


STELLINGEN

behorend bij het proefschrift Calling a Class to Order — Phylogenetic Studies in the Phaeophyceae
van Stefano Draisma

I
De Sphacelariales sensu lato zijn niet monofyletisch.
Dit proefschrift.

I

De morfologische kenmerken waarop geslachten en secties van de Sphacelariales gebaseerd zijn,
zijn niet allemaal geschikt om hun fylogenie te reconstrueren.
Dit proefschrift.

1T
Moleculaire fylogenieén tonen niet consequent aan dat de Fucales de meest basale bruinwierorde
is.
Dit proefschrifi; Contra: Peters en Clayton (1998)

v
Homoplasie (saturatie) in de derde codon positie is nodig om een fylogenie te reconstrueren met
diepe en ondiepe clades.
Dit proefschrift; Kdllersjo et al. (1999).

\%
Bij fylogenetische studies moet het testen van de congruentie van verschillende datasets (d.w.z. of
ze wel of niet een tegenstrijdig fylogenetisch signaal bevatten) een standaardprocedure worden,
alvorens de datasets samen te voegen in één analyse. Indien dit niet wordt gedaan dient elke dataset
apart te worden geanalyseerd.

VI
De rang van divisie is, vanuit het perspectief van een algoloog, veel te veel eer voor de hogere
planten (Bryophyta en Tracheophyta). De rang van klasse binnen de Chlorophyta is voldoende
erkenning.

VII
DNA extraheren uit bruinwieren is net zo makkelijk als koftie zetten. Goed DNA uit bruinwieren
extraheren is net zo moeilijk als goede koffie zetten.

VI
De groenwiergeslachten Enteromorpha (darmwier) en Ulva (zeesla) dienen samen in één geslacht
(Ulva) ondergebracht te worden.
Malta et al. (1999).

IX
Het promotiereglement van de Universiteit Leiden bestaat uit vele ongeschreven regels.

X
In verband met de dreigende stijging van de zeespiegel verdient het aanbeveling nader onderzoek
te doen naar het absorptievermogen van de in zee levende sponzen.

XI
De psychologische afstand tussen Leiden en Groningen is in beide richtingen even groot.
Contra: mijn Groningse vriendenkring.

XII
Een rondje aan een draaiende bar hoeft niets te kosten.
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Oh! call us not weeds but flowers of the sea,

for lovely, and gay, and bright tinted we are:

Our blush is as deep as the rose of thy bowers,
then call us not weeds, we are ocean’s gay flowers.
Not nursed like the plants of the summer parterre,
whose gales are but sighs of an evening air:

Our exquisite, fragile and delicate forms

are nurs’d by the ocean, and rock’d by the storms.

Anonymous, XIX Century.



Chapter 1

GENERAL INTRODUCTION

INTRODUCTION

‘Algae’ is the common name for a diverse polyphyletic assemblage of photosynthetic
prokaryotic and eukaryotic lineages that occur in virtually all imaginable habitats.
Among the eukaryotic, multicellular macrophytes or seaweeds, three main groups are
recognised on the basis of their photosynthetic pigmentation (Ben Ali et al. 2001),
viz. the Chlorophyta (green algae), Rhodophyta (red algae), and Chromophyta (brown
and golden-brown algae). The latter group, which is paraphyletic, includes many
unicellular phytoplankton which are further subdivided into many smaller lineages
(compare circumscriptions and terminology between van den Hoek et al. [1995] and
Graham and Wilcox [2000]) on the basis of cell coverings, specialised pigments, plastid
and flagellar ultrastructure, and phylogenies based on comparative DNA sequences
(Bhattacharya et al. 1992, Leipe et al. 1994, Bhattacharya and Medlin 1995, Medlin
et al. 1997, Cavalier-Smith 1998, Ben Ali ez al. 2001). The Phaeophyceae or brown
algae belong to this last group.

One of the brown algal orders for which the evolutionary history has remained
unexplored is the Sphacelariales. This order has been variously considered as relatively
primitive to relatively advanced based on the significance attached to morphological
complexity and the mode of tissue formation. Moreover, the monophyly of this order
has not been established nor its position within the Phacophyceae. Therefore, the first
task of the thesis was to ‘call the class to order’.

The extensive culture collection of Sphacelariales specimens available at the Uni-
versiteit Leiden branch of the Nationaal Herbarium Nederland provided an excellent
opportunity to undertake such a study. The subsequent analyses presented in this thesis
were undertaken in a descending hierarchical order from class to species. One of the
major hindrances in algal taxonomy is the presence of relatively few diagnostic,
morphological characters combined with high levels of convergence (= homoplasy).
This makes identification difficult and has resulted in the proliferation of different
circumscriptions based on taxonomic opinion rather than formal analyses. The only
way around the so-called ‘low morphology’ problem is via the addition of comparative
DNA sequence analysis. Although sequence data are also subject to homoplasy in
varying degrees, their independence from morphology provides a basis from which
to evaluate both the diagnostic and phylogenetic value of particular morphological
characters. Taken together, morphological and molecular data sets provide the standard
for modern taxonomic and phylogenetic studies.

The aims of this thesis were to: (1) explore evolutionary relationships within the
Phaeophyceae; (2) determine the position of the Sphacelariales within the brown algae;
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(3) establish the (non)monophyly of the Sphacelariales; (4) examine species radiations
within the Sphacelariales; and (5) reassess the role of morphological characters in the
taxonomy and classification of this ecologically broad group.

THE BROWN ALGAE

Brown algae form the class Phacophyceae or Fucophyceae. One or many (most often
discoid) chloroplasts occur per cell and are golden-brown in colour, because the
chlorophyll (a, c¢; and ¢,) is masked by the accessory pigment fucoxanthin. Some
species have chloroplasts associated with pyrenoids. Motile cells are produced as
gametes or zoospores, bearing two dissimilar flagella. There are more than 1,500
species of brown algae distributed over more than 250 genera (Wynne 1982). They
vary from tiny filamentous forms to gigantic thalli >60 meters in length. Brown algae
are almost entirely restricted to the intertidal and sublittoral zones, particularly of
rocky shores. Only six genera are known from freshwaters. The Phacophyceae exhibit
the highest diversity in regard to number of species in the cold-temperate oceans of
both hemispheres. Although not represented by many species in the tropics, brown
algae are often among the most dominant seaweeds.

The characteristics that are most useful in distinguishing the orders of brown algae
include thallus construction, mode of growth and the type of life history. Three types
of thallus construction are recognised: filamentous, parenchymatous and pseudo-
parenchymatous. Filamentous thalli are uniseriate, i.e., they consist of a single row of
cells initiated from a basal, intercalary or apical meristematic region. In contrast,
parenchymatous thalli are composed of true tissue in which cell divisions occur in
more than one plane. Pseudoparenchymatous tissues consist of closely compacted
uniseriate filaments, and thus superficially resemble a true parenchyma. Parenchyma-
tous tissues are also referred to as polystichous, pseudoparenchymatous and filamentous
as haplostichous, and predominantly uniseriate filaments as oligostichous. The
Sphacelariales are characterised by parenchymatous thalli and apical growth which
will be discussed later.

The life cycle of most brown algae involves an alternation of free-living generations
(= diplohaplontic life history). In species with an isomorphic diplohaplontic life history
the sporophytic stage and the gametophytic stage are indistinguishable (apart from
the reproductive structures). In species with a heteromorphic diplohaplontic life history
the two alternating generations are different. A diplontic life history is a third kind of
sexual life history occurring in brown algae in which only a single diploid phase is
formed. Sexual phases appear to be absent in some groups. The Sphacelariales have a
mainly isomorphic alternation of free-living generations.

The currently recognised brown algal orders are: the Ascoseirales (1 family),
Cutleriales (1 family), Desmarestiales (2 families), Dictyotales (3 families),
Ectocarpales (23 families), Fucales (7—8 families), Laminariales (8 families), Ralfsiales
(2 families), Scytothamnales (2 families), Sphacelariales (3—4 families), Sporochnales
(1 family), Syringodermatales (1 family), and Tilopteridales (1 family). The Chorda-
riales (8 families), Dictyosiphonales (including the Punctariales) (11 families), and



General introduction 7

Scytosiphonales (2 families) are presently included in the Ectocarpales (de Reviers
and Rousseau 1999). Peters and Ramirez (2001) have recently proposed a reduction
in the number of families within the Ectocarpales to five. The orders Durvillaeales (1
family) and Notheiales (1 family) are currently included in the Fucales (de Reviers
and Rousseau 1999). Characteristics of brown algal orders are summarised in Figure
1.1.

Evolutionary relationships among brown algal orders are still a subject of discussion.
Over the years, a number of phylogenetic hypotheses have been put forth but in the
absence of any formal analysis of homology. For example, Wynne and Loiseaux (1976)
envisioned two deep sister lineages, one including the Fucales and Durvillaeales
(together called Cyclosporidae), and one including all the remaining orders (together
called Phaeophycidae) with the Ectocarpales sensu stricto (s.s.) most primitive. They
based these two groups on the life history: the Cyclosporidae having a diplontic life
history and the Phacophycidae having an alternation of generations. Clayton (1984)
suggested that the Dictyotales represented an independent evolutionary lineage, not
closely related to any of the other orders. She based her hypothesis on the presence of
unique uniflagellate spermatozoids and meiosporangia that differ from the more typical
unilocular sporangia found in brown algae. Van den Hoek ef al. (1995) considered the
Ectocarpales s.s. to be the most primitive brown algae based on their simple filamentous
construction. Likewise they considered the Fucales and Durvillaeales as the most
advanced based on the lack of a free-living gametophytic phase. The remaining orders
have been variously intercalated based on the relative importance attached to pyrenoids,
growth forms, and oogamy.

With the advent of DNA sequencing a number of phylogenetic studies have emerged
over the past decade. Most of the studies, particularly those from the early 1990s,
opted for a survey approach in which only one or two species were used to represent
entire orders (references in Table 2.1, Chapter 2). More recent studies, however, have
focused on particular orders with more complete taxon sampling. These include the
Ectocarpales (Stache-Crain et al. 1997, Siemer et al. 1998), the Desmarestiales (Peters
et al. 1997), the Fucales (Rousseau and de Reviers 1999a), the Laminariales (Boo et
al. 1999a, b, Lane ef al. 2001), and the Scytothamnales (Miiller et al. 1998). The
unevenness of the exemplar approach to taxon sampling combined with (often)
incomplete sequences and/or different sequences and different taxon sampling have
resulted in a mosaic view of the Phaeophyceae in which sister-group relationships
have remained uncertain. Resolving this problem was one of the main challenges of
this thesis.

THE SPHACELARIALES

The order Sphacelariales owes its name to the genus Sphacelaria (Gk. cpoxelog =
gangrene). Thalli are heterotrichous varying from small tufts (<2 cm) to relatively
large plants (30—40 cm). Epiphytic, endophytic, and epilithic forms occur, and
occasionally all three habits occur within a single species. Species occur from polar
to tropical regions, but mainly in temperate regions. The main centres of distribution
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Fig. 1.1. Conceptual overview of relationships among classical orders of Phacophyceae with respect
to morphological grades of organisation and life history features. The figure is a modification
of van den Hoek and Jahns (1978, p. 146, fig. 37), Womersley (1987, p. 21, fig. 1) and de
Reviers and Rousseau (1999, pp. 132—134, table 5). Connected orders have recently been merged
on the basis of phylogenetic analyses. Orders containing pyrenoids are indicated with a dotted
outline. Superscripts refer to the additional comments listed on the opposite page.
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are along European coasts and in southern Australia and New Zealand (Fig. 1.2). Two
freshwater species have also been described (Jao 1943, Schloesser and Blum 1980).
There appears to be a disjunct distribution between Europe and Australia (Prud’homme
van Reine 1993). Whether this represents a sampling artefact or a true vicariance
remains unclear. All tropical species belong to the Sphacelaria subgenus Propagulifera
and are circumtropical with dominance in the Indo-West Pacific.

Growth, branching, and cell division

The Sphacelariales are characterised by temporarily blackening of the cell walls when
treated with bleaching liquid (Eau de Javelle, aqueous sodium hypochlorite) and growth
by conspicuous apical cells. Transverse divisions of the subapical cells (or primary
segments) produce secondary segments that may undergo longitudinal and secondary
transverse divisions (Fig. 3.1, Ch. 3). In this manner a distinctive parenchymatous
construction is produced. The cells contain a large number of disc-shaped chloroplasts
with no obvious or only rudimentary pyrenoids. Branches in the Sphacelariales
originate either from the apical cell (acroblastic) or from one of its derivatives (hypacro-
blastic) (Fig. 3.1). Two types of hypacroblastic branching are recognised: hemiblastic
and meriblastic. In the hemiblastic method lateral branches (whether determinate or
indeterminate) arise from a cell occupying the entire height of a superior secondary
segment, thus half the length of a primary segment. The meriblastic method involves
the development of a lateral from only a part of a secondary segment rather than the
entire segment. Two types of acroblastic branching are recognised: acroheteroblastic
and acrohomoblastic. Acroheteroblastic branching involves an apical cell that cuts
off a small apical lenticular branch-initial. In an early stage this branch-initial divides
horizontally, cutting off a small cell on its upper side. The lower and larger cell of the
branch-initial form the lateral, while the upper and smaller cell may give rise to a
bundle of hairs, to one or more zoidangia, to one small lateral, or to a group of resting
cells. The larger part of the original apical cell, located below and to one side of the
small lenticular cell, elongates and functions again as the apical cell of the main axis

Explanation of the superscripts in Figure 1.1.

a  Haplospora is isomorphic; only the gametophytic phase exists in Tilopteris (Kuhlenkamp and
Miiller 1985); only vegetative propagation in Phaeosiphoniella (Hooper et al. 1988).

b Zanardinia is isomorphic (Fritsch 1945); Cutleria is heteromorphic; only the sporophyte of
Microzonia is known (O’Donnell 1954), its inclusion in the Cutleriales is a matter of debate
(Eichenberger ef al. 1993).

¢ Sphacella is haplostichous (Prud’homme van Reine 1982); Stypocaulon is oogamous
(Prud’homme van Reine 1993).

d No free gametophytic phase.

