterns in the freshwater rhodophytes of North America. For the order Thoreales, very few
samples are represented in this study and no biogeographic trends is apparent in neither the rbcL nor the
COI gene sequence data analyses. Again, more samples from remote geographic locations would be

needed to establish any biogeographic patterns in this order.

Observations from both COI and rbcL genes sequence data clearly suggest the current taxonomy
of the Batrachospermales need to be re-examined. The validity of section level classification is strongly
questioned in the present study, since several sections in both COI and rbcL gene analyses are observed to
form sister taxa with different genera. The genus Batrachospermum is notably made up of species that are
similar in overall morphology, but genetically divergent (Vis et al., 1998). The recognition of sections
under the Batrachospermum have been based primarily on the shape and position of carpogonial branch,
which carry the carpogonium and is made up often of cells that are differentiated or specialized. These
infrageneric sections were used to delineate northern hemisphere taxa, mainly of European origin. As
noted by Kumano (1993) the sectional classification has undergone numerous revisions and may change
with further systematic research. The present study can be considered as one such systematic study.
Results of both COI and rbcL gene sequence indicate the taxonomy of the genus Batrachospermum be
revised. Based on the recent elevation of the Thorea from genus to ordinal status, the following proposals

are made:

a) Elevate the sections Virescentia, Aristata, Contorta, Turfosa and Setacea all to the level of genus.

This would resolve the issues of genus and families branching off sections. This would eliminate
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the current genus Batrachospermum and recognize the family Batrachospermaecea with more

than the current four genera.

b) Due to the cryptic diversity of the section Batrachospermum, we propose it be elevated to genus
status but split into two genera with the first maintaining the name ‘genus Batrachospermum’ as a
monospecific genus with the type species B. gelatinousm. The second genus could perhaps be
recognized as ‘genus pseudogelatinosum’ comprising the remained of species currently
recognized under the section Batrachospermum (B. anatinum B. arcuatum B. boryanum B.
confusum B. heterocorticum B. involutum B. spermatoinvolucrum B. sporulan. This proposal is
however, not definitive since the present study included only B. heterocorticum B. involutum and
B. boryanum in both COI and rbcL gene sequence data. It can however be postulated based on
sequence divergence observed for members of section Batrospermum, that species of the section
Batrachospermum not included in the present study would group under the newly proposed

‘genus pseudogelationsum’.

¢) The current monotypic section Gonimopropagulum be elevated to a monospecific genus with the
type species B. breutelii. Although results of the COI and rbcL genes sequence are incongruent in
the present study, it is clear B. breutelii warrant its own ranking and should all the current
classified sections be raised to the status of genus, then section Gonimopropagulum merit such an

elevation too.

d) Maintain the genus Sirodotia, Tuomeya, Lemanea and Paralemanea

e) Maintain the family Lemaneaceae
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f) Maintain the orders Batrachospermales and Thoreales

In summary, the present study has contrasted the utility of a short organellar marker for
construction of DNA barcode-like data frameworks for two orders of red algae, and has compared these
results to the plastid rbcL gene from this study and other previously published analyses. These results
provide the first DNA barcode data for the order Thoreales to my knowledge. The present study has
illustrated the utility of DNA barcodes for highlighting taxonomic and potential biogeographic trends
within the Batrachospermales, and demonstrates that red algal intraspecific divergence values can be
much higher than previously reported. DNA barcoding, together with more genetic markers and
traditional analyses, will play an important role in species level taxonomic studies of the

Batrachospermales in the future.
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