¢ Syringoderma floridana E. C. Henry and S. abyssicola (Setchell et Gardner) Levring have a
very reduced gametophytic phase which is retained on the sporophyte (Henry 1984); oligo-
stichous.

f Splachnidium is heteromorphic (Price and Ducker 1966); the gametophyte and sporophyte of
Scytothamnus are morphologically similar (Clayton 1986).

& Ralfsia has a direct life cycle (sexuality unknown); Nemoderma is isomorphic (Kuckuck 1912);
Analipus is also isomorphic (Abe 1935, 1936), but its inclusion in the Ralfsiales is a matter of
debate (Nelson 1982, Tan and Druehl 1994, de Reviers and Rousseau 1999).

h Intercalary, diffuse growth, but mainly in the apical zone.
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Fig. 1.2. Worldwide distribution of Sphacelariales. Numbers associated with outlined geographical
areas indicate the number of species found in each area. Redrawn from Prud’homme van Reine
(1982, p. 4, fig. 1).

so that the small lenticular branch-initial is pushed into a lateral position.
Acrohomoblastic branching involves the formation of only one kind of structure (a
hair or a lateral) from the lenticular initial cell. A special case of acrohomoblastic
branching is dichotomy occurring in the apical cell (dichoblastic branching).
Phaeophycean hairs are present in several sphacelarialean species and are usually
formed by acroblastic branching.

Two different patterns of division by the longitudinal cell walls can be observed in
transverse section of the multiseriate (polysiphonal) secondary segments: a radial
pattern and a periclinal one (Fig. 3.1, Ch. 3). In both patterns the first longitudinal
wall is in principle radial. The two next walls are usually perpendicular to the primary
longitudinal wall. In the radial type later walls form acute angles with the ones formed
before, but in the periclinal type all walls are perpendicular to each other.

In many Sphacelariales the segments exhibit almost no further enlargement after
their formation. In these so-called leptocaulous Sphacelariales the diameter of the
mature segments of the filaments equals or slightly exceeds the diameter of the apical
cell at the time of formation of these segments. The length of the secondary segments
does not alter in the leptocaulous Sphacelariales. In another group of Sphacelariales,
called auxocaulous, the secondary segments can enlarge conspicuously both in length
and in diameter. The only means of conspicuous secondary enlargement for the
leptocaulous Sphacelariales is by downward growing corticating filaments (a
pseudocortex) that originate from the peripheral cells of the axial filaments.

Life history

The complete life history of several species has been followed in culture: Sphacelaria
rigidula Kitzing (van den Hoek and Flinterman 1968), Cladostephus spongiosus
(Hudson) C. Agardh (Gibson 1994), Halopteris filicina (Grateloup) Kiitzing (Keum



General introduction 11

et al. 1995) and Onslowia endophytica Searles (Henry 1987a). A slightly hetero-
morphic, diplohaplontic life history with vegetative propagules has been demonstrated
for Sphacelaria rigidula (as S. furcigera) from The Netherlands, involving anisogamy
and with a dependence on temperature (Fig. 1.3) (van den Hoek and Flinterman 1968).
The dioecious gametophytes were found to be smaller than the sporophytes. The female
macrogametangia and the male microgametangia developed in cultures at 4 and 12
°C (under a 12 h daylength), whereas propagules were produced by the gametophytes
grown at 20 °C. Although unfused microgametes did not survive, macrogametes were
able to germinate (parthenogenesis), giving rise to presumptive female gametophytes
or haploid sporophytes bearing unilocular sporangia. These latter plants represent an
evolutionary dead end in the life cycle though they may persist in nature for long
periods. Nothing is known about the evolutionary fate of these plants. Sporophytes
formed unilocular sporangia at 4 °C (under a 12 h daylength) but only propagules at
12 and 20 °C. In a subsequent publication by Colijn and van den Hoek (1971) it was
observed that propagules were formed only at higher temperatures (12 and 17 <C) and
under intermediate (12 h daylength) or long day (16 h daylength) conditions. Propagules
were not formed at lower temperatures (4 °C) or under short day conditions (8 h
daylength) at higher temperatures (both 12 and 17 °C). On the basis of these studies
along with often incomplete evidence from other publications an isomorphic or slightly
heteromorphic diplohaplontic life history as in S. rigidula has been hypothesised for

LT

Fig. 1.3. Life history of Sphacelaria rigidula. 2N = diploid; ANIS = anisogamy; F! = fertilisation;
FGAM = female gametophyte; FGMT = female (macro-)gamete; FPG = female plurilocular
gametangium (macrogametangium); HSEX = haplogenotypic sex determination; HSPOR =
haploid sporophyte; HT = high temperature, e.g., 12-20 °C; LT = low temperature, e.g., 4—12
°C; MGAM = male gametophyte; MGMT = male (micro-)gamete; MPG = male plurilocular
gametangium (microgametangium); N = haploid; P = propagule; PAR = parthenogenesis; SPOR
= sporophyte; US = unilocular sporangium; VEG = vegetative reproduction. (After van den
Hoek et al. 1995, p. 183, fig. 12.11).
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all Sphacelariales (Prud’homme van Reine 1982). Vegetative propagation in the
Sphacelariales occurs in the subgenus Propagulifera of the genus Sphacelaria and in
the Choristocarpaceae. This occurs by the production of multicellular branchlets
(vegetative ‘mini-thalli’) termed propagules (Fig. 1.3).

Traditional circumscriptions of the families

The Sphacelariales is subdivided into four families: the Cladostephaceae,
Sphacelariaceae, Stypocaulaceae, and Choristocarpaceae. The inclusion of the latter
family in the Sphacelariales has been questioned by Prud’homme van Reine (1993)
with the result that he referred to the Sphacelariales sensu stricto (excluding the
Choristocarpaceae) and sensu lato (including the Choristocarpaceae). Examples of
some taxa belonging to the Sphacelariales are shown in Figure 1.4.

Fig. 1.4. A. 1-13 on p. 13, B. 14-24 on p. 14, and C. 25-33 on p. 15. Range of morphological
types in the Sphacelariales.
1-24. Sphacelariaceae; 1-23. Sphacelaria; 1-6. Subgenus Sphacelaria; 1, 2. Sphacelaria
reticulata Lyngbye (= type species); 1. Habit; 2. Dichoblastic branching; 3, 4. Sphacelaria
radicans (Dillwyn) C. Agardh; 3. Unilocular zoidangia; 4. Basal disk; 5. Sphacelaria caespitula
Lyngbye, unilocular zoidangia; 6. Sphacelaria nana Naegeli ex Kiitzing, young plant; 7—13.
Subgenus Pseudochaetopteris; 7-10. Section Pseudochaetopteris; 7-9. Sphacelaria plumosa
Lyngbye; 7. Longitudinal section of corticated main filament; 8. Part of erect filament; 9. Habit;
10. Sphacelaria plumigera Holmes, habit; 11-13. Section Racemosae; 11, 12. Sphacelaria
racemosa Greville; 11. Plurilocular zoidangia; 12. Part of erect filament; 13. Sphacelaria arctica
Harvey, habit; 14—15. Subgenus Battersia; 14, 15. Sphacelaria mirabilis (Reinke ex Batters)
Prud’homme van Reine; 14. Longitudinal section of polystromatic disk with unilocular
zoidangia; 15. Habit on stone; 16. Incertae sedis (freshwater); 16. Sphacelaria fluviatilis Jao,
part of a filament with propagation cells; 17-23. subgenus Propagulifera; 17-18. section
Propagulifera; 17, 18. Sphacelaria cirrosa (Roth) C. Agardh; 17. Germinating propagule and a
detached mature propagule; 18. Habit on Cystoseira baccata (S.G. Gmelin) P.C. Silva; 19-20.
Section Furcigerae; 19, 20. Sphacelaria rigidula Kiitzing; 19. Habit on Cystoseira spec.; 21—
23. Section Tribuloides; 21-23. Sphacelaria tribuloides Meneghini; 21. Propagule; 22. Habit;
23. Germinating propagule; 24. Sphacella subtilissima Reinke, erect filament with unilocular
zoidangia; 25—-27. Cladostephaceae; 25-27. Cladostephus spongiosus (Hudson) C. Agardh;
25. Longitudinal section; 26. Transverse section; 27. Habit; 28—32. Stypocaulaceae; 28.
Alethocladus corymbosus (Dickie) Sauvageau, acrohomoblastic branching; 29, 30. Halopteris
filicina (Grateloup) Kiitzing; 29. Acroheteroblastic branching; 30. Habit; 31, 32. Stypocaulon
scoparium (Linnaeus) Kiitzing; 31. Apex of a vegetative branch; 32. Habit; 33. Choristo-
carpaceae; 33. Choristocarpus tenellus (Kiitzing) Zanardini, filament with unilocular zoidangia.

Vertical scale bars represent 100 um; thin horizontal scale bars represent 1 mm; and thick
horizontal scale bars represent 10 mm.

Figures 8, 9 and 27 scanned from Lyngbye (1819); Figure 32 from Hauck (1885); Figure 14
from Reinke (1891); Figures 1, 12, 25, 26, 28 and 29 from Sauvageau (1900—1914); Figure 33
from Kuckuck (1929); Figure 16 from Jao (1943); Figures 17, 30 and 31 from Fritsch (1945);
Figures 2-7, 10, 11, 13, 15 and 18—24 from Prud’homme van Reine (1982).
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Fig. 1.4. B (legend on p. 12).
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Fig. 1.4. C (legend on p. 12).
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The following generalisation can be made based on classical data (Prud’homme van
Reine 1982, 1993).

Cladostephaceae: Monotypic, characterised by auxocaulous growth and simultaneous
occurrence of several different branching modes, an isomorphic diplohaplontic life
history with isogametes (isomorphic, but physiologically differentiated) and perhaps
also neutral plurilocular zoidangia. Parthenogenesis and ephebogenesis (the latter
implying germination of unfused male gametes) have been observed.
Sphacelariaceae: Characterised by strict leptocaulous growth and hemiblastic formation
of laterals, contains only two genera, the large genus Sphacelaria (over 40 species)
and the monotypic genus Sphacella. Isomorphic or slightly heteromorphic diplo-
haplontic life history with isogamy or anisogamy. Occurrence of neutral plurilocular
zoidangia is probable in several species. Parthenogenesis has been observed and
vegetative propagation by propagules occurs in several species. Sphacella is character-
ised by the absence of longitudinal cell walls. Sphacelaria is subdivided into six sub-
genera.

Stypocaulaceae: Containing 4—5 different genera, characterised by acroblastic bran-
ching modes, either leptocaulous or auxocaulous. Life history with anisogamy or
oogamy. Parthenogenesis and ephebogenesis have been observed. The genera are the
monotypic Alethocladus and Ptilopogon, Phloiocaulon (three species), Halopteris
(four species), and Stypocaulon (five species). Stypocaulon, the only oogamous genus,
is merged with Halopteris by some authors.

Choristocarpaceae: Containing the genus Onslowia (two species) and three monotypic
genera, viz. Verosphacela, Choristocarpus, and Discosporangium. The latter two genera
are uniseriate, the former two oligostichous, all are leptocaulous. Characterised by
apical growth without transverse division of subapical cells. The cell walls do not
blacken when treated with bleaching liquid. Life history supposedly isomorphic
diplohaplontic with unilocular and plurilocular zoidangia. Choristocarpus, Onslowia,
and Verosphacela form propagules. Unilocular zoidangia have not been observed in
Discosporangium.

IDENTIFICATION, CLASSIFICATION AND NOMENCLATURE

Taxonomy encompasses identification, classification and nomenclature. Identification
of taxa, especially of species, is traditionally based on comparative morphology. The
taxonomist decides which characters are diagnostic and how much morphological
variation is allowed within a taxon. The degree to which this is qualitative or
quantitative varies greatly. Reliable diagnostic characters are, of course, essential. If
they cannot be found, then the quality of the taxonomy and subsequent classification
suffers. Taxonomic classifications are hypotheses of relationship with or without an
evolutionary basis. In the traditional context of the type-method, new specimens were
compared against the standard, i.e., the holotype, and assigned accordingly. If sufficient
discontinuities were found, then a new species and/or new circumscription was made
based on taxonomic expertise and judgement. With the advent of numerical taxonomy
(Sokal and Sneath 1963), phenetic classifications based on overall similarity opera-
tionalised the analysis of larger data sets and generally improved and organised various
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circumscriptions. However, in the 1970s, the writings of Hennig (1950, 1966) set the
stage for a fundamental revolution in classification with the advent of cladistics. The
core aspect of this school, which is now recognised more generally as phylogenetic
systematics (Wiley ez al. 1991, Hillis e al. 1996a), is the requirement that classifications
reflect identity by descent or shared common ancestry through the formal recognition
of shared homologies, i.e., patristic similarity and not just overall similarity. Moreover,
explicit rules for character analysis and subsequent phylogenetic reconstruction were
outlined, thus lending objectivity and independent reproducibility. These theoretical
and methodological developments further coincided with the new field of molecular
systematics in the 1980s, an approach to taxonomy independent from morphology
(Moritz and Hillis 1996, Avise 1994). As will be shown, the approach to data analysis
as well as the availability of different types of data have revolutionised taxonomy/
systematics but have created havoc (in many cases) by the creation of unstable classi-
fications and nomenclatural nightmares that are difficult to reconcile under the Linnaean
system. Rules governing the application of scientific names to plants, algae and fungi
are embodied in the /nternational Code of Botanical Nomenclature (ICBN) (Greuter
2000). The basic aim of the ICBN is to achieve stability of names and to provide
formal means for changing names without losing the trail of earlier applied names.

Recently, a phylogenetic code of biological nomenclature has been proposed; the
PhyloCode (Forey 2001). At the moment it is only in draft form and can be downloaded
from the web at www.ohio.edu/PhyloCode. This code only recognises monophyletic
groups. The PhyloCode will not be applied in this thesis, because it is not yet operational
and rules governing species names have not yet been formulated.

PHYLOGENETICS

Phylogenetics aims to unravel the shared evolutionary history among taxa. Unravelling
shared ancestry is done through the assessment of homology and ultimately, the
recognition of nested monophyletic groups. Determination of homology is achieved
either by structure or position. In the case of morphological characters, structural
comparisons are the most common, especially if the ontogeny is known. Where this is
not possible, characters and character-states can be coded in an unordered manner. In
the case of DNA sequence data, homology is assessed by position, i.e., the position of
a nucleotide in an alignment where characters are the position in the sequence of
interest and character-states are the nucleotides A, C, T and G. Different evolutionary
models of sequence evolution can be utilised.

The quality of the phylogenetic analysis depends on both data quality and quantity.
Careful analysis and coding of morphological characters and their states and/or careful
alignment of DNA sequences are paramount in combination with adequate taxon
sampling.

In any data set, there will be at least some conflicts in character-state distributions
across the taxa being compared. This is convergence or homoplasy, which leads to
multiple possible tree topologies. Even in small data sets involving as few as ten taxa
the number of potential ‘trees’ is huge: 2,027,025 unrooted trees or 34,459,425 rooted
trees (Page and Holmes 1998). In larger data sets, exhaustive searches are not feasible;
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heuristic approaches must be used. Most tree-drawing algorithms attempt to minimise
conflicts among character-state distributions between the data matrix and the topology
of the tree.

Standard approaches to tree construction include both distance and character-based
approaches. The most common are neighbour joining (NJ) (Saitou and Nei 1987),
maximum parsimony (MP) (Farris 1970, Swofford and Olsen 1990) and maximum
likelihood (ML) (Cavalli-Sforza and Edwards 1967, Felsenstein 1981a, b, Kishino
and Hasegawa 1989). Advantages and disadvantages of each approach depend on the
type, quality and quantity of the data as well as the size of the group under study.
Although ML methods are generally favoured because they are related to a specific
underlying, evolutionary model, there are still computational limitations on the size
of the data sets that can be analysed and the method is not applicable to morphological
data. Maximum parsimony methods look for the shortest tree, i.e., the minimum
number of character-state changes that have to occur to support a particular topology.
The advantage of the approach is that it can handle large data sets, especially using
heuristic search approaches and using optimality criteria (in this case minimising the
number of character-state transformations) which produce an estimate of relative
support. The major disadvantage is that it does not show how much better a particular
tree is than another tree of the same length or slightly longer. Neighbor-joining is a
distance method (the other two are character-based) that calculates trees based on
estimates of the total number of evolutionary events that have occurred following
divergence. The advantage of NJ is that it is quick and generally yields only one tree,
the disadvantage is that it is a pure algorithmic method that does not invoke optimality
criteria, i.c., does not show how much better the reconstructed tree performs than
other possible trees.

The bootstrap and the jackknife are tools to estimate how well the data fit the trees.
The bootstrap approach (Felsenstein 1985) involves a random resampling of characters
from the data set with replacement. Each new data set is reanalysed resulting in a new
phylogeny. This process of resampling and analysis is repeated 21000 times and a
50% majority-rule consensus tree is made from all resulting trees. Bootstrap support
is expressed as a percentage. There is no general agreement among researchers about
the cut off value of bootstrap support values. Felsenstein (1985) originally suggested
that a bootstrap value of 95% should be taken as robust support. However, Hillis and
Bull (1993) showed, using empirical data and computer simulations, that almost every
branch with bootstrap support >80% defined a true clade, and that >95% of the clades
with bootstrap support >70% were correct.

The character jackknife (Farris et al. 1996) is another resampling technique.
Jackknifing involves a random resampling of the data without replacement. However,
only a fraction of the original data is used in each reanalysis. Again a consensus tree
is made from all resulting trees. The number of retained clades is dependent upon the
proportion of characters that was deleted in each replicate data set.

Decay analysis or Bremer support (Bremer 1988) is used to test the reliability of
MP trees. Support for a clade is expressed as the number of extra steps that are needed
in order to collapse that clade. A difficulty with this index is that it is not clear how
large a value must be for the group to be considered well supported.
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DATA

The concern in phylogenetics is to find homologous characters or synapomorphies
that define monophyletic groups and thereby reflect shared common ancestry. Data
sets that have too much or too little variation, and therefore an insufficient number of
phylogenetically informative characters, will reduce the resolution of the tree. Charac-
ters that are unique to a single species (= autapomorphies), for example, define those
species and are excellent identification markers while being useless as phylogenetic
markers because each taxon becomes its own group but there is no way of knowing
what the relationships among the groups are. At the other extreme, a character that is
present in all species has little phylogenetic value within that group because there is
no discriminatory power. Between these extremes are synapomorphies, i.e., shared
homologous characters that sequentially and hierarchically define monophyletic
groups. Unfortunately, characters can be gained and lost as well as arising more than
one time. This is convergence or homoplasy. The amount of homoplasy in a data set
further affects the ability to accurately reconstruct phylogeny. The major shortcoming
of phenetic approaches, based on overall similarity of shared characters associated
with clustering and the old numerical taxonomy, is that homologous and convergent
characters remain mixed.

In the Sphacelariales, as in many other algae, the number of morphological charac-
ters is limited and the potential for convergent morphological traits is high. This con-
straint cannot be altered. While the search for new characters is sometimes fruitful,
the net gain is generally small. At the DNA level, however, the number of characters
is limited only by the availability of suitable sequences, i.e., those having enough
variation for the level of the question being addressed. Highly conserved sequences,
for example, will not be appropriate for constructing phylogenies at the species level,
whereas rapidly evolving sequences may present too much variation at the family or
ordinal levels. Since some sequences will have more or less resolution, it is also de-
sirable to use multiple sequences whenever possible and preferably from both nuclear
and organellar compartments. This has two functions. First, it provides more data and
thus, potentially more resolving power; and second, it acts as a check on whether the
gene tree and species tree can be regarded as equivalent (Hillis ez al. 1996b, Slowinski
and Page 1999). Differences between trees may also signal lateral gene transfer,
hybridisation events and so forth, which are confounding for the phylogeny but of
interest biologically. For these reasons DNA sequences from both the nuclear encoded
ribosomal cistron and the chloroplast encoded RUBISCO-gene were used.

The nuclear ribosomal cistron (Fig. 1.5).

Within eukaryotic genomes, ribosomal DNA (rDNA) is organised in long arrays of
hundreds or even thousands of tandem repeats (Soltis and Soltis 1998). Intergenic
spacers (IGS) separate these rDNA repeats. A single eukaryotic rDNA repeat consists
of three genes: the small subunit (SSU or 18S), 5.8S, and large subunit (LSU or 26S).
The distal ends of the IGS, which are called the external transcribed spacers, flank the
5’-end of the SSU and the 3’-end of the LSU. Between the three rRNA genes lie the
two internal transcribed spacers (ITS1 and ITS2). The entire rDNA repeat is transcribed
into a precursor rRNA (pre-rRNA). The pre-rRNA is subsequently processed into the
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different mature rRNA types by removal of all transcribed spacer regions. Mature
eukaryotic SSU rRNA binds with about thirty different proteins to yield the small
subunit of the ribosome. For the assembly of the eukaryotic large ribosomal subunit,
26S and 5.8S rRNA, and 5S rRNA bind together with about fifty different ribosomal
proteins.

In most eukaryotes, the 5S rRNA gene is found at a different locus than that of
larger rDNAs on the nuclear genome. However, physical linkage of the 5S rRNA and
the other rRNA genes has been reported in several eukaryotes among which the brown
alga Scytosiphon lomentaria (Lyngbye) Link (Kawai et al. 1995). A linked 5S rRNA
can be hypothesised for all Phaeophyceae or even all heterokonts for it has also been
reported in the pseudo-fungi Oomycetes, although also unlinked 5S rRNA genes have
been reported in the Oomycetes (Belkhiri e al. 1992).

one rDNA repeat
18S 5.8S 26S 5S
o ssu [ ] sy
ITST ITS2 N

Fig. 1.5. Schematic representation of the nuclear ribosomal DNA cistron in the brown alga
Scytosiphon lomentaria. See text for abbreviations. (After Kawai ez al. 1995).

The regions of the ribosomal cistron provide a wide range of phylogenetic resolution
and have been used from the level of populations to kingdoms. The SSU, 5.8S, and
LSU genes are the most conserved regions of the cistron and have been used to unravel
deep relationships. Highly conserved and more variable areas can be discerned within
the rRNA genes (van de Peer ef al. 1997, Ben Ali et al. 1999). The ITS regions are
relatively free of evolutionary constraints and can show considerable length variation.
The ITS1 and ITS2 are among the most widely used sequences for phylogenetic
reconstruction at the species level in algae (van Oppen et al. 1995, Peters ef al. 1997,
Olsen et al. 1998, Malta et al. 1999, Meusnier ef al. 2001).

Although the rDNA repeats are homogenised via processes of concerted evolution
(Zimmer et al. 1980, Li 1997, Page and Holmes 1998), intra-individual variation due
to non-homogenised repeats is potentially problematic and must always be checked
for by sequencing several clones per individual. Intra-individual polymorphism is
most commonly due to incomplete lineage sorting through hybridisation, prolonged
asexuality or the possibility of cistrons being located at multiple loci on different
chromosomes (Sang et al. 1995, Wendel et al. 1995, Quijada et al. 1997, Hugall et al.
1999, Diekmann et al. 2001). The empirical experience with ITS sequences in algae
is species specific. In long separated species within Desmarestia (Phacophyceae),
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virtually no intra-individual variation was detected (Peters et al. 1997), whereas in a
recent study within the Caulerpa racemosa (Forsskal) J. Agardh complex (Chloro-
phyta) (Fama et al. 2000), intra-specific and intra-individual variation were extremely
high.

The RUBISCO-gene (Fig. 1.6).

D-ribulose 1,5-bisphosphate carboxylase-oxygenase (abbreviated as RuBisCo,
Rubisco, or RUBISCO) is a bifunctional enzyme (EC 4.1.1.39). It catalyses the
carboxylation of ribulose 1,5-bisphosphate (RuBP) in the Calvin cycle and, in the
presence of high levels of O, and low levels of CO,, the oxygenation and cleavage of
RuBP to form phosphoglycolate and 3-phosphoglycerate (Kellogg and Juliano 1997).
RUBISCO from most sources consists of large and small subunits (LSU and SSU). In
green algae and land plants the gene coding for the SSU (rbcS) is located in the
nucleus and the gene coding for the LSU (rbcL) in the chloroplast. However, in
chromophytes and rhodophytes rbcL and rbeS are both encoded by the chloroplast
genome and a transcribed spacer separates them: the RUBISCO-spacer. The two genes
are co-transcribed (Valentin and Zetsche 1989, Hwang and Tabita 1991, Kostrzewa et
al. 1990).

rbc L spacer rbc S
= LSU ] Ssu =

Fig. 1.6. Schematic representation of the RUBISCO-operon in chromophytes. See text for
abbreviations.

The RUBISCO-genes and -spacer provide an opportunity to assess the phylogeny
of photosynthetic organisms at different hierarchical levels, because the genes are
more conserved than the spacer and within protein-coding genes first and second
codon positions are more conserved than third codon positions. A benefit of protein-
coding genes over rDNA is the relative ease of alignment, because required gaps are
always a multiple of three nucleotide positions long (i.e., the length of a codon).
Evolution of rbcL is strongly constrained by function. The maximum number of
informative sites may be about one quarter less than the total number of bases (Kellogg
and Juliano 1997). RbcL has been widely used in algaec (Hommersand ez al. 1994,
McCourt et al. 1995, Bailey and Freshwater 1997, Daugbjerg and Andersen 1997,
Nozaki et al. 1997, Bailey et al. 1998, Siemer et al. 1998, Kogame ef al. 1999,
Hanyuda et al. 2000, Daugbjerg and Guillou 2001) and the RUBISCO-spacer has
proven moderately useful in the brown algal orders Ectocarpales (Stache-Crain ez al.
1997, Siemer et al. 1998), Fucales (Phillips 1998, Lee et al. 1999), and Laminariales
(Yoon and Boo 1999, Yoon et al. 2001).

TOTAL EVIDENCE APPROACHES

Different data sets can be analysed separately or together. Ideally, one expects to
obtain identical topologies from each separate analysis as well as the combined
analysis. In addition, the combined analysis might actually provide more resolution.
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This is the ‘total evidence’ (also called ‘simultaneous analysis’) argument (Donoghue
and Sanderson 1992, Eernisse and Kluge 1993, Johnson and Soltis 1998, Page and
Holmes 1998). If, for example, one character set resolves nodes closer to the tips of
the tree and another data set is more useful for basal branching, the combination of
the two may substantially improve the resolution of the complete tree. Another
argument for a combined analysis is that weak, but true, signals may be present in
different data sets, but the signal within any single data set may be masked. The main
argument against a combined analysis is that random or systematic errors may increase.
In the worst case, a combined analysis could actually yield a worse estimate if particular
characters cancel one another out by chance. Prior to a combined analysis one can
assess the degree to which data sets are in agreement (i.e., congruent) or disagreement
using the partition homogeneity test (PHT) (Farris ez al. 1995). The PHT is a bootstrap
approach which randomly partitions characters. It tests the null hypothesis that a given
partition of a data set (for example, IDNA and rbcL data sets) represents a random
partition of the data. If two data sets are highly incongruent, then the sum of their
minimal trees should be significantly shorter than that of the sum of tree lengths from
random partitions of the combined data and the null hypothesis will be rejected (Hoot
etal 1997).

Total evidence analyses that combine molecular data with morphological data tend
to follow the stronger data set, usually the molecular data set which has more characters
(Swofford 1991). Where morphological convergence is high, the morphological data
do not add to the overall resolution of the tree. In general, it is more useful to analyse
the data sets separately and then map the morphological characters on to the molecular
tree. This approach has been successfully used in the algae (Peters et al. 1997, Hillis
et al. 1998) and will be explored in the Sphacelariales using the program MacClade
(Maddison and Maddison 1992). MacClade allows to reconstruct the evolution of a
character in the data matrix and display the reconstruction graphically by tracing onto
a tree the inferred character states of ancestors. The tracing displays the ancestral
character states that imply the smallest number of character state changes. These
reconstructions are estimates based on parsimony considerations, they are not observed
facts.

OUTLINE OF THIS THESIS

In Chapter 2 the phylogeny of the Phacophyceae is assessed using nuclear rRNA
genes and the chloroplast encoded rbcL. The specimens analysed (n = 58 for IDNA
and n =48 for rbcL, excluding outgroup) represent a taxon coverage of approximately
75% and 60%, respectively, at the ordinal level and 75% and 40% at the familial level
(following the familial subdivision of the Ectocarpales s./. by Peters and Ramirez
[2001]). A critical comparison is made of the different genes in terms of their suitability
and information content for phylogenetic inference in the brown algae. Sister-group
relationships were assessed and a suitable outgroup established for the Sphacelariales.
Chapter 3 focuses on relationships within the Sphacelariales using morphological
characters, rbcL sequences and partial RUBISCO-spacer sequences. The phylogenetic
informativeness of the different morphological characters is assessed in relation to
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the molecular phylogeny and a series of possible circumscriptions are discussed inclu-
ding the nomenclatural consequences in each case. Chapter 4 explores the suitability
of the ribosomal internal transcribed spacers for phylogenetic studies within the Spha-
celariales. In Chapter 5 the Sphacelaria subgenus Propagulifera is explored using
rbcL and RUBISCO-spacer sequences. The status and utility of a subdivision into
sections are discussed. Chapter 6 presents an inventory of the species of Sphacelaria
from China, a biogeographic area that has only begun to be explored in the genus.
This study includes the description of a new species and a discussion on the morpho-
logy of propagules. In Chapter 7 a new family is described, Onslowiaceae, based on
the results of Chapter 2. Chapter § provides an update of the rbcL-based phylogeny
and includes a number of phaeophycean rbcL sequences from a number of colleagues
that were released after the publication of Chapter 2. This new phylogeny sets the
stage for a new classification of the brown algae. This is discussed in Chapter 9 in
which ‘the class is called to order’.






Chapter 2

A REASSESSMENT OF PHYLOGENETIC
RELATIONSHIPS WITHIN THE PHAEOPHYCEAE
BASED ON RUBISCO LARGE SUBUNIT AND
RIBOSOMAL DNA SEQUENCES !

In order to better assess the current state of phaeophycean phylogeny, we compiled all
currently available rbcL, 18S and 26S rDNA sequences from the EMBL/GenBank
database; and added 21 new rbcL sequences of our own. We then developed three new
alignments that were designed to maximise taxon sampling while minimising information
loss due to partial sequences. Phylogenetic analyses were performed on separate and
combined data sets (with and without taxa from the sister classes Tribophyceae and
Phaeothamniophyceae as outgroups) using a variety of assumption sets, tree-drawing
algorithms (parsimony, neighbor joining and likelihood) and resampling methods (boot-
strap, decay, jackknife). Partition homogeneity testing (PHT) by codon position within
rbeL showed that all positions could be used despite mild third position saturation. PHT
by gene and domain within rDNA showed that the 26S D1 and D2 regions do not enhance
phylogenetic signal even when combined with the 18S. The rbcL and rDNA (excluding
the 26S D1 and D2) could be combined under PHT. The topology of the combined tree
was the same as that of the #bcL tree alone but bootstrap support was consistently higher
in the combined analysis, applied to more branches, and enabled the establishment of
sister-group relationships among six orders. Although the taxon sampling for the
combination tree was lower (n = 22) than for individual gene analyses (n = 58 for rbcL
and n = 59 for rDNA), results show that the Laminariales (previously reported) and
Sphacelariales (new) are both paraphyletic. Choristocarpus tenellus is the most basal
phaeophyte and the Dictyotales the most basal order. In contrast, the Laminariales sensu
stricto and Ectocarpales sensu lato are the most derived. For phylogenetic studies in the
Phaeophyceae, rbcL has more resolving power than rDNA though the reason for this is
unclear based on the fact that both genes are highly conserved.

INTRODUCTION

The heterokont class Phacophyceae, better known as the brown algae, have continued
to fascinate systematists throughout the last century for the simple reason that they
present an extensive range of morphological form—from microscopic filaments to
the giant, structurally complex thalli of kelps. The comparative morphological approach

U Also published as:
S.G.A. Draisma, W.F. Prud’homme van Reine, W.T. Stam & J.L. Olsen 2001. A reassessment
of phylogenetic relationships within the Phaeophyceae based on RUBISCO large subunit and
ribosomal DNA sequences. Journal of Phycology 37: 586—603.
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has, therefore, been supplied with a rich source of characters including thallus con-
struction, modes of growth, type of sexual reproduction and characteristics of the
chloroplast (Bold and Wynne 1985). Silva and de Reviers (2000) reviewed the classical
taxonomic literature and catalogued some 39 ordinal names, including 17 descriptive
names and 22 names based solely on specific genera. Numerous classifications have
been proposed (Bold and Wynne 1985, van den Hoek er al. 1995, de Reviers and
Rousseau 1999, Graham and Wilcox 2000). At present, 13—17 orders of Phacophyceae
are recognised: Ascoseirales, Chordariales, Cutleriales, Desmarestiales, Dictyo-
siphonales, Dictyotales, Durvillacales, Ectocarpales, Fucales, Laminariales, Ralfsiales
(nomen nudum), Scytosiphonales, Scytothamnales, Sphacelariales, Sporochnales,
Syringodermatales and Tilopteridales. De Reviers and Rousseau (1999) downgraded
the Durvillaeales (and the Notheiales) to family status within the Fucales. They merged
the Chordariales, Dictyosiphonales (including the Punctariales), Ectocarpales and
Scytosiphonales into the Ectocarpales sensu lato (s.l.) although they were not the first
authors to propose this. Fritsch (1945) already merged these taxa into Ectocarpales
and also included the members of the Ralfsiales, which did not have ordinal status at
that time. Newton (1931) even included the Desmarestiales and Sporochnales in the
Ectocarpales. Russell and Fletcher (1975) also merged the Chordariales, Dictyo-
siphonales, Ectocarpales sensu stricto (s.s.) and Scytosiphonales into the Ectocarpales
s.1., but also included the Ralfsiales and the Tilopteridales. Members of the recent
erected Scytothamnales (Peters and Clayton 1998) were previously classified in the
Chordariales. Russell and Fletcher (1975) compared 132 species using a clustering
analysis of traditional morphological characters. Results of their phenetic approach
established seven orders but left many taxa in strange alliances or as outliers. These
perennial reshuffling of taxa within and among brown algal orders signal the difficulties
of circumscription due to morphological convergence, let alone the difficulties in the
establishment of an evolutionary tree.

Evolutionary relationships within the Phaeophyceae have long been a source of
discussion and speculation. Various phylogenetic hypotheses have been put forth,
based on a limited number of characters and in the absence of any formal analyses.
For example, Wynne and Loiseaux (1976) envisioned two deep sister lineages, one
including the Fucales and Durvillaeales and the other including all the remaining
orders with the Ectocarpales s.s. most primitive. Clayton (1984) suggested that the
Dictyotales represented an independent evolutionary lineage, not closely related to
any of the other orders. This was based on the presence of unique uniflagellate sperma-
tozoids and meiosporangia that differed from the more typical unilocular sporangia
found in brown algae. She also hypothesised that the Fucales were derived from the
Chordariales or Dictyosiphonales. Based on their simple filamentous construction,
van den Hoek et al. (1995) considered the Ectocarpales s.s. to be the most primitive
brown algae; likewise they considered the Fucales and Durvillaeales as the most
advanced based on the lack of a free-living gametophytic phase.

With the advent of DNA sequence data and formal analysis methods in the early
1990s, the picture of the evolutionary history of the brown algae has been steadily
emerging (Table 2.1). The first studies were coarse and involved extremely limited
taxon sampling. Gradually, however, representatives from all of the principal orders
have been surveyed. The nuclear rDNA small subunit gene (18S) has provided the



Phylogeny of the Phaeophyceae 27

bulk of the data. Unfortunately, the resolving power of the 18S has proven disappointing
because of to the apparent relative recency of the various phacophycean lineages.
Partial sequences of the rDNA large subunit gene (26S) have also been used with
similar results (Rousseau and de Reviers 1999a, b, Rousseau ef al. 2000). The rDNA
phylogeny of de Reviers and Rousseau (1999) provides the best taxon sampling so
far, but the tree remains poorly resolved, there are no support values and there are no
nonphaeophycean outgroups. The authors suggested that rapid divergence has resulted
in a “brown algal crown radiation”. The chloroplast encoded, large subunit RUBISCO
gene (rbcL) has recently been added to the arsenal (e.g. Siemer ef al. 1998) of useful
sequences for brown algal phylogeny, along with faster evolving rDNA internal
transcribed spacer (ITS) (e.g., Peters et al. 1997) and RUBISCO spacer sequences
(e.g., Stache-Crain et al. 1997, Lee et al. 1999, Yoon and Boo 1999, Kraan and Guiry
2000) for generic and species-level comparisons. To date, the available rbcL data
have been restricted to a few groups so that full-scale comparisons across the phaco-
phytes have necessarily remained limited. The observation that 7bcL has a slightly
faster mutation rate than ribosomal genes within the phacophytes may yet allow us to
recover some of the branching order within the ‘brown algal crown radiation’.

The main aim of this article is (re) assess the current state of brown algal phylogeny.
Comparisons among previously published studies have remained difficult because of
differences in taxon sampling, use of different genes, use of partial sequences (but
then from different regions of the same gene in different studies), different outgroup
taxa, and different analysis methods. In order to reconcile these problems we use all
currently available 18S and 26S rDNA, and rbcL sequences from the EMBL/GenBank
database, plus 21 new rbcL sequences generated by us. Criteria are established for
use of partial sequences and new alignments are constructed. Phylogenetic analyses
are performed under different assumption sets and evolutionary models for the separate
data sets, as well as for the combined data sets. In particular, we statistically assess
the degree to which rDNA and rbcL are congruent under partition homogeneity testing
(PHT) and, therefore, should or should not be combined (Wendel and Doyle 1998,
Johnson and Soltis 1998). Because we want to know which lineages are relatively
older and younger, we include non-phacophycean outgroups. We address three
questions: Which lineages are monophyletic? Which orders are sister taxa? Which
lineages are ancestral or derived?

MATERIALS AND METHODS

Taxon sampling

New sequences (n = 36) were collected from 21 species (Table 2.2). The remaining
sequences were retrieved from the EMBL/GenBank Nucleotide Sequence database
(n=134) or from printed publications (n = 4) (Table 2.3).

DNA extraction

DNA was newly extracted from 10 species (Table 2.2). Tissue (0.2—2 g) from a unialgal
culture was ground in liquid nitrogen and incubated in 4 mL CTAB-PVPP extraction
buffer (2% hexadecyltrimethylammonium bromide [CTAB; w/vol], 0.1%
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Table 2.2. Species for which new sequences were obtained in the present study. Taxonomic autho-
rities are provided in Table 2.3.

Species Collection site Collector/identifier, =~ DNA extraction
collection year method
Alethocladus corymbosus ~ Astrolabe ., Antarctica D. Moe, 1985 This study
Ascophyllum nodosum Tjérno, western Sweden  J.L. Olsen 1999 Olsen (unpublished)
Choristocarpus tenellus La Nave, Ischia, Italy E.C. Henry 1987 This study
Cladostephus spongiosus ~ Oosterschelde, Zeeland, W.E. Prud’homme This study

Desmarestia aculeata
Desmarestia ligulata
Desmarestia viridis
Dictyota cervicornis
Dictyota dichotoma

Eisenia arborea

Himantothallus grandifolius

Macrocystis pyrifera
Nereocystis luetkeana

Onslowia endophytica
Pelagophycus porra

Sargassum muticum

Sphacelaria cirrosa
Sphacella subtilissima

Stypocaulon scoparium
Syringoderma phinneyi

Verosphacela ebrachia

The Netherlands
Helgoland, Germany
Brittany, France
Helgoland, Germany
Zanzibar, Tanzania
Oosterschelde, Zeeland,

The Netherlands
Santa Catalina I., CA, USA
Isla Rey Jorge, Antarctica
Santa Catalina I., CA, USA
Friday Harbor, San Juan I.,

WA, USA
Fort Pierce, FL, USA
Santa Catalina I., CA, USA
Oosterschelde, Zeeland,

The Netherlands
Fife Ness, Fife, Scotland
Banco Amanay, Fuerteven-

tura, Canary Islands
Porto Santo, Madeira

Archipelago
Henderson Point, BC,

Canada
Vero Beach, FL, USA

van Reine, 1966
D.G. Miiller, 1978
A.F. Peters, 1990
K. Liining, 1978
0. de Clerck, 1997
0. de Clerck, 1996

J.A. Coyer, 1997
C. Wiencke, 1986
J.A. Coyer, 1997
M. Dethier, 1998

E.C. Henry, 1981
J.A. Coyer, 1993

S.G.A. Draisma, 1999

S.G.A. Draisma, 1997

D.G. Miiller, 1991
W.F. Prud’homme

van Reine, 1994
A. Whittick, 1982

E.C. Henry, 1987

Peters et al. (1997)
Peters et al. (1997)

van Oppen et al. (1993)
de Clerck (1998)

de Clerck (1998)

Coyer et al. (1994)
Peters et al. (1997)
Coyer et al. (1994)
Coyer et al. (1994)
This study

Coyer et al. (1994)
This study

This study
This study

This study
This study

This study

polyvinylpolypyrrolidone [PVPP; w/vol], 100mM Tris-HCI, 20 mM EDTA, 1.4 M
NaCl, pH 8.0), 8 « L «-mercapto-ethanol and 40 * L 10% SDS (w/vol) while slowly
rotating at room temperature. After 1 h an equal volume of chloroform:isoamyl alcohol
(24:1 vol/vol) was added, mixed, and centrifuged for 15 min at 1800g. The upper
aqueous phase was transferred to a clean tube, and the chloroform:isoamyl alcohol
extraction step was repeated two more times.

CsCl purification

Further purification of the DNA with CsC1 was essential, and successful purification
was obtained only when the crude DNA extract was not precipitated. In this step 2.5
mL of the aqueous phase was mixed with 2.5 g CsCl1, 0.1 mL Triton X-100, and 50 ¢ L
ethidium bromide (10 g-L-1); transferred to a Beckman Quick-Seal™ polyallomer
centrifuge tube (Beckman Instruments, Palo Alto, CA, USA); and centrifuged at 20
°Cfor4 hat 100,000 rpm (TLN 100 rotor) in a Beckman Optima™ TL Ultracentrifuge
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(Beckman Instruments) with no braking. The DNA band was visualised under UV
light, aspirated with a syringe, and transferred to a 2-mL Eppendorf tube. Ethidium
bromide was removed by isopropanol extraction, and the DNA solution was dialysed
for36 hat4 °Cagainst 1.5 L 1« TE (Tris-EDTA) with two changes of TE. DNA was
precipitated over night at 4 °C with 1/10 volume of 4 M NaAc (pH 5.2) and 2/3
volume of isopropanol (-20 °C) and pelleted by centrifugation (30 min, 12,000g, 4
°C). The pellet was washed twice with 70% cold ethanol, air dried, and redissolved in
200 L 0.1 » TE buffer. DNA yield varied from 400 to 2000 ng. A 1/10 or 1/100
dilution was used for PCR amplification.

DNA amplification

Double-stranded DNA amplifications were performed in a Hybaid OmniGene ther-
mocycler (Hybaid, Franklin, MA, USA). A 100-+ L reaction volume contained 1-4
« L diluted (see above) genomic DNA, 200 « M of each of the four dNTPs, 0.5 « M of
each primer, 10 » L 10+ reaction buffer (Promega Corp., Madison, WI, USA), 1.5 mM
MgCl,, and 0.48 « L of Taq DNA polymerase (5u-* L-1, Promega). Reactions were
overlaid with mineral oil to minimise evaporation. An initial denaturation step of 96
°C for 3 min was followed by 27 cycles: 1 min at 96 °C, 2 min at 42 °C, and 2 min at
72 °C. The amplification was ended with a final step of 72 °C for 10 min.

Amplification primers are listed in Table 2.4. For the amplification of the rbcL,
one of the forward primers, RbcL68F or L188F, was combined with the reverse primer
S3R. The partial rDNA 18S 3’-end fragments were obtained by using the forward
primer B2 and the reverse primer RITS1. The partial rDNA 26S 5’-end fragments
were amplified with the forward primer AB28r and the reverse primer TW13.

PCR products were checked for length and yield by electrophoresis on 1.5% agarose
gels. Reamplifications were performed in the case of low yields. In that case, 1-2 <L
of the first PCR amplification was used as seed DNA for a second PCR amplification
with the same reagents, the same primers and amplification conditions. Fragments
were cut from the gel and the DNA eluted from the gel slice by centrifugation over
siliconised glass wool. Eluted PCR products were purified using the Quiaquick PCR
purification Kit (Qiagen, GmbH, Diisseldorf, Germany) following the manufacturer’s
instructions and resuspended in 5 « L MilliQ water (Millipore, Bedford, MA, USA).

Cloning and plasmid isolation

Purified PCR products were ligated into a pGEM-T Vector (Promega) and transformed
into JIM109 competent cells (Promega) following the manufacturer’s instructions, ex-
cept that 40 « L of competent cells was used instead of 50 « L.

Colonies were tested for the presence of inserts using colony PCR. A 20-- L PCR
reaction was set up as previously described but with the forward and reverse vector
primers (T7 and SP6). Colony PCR’s were carried out in a Perkin-Elmer Cetus thermo-
cycler (PE Applied Biosystems, Foster City, CA, USA) with an initial denaturation
step of 95 °C for 3 min followed by 27 cycles: 1 min at 95 °C, 2 min at 50 °C, and 2
min at 74 °C. Plasmid DNA from positively transformed clones was isolated with a
Flexiprep kit (Amersham, Pharmacia Biotech, Uppsala, Sweden) following the manu-
facturer’s protocol. Isolated plasmids were resuspended in 50 « L 0.1 » TE buffer.
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Table 2.4. Amplification and sequencing primers. F, forward; R, reverse.

Primer Direction  Sequence (5°-3") Approximate  Reference
annealing position

RbcL68F F TGC CWA AAT GGG RWAYTG GGA TGC  rbcL 68 This study
RbcL188F F TCT ACT GCAACATGG AC rbcL 188 Siemer et al. (1998)2
RbcL454F  F ACT TTC CAA GGA CCT GCR ACA rbcL454 This study
RbcL496F  F AGA TTA GAY AMA TTT GGW CGT rbcL 496 This study
RbcL1359R R GYTTTT AAW GGW CCA CAAKTY rbcL 1359 This study
RbcL1380R R TAT CTT WCC ATA AAT CTA AMG C rbcL 1380  This study

S3R R AAA CAT CCT TGT GTAACT CTC rbeS 23 Siemer et al. (1998)b
B2 F GCG AAA CAC GAA CTA CTG CG 18S 916 White et al. (1990)
RITS1 R TTC CGCAGG TTC ACC TAC GGA 18S 1762  White et al. (1990)
AB28r F ACC CGC TGA ACT TAA GCA TAT 268 48 This study

TWI13 R GGT CCGTGTTTC AAG ACG 26S 639 White et al. (1990)

a2 As BLSrbcL212F.
b As BLSrbcLS3R.

DNA sequencing

The purified plasmids were sequenced over both strands using the forward and reverse
vector primers and the ABI Prism BigDye Terminator Cycle Sequencing Ready Reac-
tion Kit (PE Applied Biosystems). For rbcL, additional internal primers were used
(Table 2.4): RbcL454F and RbcL1359R for the Sphacelariales and the Syringo-
dermatales, and RbcL496F and RbcL1380R for the other orders. Sequence reactions
were run on either an ABI 310 or ABI 377 automated sequencer (PE Applied Biosys-
tems). Sequences were assembled using Sequence Navigator version 1.0 (PE Applied
Biosystems).

Alignment
Sequences of rbcL (Table 2.3) were aligned manually using Sequence Navigator
version 1.0. The complete alignment is submitted under EMBL accession number
DS43993. Ribosomal sequences of the partial 18S and 26S genes (Table 2.3) were
aligned using the BioEdit Sequence Alignment Editor (Hall 1999). Because many
partial sequences of these genes can be found in the EMBL data base, we selected
only those sequences for which both the 3’-end of the 18S and the 5’-end of the 26S
were available. Alignments were based on Rousseau and de Reviers (1999a) and the
adopted secondary structure models of van de Peer ez al. (1997) and de Rijk et al.
(1999). The complete alignment is submitted under EMBL accession number DS43994.
A combined rbcL—18S-26S alignment was made with a subset of species for which
all three sequences were available. This alignment differed from the single alignments
by only five gaps (Table 2.5), which did not affect subsequent analyses. Therefore,
the alignment was not deposited in EMBL.

Tests for possible mutational saturation were done by plotting the pair-wise
uncorrected distances (p-distances) versus inferred Tajima-Nei distances (Tajima and
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Nei 1984). For rbcL, this test was performed initially with the first and second codon
positions alone and thereafter with the third codon position alone. The distance values
were obtained in PAUP* version 4.0b4a (Swofford 1998).

Phylogenetic analyses

Phylogenetic analyses were done with PAUP* version 4.0b4a. Maximum parsimony
(MP) analyses were done as heuristic searches, using the tree bisection-reconnection
branch-swapping algorithm, with random sequence addition (100 replicates) and
treating gaps as missing data. For the neighbor-joining (NJ) analyses, the Tajima-Nei
model was used. For the maximum likelihood (ML) analyses (used for the combined
data set only), the nucleotide substitution model used was first determined using
MODELTEST version 2.1 (Posada and Crandall, 1998).

Sampling error and precision

Decay analysis of MP trees was performed with AutoDecay version 4.0 (Erikson
1998). Bootstrapping (Felsenstein 1985) was performed in PAUP* using random
sequence addition (10 times) and 1000 replicates. For ML, only 100 replicates were
possible. Parsimony jackknifing, a complementary method to bootstrapping, which
samples without replacement, is particularly suitable for large data sets. This method
was also used to assess saturation effects in third codon positions, which is relevant to
the rbcL dataset (Kaillersjo ef al. 1999). Parsimony jackknifing was performed
according to the method of Farris ef al. (1996) in the program Xac (Farris 1997). Ten
random sequence additions and 1000 replicates were performed. Character deletions
per jackknife replicate were set at e’! (= £37%) according to Farris et al. (1996).
Congruence of data sets was evaluated using the PHT (Farris ez al. 1995, Cunningham
1997). This approach uses a resampling method to estimate the degree to which two
data sets (or subsets of data sets) are in agreement (i.e. congruent or homogeneous) or
in disagreement (i.e. incongruent or heterogeneous). The difference between the
numbers of steps required by individual and combined analyses is the incongruence
length difference (ILDyr) (Mickevitch and Farris 1981). The distribution of the ILD
statistic can be estimated by permutation. Values of P> 0.05 indicate congruence thus
allowing combination of the data sets in question. Conversely, values of P < 0.05
indicate a significant difference between the data sets and suggest that they should not
be analysed together. We apply this test in three ways: (1) partitioning of the »bcL
gene by codon position (2000 replicates, simple taxon addition, maxtrees set at 250);
(2) partitioning between the variable D1 and D2 domains of the 26S and the remainder
of the rDNA (2000 replicates, simple taxon addition, maxtrees set at 250); and (3)
between rbcL and rDNA in the combined data set (10,000 replicates, random taxon
addition [10 replicates], no maxtrees). In all analyses, invariant characters were first
deleted.

Outgroups

Representatives of the Tribophyceae (= Xanthophyceae) and the Phaeothamniophyceae
(Table 2.3) were selected as outgroup taxa, being the sister classes of the Phaeophyceae
(Daugbjerg and Andersen 1997, Potter ef al. 1997, Saunders ef al. 1997a, b, van de
Peer and de Wachter 1997, Andersen et al. 1998, Bailey ef al. 1998, Ehara et al.
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1999). For the combined 18S—26S analysis, sequences were available from only one
tribophyte, Tribonema aequale, and no phaeothamniophyte. 26S-sequences from other
heterokont classes are unalignable (see also de Reviers and Rousseau 1999).

RESULTS

Three alignments were made, one for rbcL, one for the combined partial 18S and
268, and one that combined all three genes. The partial 18S and 26S sequences cover
the same regions as in de Reviers and Rousseau (1999), Rousseau and de Reviers
(1999a, b) and Rousseau et al. (2000). Properties of the alignments are summarised in
Table 2.5. Because all three sequences were not available for all taxa, the combined
analysis included only 22 species.

Alignment properties: rbcL

In heterokont algae, rbcL is 1467 base pair (bp) in length, except in diatoms and their
sister class the Bolidophyceae where it is 1473 bp (Daugbjerg and Guillou 2001). No
stop codons or gaps were found in the 7bcL sequences in the present study; therefore,
the alignment was unambiguous. In 15 of the 58 sequences, circa 150 nucleotides
were missing from either the 5’- or the 3’-ends (but not both ends simultaneously in
one sample). However, inspection of the alignment confirmed no significant loss of
phylogenetic information because the variation is evenly distributed over the whole
gene and our alignment covered >95% of the gene. The rbcL alignment of the present
study covers 467 amino acids of which 198 are variable or, in terms of nucleotides,
656 variable positions out of 1399. Base composition deviated somewhat from 25%
(average: A, 0.29; T, 0.32; C, 0.16; G, 0.22), which justified the use of the Tajima-Nei
distances in the saturation tests and later NJ analyses. The average transition/
transversion (ti/tv) ratio for the rbcL alignment was 1.21 (excluding the outgroup)
and 1.05 (including the outgroup). The ti/tv ratio is expected to decrease with increasing
sequence distance because transversions erase the record of the more frequent
transitions. Values between | and 2 are typical and do not indicate saturation. Values
<1 do indicate some saturation (Holmquist 1983, Bakker ef al. 1995). Because rbcL
is a protein-coding gene, saturation was further investigated in relation to codon
position. Plots of uncorrected versus corrected pair-wise distance estimates for first
and second codon positions showed no mutational saturation, whereas for the third
position, a clear leveling off of the curve was found (not shown). However, Kéllersjo
et al. (1998, 1999) showed that rapidly evolving third codon positions in rbcL of
higher plants often contain most of the phylogenetic signal in the data and that this
can be used even in the presence of some saturation. Therefore, the third position was
included and excluded in some analyses to evaluate its contribution.

Alignment properties: rDNA

Complete sequences for the 18S gene are available for only about 30 species of brown
algae, whereas more than 120 additional, partial sequences are known. A similar
situation exists for the 26S gene. There is only one complete sequence known, that is,
Scytosiphon lomentaria (Kawai et al. 1995), and about 60 partial sequences. These
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traverse the 5’-end and the most variable structural domains (i.e., D1 and D2). Partial
sequences present a problem for the construction of a more comprehensive alignment
because the missing areas between sequences are not necessarily the same ones. This
limits the number of taxa and the length of the alignment. The number of species and
the length of homologous sequences available for the present study represent only
about 25% of the 18S (436—444 bp across the V9 region) and 25% of the 26S (552
600 bp across the D1 and D2 regions). Fortunately, these domains are among the
most variable portions of both molecules.

As shown in Table 2.5, the number of informative sites in the combined 18S—-26S
alignment among Phaeophyceae was about 70% of that found in the rbcL alignment.
In the 18S—26S alignment, 57 sites were gapped as a result of the incorporation of the
outgroup. In particular the sequences of Choristocarpus tenellus, the two Dictyota
species and the outgroup taxon 7Tribonema aequale were difficult to align due to length
differences in the D1 and D2 domains of the 26S. The alignment is, therefore, not
completely unambiguous. No 18S sequences were obtained for Sphacella subtilissima
and Verosphacela ebrachia, but because the 26S contained the major part of the
information, these two taxa were included in the analysis of the combined 18S—26S
alignment anyway. The average base composition was as follows: A, 0.23; T, 0.23; C,
0.24; G, 0.30. The average ti/tv ratio for the rDNA alignment was 1.20, including the
outgroup Tribonema aequale and 1.21, excluding the outgroup.

Combined rbcL.—18S-26S alignment
The combined three-gene alignment was predictably much smaller in number of taxa
(Table 2.5) but almost doubled the number of characters. Combining the genes across

the reduced set of taxa did not significantly change the alignment (five gaps less in the
rDNA).

Phylogenetic analysis: rbcL

Three different MP analyses were performed: (1) first + second codon positions only,
(2) third codon position only, and (3) all three codon positions together (Table 2.5).
The sub-analyses gave slightly different topologies in the 50% majority-rule consensus
trees (not shown).

Analysis of the first and second positions only, yielded poorly resolved trees, whereas
most of the structure recovered using all three codon positions could also be recovered
by analysing third positions alone. An analysis at the amino acid level gave no more
resolution than the analysis based on the first and second codon positions only.
Bootstrap analysis and parsimony jackknife analysis gave the same results, that is,
third positions complemented and strengthened the information from the first two
positions. A PHT in which trees based on first and second codon positions were
compared against those based on the third positions alone yielded a P-value of 0.062.
This indicates that the two subsets are not in conflict and can be combined. The result
of the MP analysis using all three codon positions is shown in Figures 2.1 and 2.2.
One of the 227 most parsimonious trees (MPTs) is shown in phylogram style in Figure
2.1 to show internodal branch lengths in relation to the number of character-state
changes along branches. The 50% majority-rule consensus tree (Fig. 2.2) provides
alternative measures of branch support. Pruning of the (internally) highly unstable
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Ectocarpales s./. clade to, for example, five species reduced the number of MPTs to
one, thus giving the same tree topology as the tree in Figure 2.1. An NJ tree of the
complete rbcL alignment (not shown) yielded the same topology as the tree in Figure
2.2 with the exception of the position of the Onslowia endophytica + Verosphacela
ebrachia clade, which formed a sister group to the Syringodermatales. However, that
relationship had no bootstrap support. An analysis using ML was not possible because
of the large size of the data set.

Eight phacophycean orders are represented in Figure 2.2. The Laminariales are
artificially monophyletic in this analysis as a result of the taxon sampling. The
Sphacelariales s./. are not monophyletic, being split into three different clades: (1)
Choristocarpus tenellus, (2) Onslowia endophytica + Verosphacela ebrachia, and (3)
all other representatives (i.c., the Sphacelariales s.s.). Syringoderma phinneyi
consistently groups with the Sphacelariales s.s., though there is no bootstrap support.
The grey lines in Figure 2.2 show the minimal topological structure of the consensus
tree for which there is bootstrap support.

Phylogenetic analysis: rDNA

MP analyses were performed with and without gaps. The best results in all analyses
were obtained when gaps were treated as missing data. A PHT was then performed
between the variable 26S D1 and D2 domains and the remainder of the rDNA.
Surprisingly, P = 0.002, indicating that the subsets are incongruent. Although the
resolution of the tree in Figure 2.3 appears to be quite good, the 50% majority-rule
consensus tree shown in Figure 2.4 reveals how little bootstrap support there actually
is for ordinal relationships. Exclusion of the difficult to align D1 and D2 regions
based on the result of the PHT gave an even worse result of 61,600 MPTs (tree not
shown), but this is probably a consequence of the further reduction of the data set.
However, Choristocarpus tenellus was then the most basal taxon (as in the rbcL based
trees).

The NJ tree (not shown), based on all positions, differed significantly from the MP
trees. Its topology is as follows: outgroup (Dictyotales [Fucales {Choristocarpus +
Sphacelariales s.s. (Onslowia + Verosphacela + Asterocladon [Syringodermatales
{Laminariales s.s. (Chorda [Asteronema rhodochortonoides + Ectocarpales s./.
{Ascoseirales (4steronema ferruginea + Scytothamnales [ Desmarestiales {Halosiphon
(Sacchoriza + Cutleriales)}])} 1)} 1)} ]). For Verosphacela ebrachia there was no 18S
sequence and for Asterocladon lobatum the number of sequenced nucleotides was
also limited (Table 2.3). This may explain the attraction of these two taxa in the NJ
tree, for which no close relationship was expected. The short internodes (0.00—0.02)
that separated the orders, suggest low phylogenetic signal (Bakker ez al. 1995) that
can be further exacerbated by the application of distance methods. We did not do a
ML analysis because of the large size of the data set.

Ten phaeophycean orders and three species of unknown affinity are represented in
the rDNA tree (Fig. 2.4). It is important to note that the taxon sampling is not identical
with that used in the rbcL analysis (Fig. 2.2). The Laminariales s./. are paraphyletic as
has been shown by other authors and the Sphacelariales s./. was split into two clades:
(1) Choristocarpus tenellus + Sphacelariales s.s. and (2) Onslowia endophytica +
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Fig. 2.1. RbcL tree for the Phaeophyceae. One of 227 most parsimonious trees shown in phylogram
style with branch lengths given above branches.

56

PHAEOTHAMNIOPHYCEAE

mucosa

Verosphacela ebrachia. Again the grey lines in Figure 2.4 represent the minimum
topology for which there is bootstrap support. A comparison with the rbcL tree in
Figure 2.2 makes it clear that there is less resolution in the rDNA tree.

Phylogenetic analysis: combined rbcL—18S-26S

The PHT for the partition rbcL and 18S-26S (including the 26S D1 and D2 regions),
gave a P value of 0.0006, which means that the genes are incongruent. When the test
was repeated on the partition of »bcL and 18S-26S (excluding the 26S D1 and D2
regions), P =0.89, indicating congruence. However, subsequent MP analyses of both
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Fig. 2.2. RbcL consensus tree for the Phaeophyceae. A 50% majority-rule consensus tree of the
227 most parsimonious trees is shown. Tree statistics are given in Table 2.5. Outgroup = Tribo-
phyceae and Phacothamniophyceae; bootstrap percentages are given above branches, MP (left)
and NJ (right); below branches parsimony jackknife percentages (left) and decay index values
(right) are given. Dashes (-) indicate percentages of <50% or that the internode did not occur in
the NJ or jackknife tree. The underlying backbone tree (grey) indicates the minimal topology

for which there is support.

versions of the ¥bcL—18S—26S alignment, resulted in the same single MPT (Fig. 2.5).
The backbone of the tree is the same as for the rbcL analysis (Fig. 2.2), except that the
combined rbcL—18S-26S analysis did not include Tilopteridales. The NJ tree (not
shown) also showed the same tree topology as the tree in Figure 2.5 with the exception
of Onslowia endophytica + Verosphacela ebrachia, which formed a sister group of



44 Chapter 2

14 .
Alaria esculenta : :
8
20 7Laminaria digitata Lammarlales
Laminaria ochroleuca
8 . "
Macrocystis pyrifera
41 Adenocystis utricularis

7[* wrricuidium durvilei Ectocarpales s./.

s [~ Punctaria latifolia

12] GDetalonia fascia
Scytosiphon lomentaria

4-17incksia granulosa

Dictyosiphon foeniculaceous

Myriotrichia clavaeformis

Striaria attenuata

Chordaria flagelliformis

(5 Streblonema maculans
Pylaiella littoralis

Ascogﬁefra mirabilis r Ascoseirales

16 Asterocladon lobatum f}
| Asteronema rhodochortonoides Incertae sedis
Saccorhiza polyschides . .
2/alalosiphon tomentosus Lammarlale_s S. I
~,Cutleria multifida Cutleriales
1;%steronema ferruginea | Incertae sedis
Scytothamnus australis
9 Stereocladon rugulosus Scytothamnales
m Splachnidium rugosum
g 64r1hrocladla villosa .
Phaeurus antarcticus Desmarestiales
6Himantotha//us grandifolius
Desmarestia aculeata
1 o
14 Desmarestia ligulata
= chorda filum a8l Laminariales s.1.
19 17 Hormosira banksii
i Xiphophora chondrophylla Fucales

Ascophyllum nodosum
Fucus vesiculosus
Himanthalia elongata

Notheia anomala

12 Sargassum muticum
Anthophycus longifolius
Turbinaria turbinata
Bifurcaria brassicaeformis

40

A7 Bifurcaria bifurcata
Axillariella constricta
Caulocystsis cephalornithos
Seirococcus axillaris
2 Durvillaea potatorum
———5— Syringoderma phinneyi Syringodermatales
58 Cladostephus spongiosus
Sphacelaria cirrosa Sphacelariales s./.
Sphacella subtilissima
7Alethocladus corymbosus
Stypocaulon scoparium
6 N
2 - Choflstocarpus tenellus
Em Onslowia endophytica
170 Ver la ebrachia
68 :20 Dictyota cervicornis Dictyotal
30 Dictyota dichotoma Ictyotales
Tribonema aequale l TRIBOPHYCEAE

Fig. 2.3. rDNA tree for the Phaeophyceae. One of 16 most parsimonious trees based on partial 18S
and 26S sequences shown in phylogram style with branch lengths given above branches.

Syringodermatales (same as the NJ analysis of the rbcL alignment). Again, that
relationship had no bootstrap support. In a ML analysis, the general-time-reversible
model of DNA substitution (Rodriguez ef al. 1990) was used, following a gamma
distribution and invariable sites. The ML tree (not shown) differed from the MP tree
only in the position of the Dictyotales clade, which formed a weakly supported sister
group with the Onslowia endophytica + Verosphacela ebrachia clade. The seven orders
represented in the combined tree (Fig. 2.5), mirror the analysis of rbcL alone, but
bootstrap/jackknife support is better for the node that separates the basal clades
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Fig. 2.4. rDNA consensus tree for the Phaeophyceae. A 50% majority-rule consensus tree of 16
most parsimonious trees based on partial 18S and 26S sequences is shown. Tree statistics are
given in Table 2.5. Outgroup = Tribonema aequale; bootstrap percentages are given above
branches, MP (left) and NJ (right); below branches parsimony jackknife percentages (left) and
decay index values (right) are given. Dashes (-) indicate percentages of <50% or that the internode
did not occur in the NJ or jackknife tree. The underlying backbone tree (grey) indicates the
minimal topology for which there is bootstrap support.

(Dictyotales, Sphacelariales s./., Syringodermatales) from the upper clades (Fucales,
Desmarestiales, Ectocarpales s./., Laminariales). Again, the grey lines in Figure 2.5
represent the minimum topology for which there is good bootstrap support.
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Fig. 2.5. Single most parsimonious tree of the Phacophyceae based on combined rbcL and partial
18S and 26S rDNA sequences. Tree statistics are presented in Table 2.5. Outgroup = Tribonema
aequale; bootstrap percentages are given above branches, MP (left) and NJ (right); below
branches parsimony jackknife percentages (left) and decay index values (right) are given. Dashes
(-) indicate percentages of <50% or that the internode did not occur in the NJ or jackknife tree.
The underlying backbone tree (grey) indicates the minimal topology for which there is boot-
strap support.

DISCUSSION

Tree comparisons

The rbcL tree (Figs 2.1 and 2.2) and the rDNA tree (Figs 2.3 and 2.4) are congruent
with one another, but the rbcL tree has a higher resolution. Although taxon sampling
is different and less comprehensive in the rbcL tree, both trees place the Fucales,
Desmarestiales, Ectocarpales s./., and Laminariales in the upper part of the tree and
the Dictyotales, Sphacelariales, and Syringodermatales in the lower portion of the
trees. When both data sets were combined on a smaller set of taxa, the same relation-
ships were maintained but with higher bootstrap support (Fig. 2.5). This increase in
robustness of this tree is an effect of combining the two data sets and not the result of
the reduction of the number of taxa. This has been verified by running the separate
rbcL and rDNA analysis with exactly the same number of taxa as in the combined
analysis. An examination of the relative number of polytomies in the backbone portions
of the bootstrap-supported trees (Figs 2.2, 2.4, and 2.5, grey lines), reveals the most
conservative version of the respective analyses. Here again, it is clear that rbcL has
more resolving power with fewer polytomies, particularly in the basal part of the tree.
The overall agreement of the 7bcL and rDNA trees lends support to the idea that the
gene trees are representative of the species tree.
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The incorporation of multiple outgroups outside of the Phacophyceae was an im-
portant consideration. Many of the studies listed in Table 2.1 focused on particular
orders within the brown algae rather than on the phylogeny of the Phaeophyceae as a
whole and so used sequences of other brown algae as ‘internal’ outgroups. As noted
in Materials and Methods, members of the Tribophyceae and Phacothamniophyceae
are the closest known sister taxa to the Phacophyceae. Use of multiple outgroups in
the rbcL tree consistently placed Choristocarpus tenellus as the most basal phacophyte.
Unfortunately, this was not possible in the rDNA tree where only one outgroup
sequence was available. Moreover, the inclusion of Tribonema aequale was
problematic because the alignment of its IDNA sequence in the D1 and D2 regions
was difficult. An attempt to check the position of Choristocarpus based only on partial
18S and 26S (minus the D1 and D2) resulted in a polytomy (61,000 MPTs), as a result
of a>50% reduction in the number of characters. However, Choristocarpus was then
most basal. The combination analysis of 7bcL and rDNA, with or without the D1 and
D2 regions, always placed Choristocarpus as the most basal. To test this further, we
used the program MacClade version 3.08a (Maddison and Maddison 1992) to force
Choristocarpus tenellus to the base of the rDNA tree. This was done at the cost of 15
extra steps, which is <1% of the total number of 1969 steps, and therefore acceptable.

The incongruence found within rDNA when the D1 and D2 regions were included
is puzzling. These data sets are expected to be compatible because they are part of the
same cistron and thus not independent. Cunningham (1997) suggests that incongruence
can arise from insufficient taxon sampling, differences in nucleotide substitution rates
or inaccurate alignment and thus questionable homology. Taxon sampling was uniform
and there was no evidence for differences in substitution based on nucleotide fre-
quencies. This leaves the alignment. As noted previously, there was some difficulty
with the inclusion of Choristocarpus tenellus and Dictyota in the D1 and D2 domains
due to length variation. Secondary structure was taken into account and some gaps
were required. However, inclusion or exclusion in the analyses did not alter the topo-
logy, and attempts to improve the alignment had no effect. Still, the PHT revealed
incongruence. This result suggests that adding more sequence is not necessarily better
and means that congruence tests should become routine anytime that multiple sequen-
ces are used. It can also serve as a check on hidden alignment problems that may be
correctable.

Internal relationships

Establishment of monophyly, paraphyly, and sister group relationships is wholly depen-
dent on the taxon sampling, which in practice, is never complete. It has been estima-
ted that there are 1500—2000 species of brown algae in 265 genera and circa 60 families
(Bold and Wynne 1985, van den Hoek ef al. 1995, de Reviers and Rousseau 1999).
This means that overall taxon sampling of the phacophycean lineage is well below
10%. Nevertheless, presently available taxon sampling is generally good at the ordinal
level (>90%) and probably does provide a good cross-section of phaeophycean di-
versity. Unfortunately, the same cannot be said for the family level. With some excep-
tions, for example, the Alariaceae (Yoon and Boo 1999), Desmarestiaceae (Peters ef
al. 1997), Fucaceae (Serrdo et al. 1999), and Sphacelariaceae (Draisma et al. 2002/
Ch. 3), family-level studies are limited. A further caveat is that we do not actually
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know how accurate or inaccurate classical taxonomic categories are at the ordinal-
family level, and therefore we use the terminology mainly for convenience. Results
of the present study and previous studies (Table 2.1) show, for example, that well-
known groups, such as the Laminariales, are paraphyletic assemblages of homogeneous
taxa, whereas the Ectocarpales s./. has turned out to be a monophyletic, albeit hetero-
geneous assemblage of previously separate species. Another interesting observation
is the growing number of species that have no obvious affinities (i.e. incertae sedis).
These species are often members of obscure genera with only one or a few described
species (e.g. Asteronema, Choristocarpus), but there are also cases that involve well-
known genera (e.g. Ascoseira, Cutleria, Chorda). Considering the combined results
of all of our analyses, 11 ‘orders’ could be distinguished: Ascoseirales, Cutleriales,
Desmarestiales, Dictyotales, Ectocarpales s./., Fucales s./., Laminariales s.s., Scyto-
thamnales (including Asteronema ferruginea), Sphacelariales s.s., Syringodermatales,
and Tilopteridales. ‘Orders’ missing from our analyses include Ralfsiales and
Sporochnales. Clades (often consisting of single branches) for which the species are
of uncertain affinity (incertae sedis) with respect to an order and to their relative
position in the trees include Asterocladon lobatum + Asteronema rhodochortonoides,
Chorda filum, Choristocarpus tenellus, Halosiphon tomentosus, Saccorhiza
polyschides, and Onslowia endophytica + Verosphacela ebrachia.

The paraphyletic status of the Laminariales was first detected by Tan and Druehl
(1996). This is confirmed in Figure 2.4 where Chorda filum, Halosiphon tomentosus,
and Saccorhiza polyschides do not group with the Laminariales s.s. De Reviers and
Rousseau (1999) considered these taxa as incertae sedis. However, a closer examination
of the supported topology in the rDNA tree (Fig. 2.4, grey lines) shows that all the
clades between the Fucales and Laminariales s.s. are equidistant and unresolved. A
similar backbone topology holds for the rbcL tree (Fig. 2.2, grey lines) but because
the taxon sampling does not include the three aforementioned species, it remains
unclear as to whether the Laminariales will remain paraphyletic. It is possible that
increased taxon sampling in the Laminariales s./. and the use of rbcL would restore
monophyly to some of the Laminariales. Relationships within the Laminariales s.s.
have also been evaluated using RUBISCO-spacer sequences (Yoon and Boo 1999,
Boo and Yoon 2000, Kraan and Guiry 2000). The study by Yoon and Boo (1999) used
Chorda filum as the outgroup. Their results did not support the current familial system
of the Laminariales s.s. Boo and Yoon (2000) suggested that the Laminariales s.s.
should be downgraded to family status or possibly that eight independent families
should be erected.

The Sphacelariales s./. are also paraphyletic. In the rDNA tree, two clades were
recovered (Fig. 2.4), whereas in the rbcL tree three well-supported clades were
recovered (Fig. 2.2). The three groups are further supported in the combined gene
analysis (Fig. 2.5). Onslowia and Verosphacela form a well-supported monophyletic
group separate from the other Sphacelariales and Choristocarpus splits off basally.
The position of Choristocarpus tenellus is of particular interest because it appears to
be the most basal taxon in the Phacophyceae. De Reviers and Rousseau (1999) also
suggested the possible separation of the family Choristocarpaceae (including Onslowia
[two species] and the monotypic genera Choristocarpus, Discosporangium, and
Verosphacela) from the Sphacelariales s.s., but they had no sequence data available.
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Onslowia and Verosphacela cannot be incorporated in a single monophyletic group
that also includes Choristocarpus and the position of Discosporangium in the Choristo-
carpaceae remains unknown. However, the separation of the Choristocarpaceae from
the order Sphacelariales is clearly justified from the present analyses and also on
morphological grounds. Two key ordinal characters that define the Sphacelariales,
transverse division of subapical cells into secondary segments and darkening of cell
walls when placed in bleach (Reinke 1890), are absent in the Choristocarpaceae. For
the time being, the Choristocarpus and Onslowia + Verosphacela clades must be re-
garded as incertae sedis.

Relationships among ‘orders’ is of interest in helping to understand the evolutionary
trends of the Phacophyceae in general and in establishing sister groups and outgroups
for familial-level studies. Again, taxon sampling directly affects the result, but some
trends and relationships can be discussed. The rbcL and combined analysis (Figs 2.2
and 2.5) unambiguously place the morphologically complex Laminariales s.s. as sister
group to the morphologically simple, but diverse, Ectocarpales s./. This may not be
such a radical concept as it first seems when carefully compared with traditional
morphological classifications. For example, Scagel (1966) and Wynne and Loiseaux
(1976) considered the Dictyosiphonales and Scytosiphonales to be sister orders to the
Laminariales. Because these two groups are now considered as part of the Ectocarpales
s.l. (Rousseau and de Reviers 1999b), the relationship is consistent. On the other
hand, van den Hoek et al. (1995) hypothesised that the Laminariales should be more
related to Desmarestiales and Sporochnales. The rbcL (Fig. 2.2), and especially the
combined analysis (Fig. 2.5), show that the Desmarestiales are basal (with high support)
to the Laminariales s.s. and Ectocarpales s./. clade. Because Sporochnales are missing,
we cannot determine what their effect might be. A general comparison of ordinal
resolution between the rbcL (Fig. 2.2) and rDNA (Fig. 2.4) analyses shows better
resolution in the rbcL tree. Relationships in the combined analysis (Fig. 2.5) are even
stronger although the reduced taxon sampling may also be playing a role. The inter-
ordinal relationships shown in Figure 2.5 are strong, particularly among the upper
four orders Laminariales s.s., Ectocarpales s./., Desmarestiales and Fucales. The
Desmarestiales have been extensively studied (Peters ef al. 1997; rDNA-ITS
sequences). The Fucales, a very large group, have been most extensively studied by
Rousseau and de Reviers (1999a; IDNA-18S and 26S sequences) and to a lesser extent
by Rousseau et al. (1997; IDNA-26S) and Horiguchi and Yoshida (1998; rDNA-18S).
Relationships among the Sphacelariales s.s. and s./. along with Syringodermatales
are well resolved but bootstrap support for two of the clades (Fig. 2.5) is weak. In all
analyses, the Dictyotales come out basal in the tree, just above Choristocarpus.

Sequence divergence, branch length and the ancestral Phaeophyceae

Figures 2.1, 2.3 and 2.5 are presented in phylogram style to show actual branch lengths.
In most ordinal groups terminal branches are short and taxa are separated by short
internodes, for example, the Laminariales s.s., Ectocarpales s./., and Desmarestiales.
In contrast, the Fucales are characterised by long terminal branches and long internodes.
In general, shallow topologies are indicative of recent speciation, whereas deep inter-
nodal topologies are indicative of old events. Long terminal branches can also be
indicative of extinctions (i.e., a surviving lineage that was once more speciose). Within
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a monophyletic group such as an order or family, rates of evolutionary change are
usually assumed to be uniform. However, as one moves to more distant groupings,
the assumption of rate uniformity becomes increasingly questionable and is why mole-
cular clocks (Zuckerkandl and Pauling 1965, Sarich and Wilson 1967), even local
clocks, are so difficult to apply.

From rDNA-5S sequence divergence Lim e al. (1986) estimated that the Phaeo-
phyceae diverged within the last 200 million years. On the basis of IDNA-18S sequence
divergences, Medlin et al. (1997) estimated the earliest probable origin of the brown
algae at 155 million years ago. They calibrated their molecular clock by regressing
branch lengths from taxa with a fossil record (diatoms) from a linearised NJ tree
against first appearance dates. Unfortunately, their taxon sampling focused on the
Bacillariophyceae and included only one representative from the phacophycean orders
Desmarestiales, Ectocarpales, Fucales, and Laminariales (Table 2.1). The Fucales were
the most basal phaecophycean clade in their study. Inclusion of representatives of the
Dictyotales, Sphacelariales and/or Syringodermatales may have resulted in a slightly
older estimation. Saunders and Druehl (1992) applied a molecular clock to 18S data
from the Laminariales and estimated a recent divergence at about 16—20 million years
ago. This is in accord with Miocene deposits (7—10 million years old) of Laminariales
and Fucales (van den Hoek et al. 1995). Taken together, these data show that the
Phaeophyceae are an ancient lineage, but that most extant lineages are of fairly
contemporary origin. The exception is the Fucales, with their deep branching patterns.
Since 1995, molecular studies that have included a nonphaeophycean outgroup (Table
2.1) have placed the Fucales at the base of the Phaecophyceae. As it turns out this was
an artifact of taxon sampling because the Dictyotales, Sphacelariales, and Syringo-
dermatales were not included. However, the general relationship among the three
aforementioned groups has been shown previously by Tan and Druehl (1994) and de
Reviers and Rousseau (1999).

In our analyses, Choristocarpus tenellus is the most basal brown alga. In terms of
its morphology it generally fits the classic view of creeping filaments, apical growth,
and an isomorphic life history. This fits with the notion of van den Hoek ef al. (1995),
who speculated that the Ectocarpales s.s. was ancestral to all other brown algae (“...
meaning that the Ectocarpales are thought to have changed least since the origin of
the Phacophyceae”). According to van den Hoek ef al., “The ancestral ectocarpalean
brown alga consisted of creeping filaments with apical and intercalary growth, and an
isomorphic, diplohaplontic life cycle”. Given that thallus complexity, intercalary versus
apical growth mode and life history are among the classic characters used in the
discussion of brown algal classification and evolution, we consider them briefly with
respect to the molecular tree.

Working up from the base of the tree (Figs 2.2, 2.4, or 2.5), the Dictyotales,
Sphacelariales s./., and Syringodermatales all show apical growth. The Dictyotales
and Sphacelariales s./. have isomorphic diplohaplontic life histories. However, some
authors have considered the life history of the Sphacelariales s.s. to be heteromorphic
(De Reviers and Rousseau 1999, Rousseau and de Reviers 1999b), an opinion most
probably inspired by the study of van den Hoek and Flinterman (1968) in which they
described the life-history of Sphacelaria rigidula Kitzing (as S. furcigera) as slightly
heteromorphic, because the haploid gametophytic phase was relatively slender as
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compared with a more robust diploid sporophytic phase. We consider diameter an
unreliable character and therefore consider all Sphacelariales to be isomorphic. All
four species of Syringodermatales appear to have a heteromorphic life history, of
which two species lack a free gametophytic phase (Henry 1984). The Desmarestiales,
Ectocarpales s./., and Laminariales have various combinations of diffuse, intercalary
and apical growth, and all have heteromorphic life cycles, except for the Ectocarpales
s.s. Haplospora globosa (Tilopteridales) is isomorphic. In Tilopteris mertensi (Turner)
Kiitzing only the gametophyte is known, and a third tilopteridalean species,
Phaceosiphoniella cryophila Hooper, Henry et Kuhlenkamp, is only known to reproduce
asexually. It is clear, therefore, that considerable diversity exists even within groups.
In sharp contrast, the Fucales have strongly apical growth and a monophasic life
history, and they sit in the middle of the tree. However, the Durvillacaceae (Fucales
s.l.) show intercalary diffuse growth but mainly in the apical zone. These many
observations make it obvious that morphological grades of organisation (simplicity
or complexity); diffuse, intercalary, or apical modes of growth; and type of life history
have evolved and/or have been lost independently and repeatedly in the Phacophyceae.
While these characteristics are crucial for identification and for understanding the
ecology of the brown algae, they are not useful in the phylogenetic sense, that is, they
are not identical by descent. What this kind of deep homoplasy signals, however, is
the great diversity of life history strategies that have evolved and continue to be
maintained under similar selective regimes at different times; or perhaps as evolutionary
accidents that have become fixed.

Diplohaplontic life histories have generally been classified as more primitive and
less successful from an evolutionary point of view (Valero et al. 1992, Klinger 1993)
and that diploidy (as in diatoms, fucoids, and multicellular animals) will eventually
prevail. Modelling (Valero et al. 1992) has shown that diplohaplontic life histories in
algae (Klinger 1993) are not per se transitional but an evolutionary stable strategy.
The fact that the Fucales are not the most recent/derived group, despite their putatively
advanced, oogamous, monophasic, diploid life history, and the fact that isomorphic
and heteromorphic life histories are characteristic of many species independent of
their phylogenetic relationships opens a new window on the study of life history evo-
lution in the algae.

Where next?
Our results show that even though the crown radiation of brown algae occurred quite
rapidly, as assessed by short internodes in both gene trees, the search for phylogenetic
resolution in the Phacophyceae is not a lost cause. The information content of »bcL is
greater than that of rDNA even though both genes are considered to be quite conserved.
Used together, the overall resolution of the tree was not higher than the rbcL tree
alone, but bootstrap support was generally improved and previously unsupported
branches gained support. Although much has been learned about the Phacophyceae
from ribosomal DNA sequences, we suggest that future efforts concentrate on rbcL
sequences and perhaps rbcS. Both of these genes are coded for in the chloroplast of
brown algae, and along with the separating RUBISCO spacer, are likely to provide
strong phylogenetic signal both between and within orders, families, and genera.
With regard to taxon sampling, it will be essential to concentrate on small and/or
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exotic groups that are currently incertae sedis (i.e., Ascoseirales, Asterocladon, Astero-
nema, Bachelotia, Cutleriales, Ralfsiales, Scytothamnales, Sporochnales, Syringo-
dermatales, and Tilopteridales), on groups that show paraphyly (Laminariales s./.),
and on large groups for which there is still poor representation (Dictyotales, the Durvil-
lacaceae and Seirococcaceae within the Fucales). In our opinion, the Desmarestiales,
Ectocarpales s./., Laminariales s.s., and the Sphacelariales s.s. have been adequately
sampled. It is also important to avoid single-taxon sampling. Even if the group in
question is monotypic, an effort should still be made to sequence different individuals
(preferably from different geographic areas) to establish a strong clade that will remain
stable in the tree. It is also desirable to try to break the long branch of Choristocarpus
tenellus and find more support for its ancestral status. Discosporangium mesarthro-
carpum (Meneghini) Hauck may be a sister taxon or it may represent yet another
independent lineage. The inclusion of a few freshwater brown algae (Heribaudiella
Sluviatilis [Areschoug] Svedelius [Pueschel and Stein 1983, Wehr and Stein 1985],
two species of Sphacelaria, i.e., S. fluviatilis Jao [1943] and S. lacustris Schloesser et
Blum [1980], Pseudobodanella peterfii Gerloff [1967], and Porterinema fluviatile
[Porter] Waern [Dop 1979]) and the obligate parasitic species, Herpodiscus durvillaeae
(Lindauer) South, is also of interest. In conclusion, our understanding of phylogenetic
relationships within the Phaeophyceae is steadily improving. Careful taxon selection
along with emphasis on 7bcL sequences should produce a comprehensive view in the
near future.

Finally, the addition of new faster evolving genes, possibly from mitochondrial
DNA, is desirable. Ehara et al. (1999) surveyed the coxI gene in 18 species of the
Heterokontophyta, including six species in the Phacophyceae. Resolution within the
Phaeophyceae was low. Although coxI is conserved, the potential of algal mtDNA
remains promising with comparative genomics being the most exciting new
development. Complete (or nearly complete) mitochrondrial genome sequences are
now available for Pylaiella littoralis (58,507 bp) (Oudot-Le Secq ef al. 2001) and
Laminaria digitata (38,007 bp) (M.-P. Oudot-Le Secq, University of Groningen, pers.
comm.). Mitochondrial genomes in Ectocarpus, Sphacelaria, Fucus and Dictyota are
also being sequenced (W.T. Stam and J.L. Olsen). Although the genomics approach
severely restricts taxon sampling, it will provide a unique opportunity to explore
mitochondrial evolution and deep-phylogeny in the heterokont algae more generally.

Note added in proof

The rbcL sequences of 14 species of Scytosiphonales (representing two families and six
genera) published by Kogame et al. (1999; Phycologia 38: 496-502) were not yet released
by the EMBL/GenBank/DDBJ databases when we completed the phylogenetic analyses
for the present study. A preliminary analysis of our data set together with these new
Scytosiphonales sequences showed that this order forms a monophyletic sister group to
the rest of the Ectocarpales s./.

After acceptance of this article three more papers dealing with phaeophycean
phylogenetics were published. One by Kawai and Sasaki (2000; Phycologia 39: 416—
28), who provide rbcL sequences of Akkesiphycus, Halosiphon, Sporochnus, and three
species of Desmarestia. This study showed that the Laminariales s./. are nonmonophy-
letic. Another study by Rousseau et al. (2001; C. R. Acad. Sci. Paris, Sciences de la vie
324: 1-15) presents more 18S and 26S sequences of various Phacophyceae. Using 77i-
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bonema aequale as outgroup they confirmed our finding that the Dictyotales is the most
basal phaecophycean order followed by Sphacelariales s.s., Syringodermatales, and then
a crown radiation of all other orders. A third article dealing with phylogenetics of Chorda
by Kawai et al. (2001; J. Phycol. 37: 130-42) provides rbcL sequences of eight species
of Laminariales s./.
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Chapter 3

PHYLOGENETIC RELATIONSHIPS WITHIN
THE SPHACELARIALES (PHAEOPHYCEAE):
rbcL, RUBISCO-SPACER AND MORPHOLOGY'!

Phylogenetic relationships within the Sphacelariales sensu stricto were investigated using
both a molecular and a morphological approach. Twenty species were included, repre-
senting all three families (i.e., Cladostephaceae, Sphacelariaceae and Stypocaulaceae)
and six of the eight genera. The outgroup consisted of six species representing the Syrin-
godermatales, Dictyotales, Choristocarpaceae and Onslowiaceae. DNA sequences of
partial rbcL (1255-1375 nt) and the adjacent RUBISCO-spacer (40-842 nt) were deter-
mined in order to assess the molecular phylogeny. Only the 3’-end of the spacer (112 nt
positions) was alignable for the ingroup taxa. Partition homogeneity testing showed
that rbcL and RUBISCO-spacer sequences could be combined. However, analysis of
rbcL alone or in combination with the RUBISCO-spacer gave the same results with
only slight differences in support (bootstrap, jackknife, decay). Support was low at the
base of the ingroup. Four basal clades could be discerned: (1) Stypocaulaceae, (2) Sphace-
laria radicans, (3) Sphacelaria caespitula, and (4) all other included taxa; (Sphacella
subtilissima + the Sphacelaria subgenus Propagulifera) and (Cladostephus spongiosus
+ Sphacelaria nana + the Sphacelaria subgenera Battersia + Pseudochaetopteris). The
independent morphological analysis (using 23 unordered morphological characters) re-
vealed high homoplasy and an almost completely unresolved tree in which only the
subgenus Propagulifera was supported. The morphological characters were subsequently
mapped onto the rbcL tree in order to identify diagnostic or phylogenetically informative
characters. Bleaching response and the presence of secondary segments were found to
be basal synapomorphies for the Sphacelariales; presence of propagules with a lenticular
central apical cell defines the Propagulifera; and strict acroblastic branching mode and
axillary zoidangia define the Stypocaulaceae. The remaining characters have been gained
or lost multiple times. This study highlights the problem of extreme morphological con-
vergence and/or plasticity. Four options for a new circumscription including nomencla-
tural changes are discussed. It is concluded that none of the options will lead to greater
clarity either with respect to identification or classification.

INTRODUCTION
The order Sphacelariales (Phacophyceae) was erected by Migula (1909) and is charac-

terised by blackening of the cell walls when treated with bleaching liquid and growth
by conspicuous apical cells (Prud’homme van Reine 1993). Transverse divisions of

U Also published as:
S.G.A. Draisma, J.L. Olsen, W.T. Stam & W.F. Prud’homme van Reine 2002. Phylogenetic
relationships within the Sphacelariales (Phacophyceae): rbcL, RUBISCO-spacer and
morphology. European Journal of Phycology 37: in press.
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the subapical cells (or primary segments) produce secondary segments which may
undergo longitudinal and secondary transverse divisions. In this manner the distinctive
parenchymatous construction is produced (Fig. 3.1). Other general features of the
order include an isomorphic diplohaplontic life history and asexual reproduction from
distinctively shaped vegetative propagules in some genera. Oltmanns (1922) divided
the order into three families based on modes of growth and distinctive branching
patterns (Fig. 3.1). These were the Cladostephaceae, the Sphacelariaceae and the Stypo-
caulaceae. The family Choristocarpaceae Kjellman 1891 was also placed in the Sphace-
lariales by Fritsch (1945) based on growth from prominent apical cells. However,
members of the Choristocarpaceae do not have the characteristic ordinal character of
transverse division of subapical cells, nor blackening of their cell walls with bleach
treatment.

In a recent molecular phylogenetic study of the Phacophyceae, Draisma ez al. (2001/
Chapter 2) have shown that the Sphacelariales is paraphyletic. In a reanalysis of the
entire Phaeophyceae (including nine species and genera and all families of the Sphace-
lariales), using both chloroplast and nuclear encoded DNA sequences, they were able
to identify three clades. These included the Sphacelariales s.s. (i.e., including the
families Cladostephaceae, Sphacelariaceae and Stypocaulaceae), a clade containing
the genera Onslowia and Verosphacela and a clade containing Choristocarpus by
itself at the base of the rooted phaecophycean tree. Therefore, it is clear that the Choris-
tocarpaceae do not belong to the Sphacelariales. Draisma and Prud’homme van Reine
(2001/Chapter 7) have separated Onslowia and Verosphacela from the Choristocar-
paceae and placed them in the newly created family Onslowiaceae. Both the Choris-
tocarpaceae and the Onslowiaceae are considered incertae sedis.

The Sphacelariales s./. (Table 3.1) have been comprehensively reviewed by
Prud’homme van Reine (1993). Newly described species since Prud’homme van
Reine’s review (1993) include Sphacelaria nipponica Kitayama (1994), Sphacelaria
tsengii Draisma et al. (1998/Chapter 6) and Sphacelaria recurva Keum et al. (2001);
all belonging to the subgenus Propagulifera. Prud’homme van Reine (1993) did not
include Halopteris congesta (Reinke) Sauvageau, but this species would have been
included in the genus Stypocaulon. The type species of the genus Phloiocaulon (i.c.,
Phloiocaulon squamulosum [Suhr] Geyler), is now called Phloiocaulon suhrii (J.
Agardh) P. Silva (Silva et al. 1996). Prud’homme van Reine was not aware of the
description of Sphacelaria kovalamensis V. Krishnamurthy e Baluswami in Krishna-
murthy (1992), which had been previous described in Krishnamurthy and Baluswami
(1988) without a Latin diagnosis and therefore initially invalid. Its membership in the
Sphacelariales is not clear.

The aim of the present paper is to expand the phylogenetic analysis within the
Sphacelariales s.s. by including representatives of all families and as many species as
possible. We take both a molecular and a morphological approach. First we assess
phylogenetic relationships based on sequences of the chloroplast-encoded large subunit
of the RUBISCO-gene (rbcL) and its adjacent RUBISCO-spacer; next we assess
phylogenetic relationships based on unordered morphological characters; and finally
we compare the two analyses. Our objectives were to determine the best estimate of
phylogeny, to establish which morphological features are useful for identification vs.
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Table 3.1. Overview of the Sphacelariales sensu lato and notes on their distribution (Prud’homme
van Reine 1993; Kitayama 1994; Draisma ef al. 1998/Ch. 6; Keum et al., 2001; Draisma and
Prud’homme van Reine 2001/Ch. 7). Genera and subgenera labelled with an asterisk have one
or more representatives in the present study (see Table 3.2). N., S., W. and E. indicate north(ern),
south(ern), west(ern) and east(ern) respectively.

Family, Genus, Subgenus Number Distribution
of species
Cladostephaceae
Cladostephus* 1 Bipolar in temperate waters
Sphacelariaceae
Sphacelaria* 42—-47  Cosmopolitan
Sphacelaria* 4 Temperate to cold N. Atlantic
Pseudochaetopteris* 4 Temperate to cold N. Atlantic and circumpolar
(2 sections)
Battersia* 1 Temperate N. Atlantic
Propagulifera* 17-22  Worldwide temperate to tropical. Some species are ende-
(3 sections) mic in small areas. S. cirrosa shows a disjunct distribu
tion in temperate N. Atlantic and S. Australia
Bracteata 3 S.E. Australia and New Zealand, except S. sympodiocarpa
which is endemic in Gulf of Biscay.
Reinkea 6 Australia and New Zealand. S. bornetii also in S. America.
Incertae sedis 7 2 freshwater species (China and U.S.A.), other species
endemics of Kerguelen, New Zealand, Pacific Mexico,
and Indonesia
Sphacella* 1 W. Mediterranean, Canary Islands and S. Australia
Stypocaulaceae
Alethocladus* 1 Antarctic and sub-Antarctic regions
Halopteris* 4 S. Australia, New Zealand, and S. America. Exception is
H. filicinawhich occurs in warm temperate N.E. Atlantic,
Korea, and Japan.
Phloiocaulon 3 S. Australia and S. Africa.
Ptilopogon 1 S.E. Australia and New Zealand
Stypocaulon™ 5 3 in S. hemisphere and 2 in N. hemisphere temperate
waters.
Choristocarpaceae
Choristocarpus* 1 Mediterranean and Canary Islands
Discosporangium 1 Warm temperate N. Atlantic and S. Australia
Onslowiaceae
Onslowia* 2 Warm temperate Atlantic U.S.A. and Bahamas
Verosphacela* 1 Endemic in Florida
MATERIALS AND METHODS

Taxon sampling

Taxa used in the phylogenetic analyses are listed in Table 3.2, including taxa with
previously published sequences. Table 3.3 lists additional specimens for which (partial)
rbcL and RUBISCO-spacer sequences were obtained that were (nearly) (see Results)
identical to sequences of specimens listed in Table 3.2 and were therefore not included

in the analyses.
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DNA extraction, DNA amplification, cloning and plasmid isolation, DNA sequen-
cing

All steps from DNA extraction to DNA sequencing are described in Draisma et al.
(2001/Ch. 2). Field material was used for Sphacelaria plumigera and Sphacelaria
mirabilis. Furthermore, DNA from the encrusting species S. mirabilis was extracted
in only 1 ml CTAB-PVPP extraction buffer, because only a tiny piece of crust (+ 6
mm?) was available. The same protocol was followed as described by Draisma et al.
(2001/Ch. 2) up to and including the three CIA cleaning steps. From this step onwards,
DNA was directly precipitated. DNA extracts of S. mirabilis, Sphacelaria caespitula
4, Sphacelaria nana 2 and 3, Halopteris filicina 3, and Stypocaulon scoparium 3,
were PCR amplified with the BirF forward primer (= BLSrbcLL1277F in Siemer et al.
1998) (5’-CAG CTA ACC GTG TTG C-3’) instead of the RbcL68F or RbcL188F
forward primers (see Draisma et al., 2001/Ch. 2) which were used for the other taxa.

Alignment and phylogenetic analysis
Sequences were aligned manually and edited using Sequence Navigator version 1.0
(PE Applied Biosystems, Foster City, CA, USA).

Phylogenetic analyses were done with PAUP* version 4.0b4a (Swofford 1998).
Maximum parsimony (MP) analysis was done as heuristic searches, using the tree
bisection-reconnection (TBR) branch-swapping algorithm, with random sequence
addition (100 replicates) and treating gaps as missing data. For the Maximum Likeli-
hood (ML) analyses the nucleotide substitution model was first determined using
MODELTEST version 2.1 (Posada and Crandall 1998). The general-time-reversible
model of DNA substitution (Rodriguez et al. 1990) was used for ML, including a
gamma distribution (G) and a proportion of invariable sites ().

Draisma et al. (2001 /Ch. 2) concluded that mutational saturation at rbcL third
codon sites did not negatively affect the phylogenetic signal when comparing between
phaeophycean orders. Therefore, mutational saturation at third codon sites is not
considered a problem at a lower taxonomic level as is the matter in this study.

Decay analysis of MP trees was performed with AutoDecay version 4.0 (Erikson
1998). Bootstrapping (Felsenstein 1985) and parsimony jackknifing (Farris ez al. 1996)
was performed in PAUP* using respectively five and ten random sequence additions
and 10,000 replicates. Character deletions per jackknife replicate were set at 37%.
For ML bootstrapping only 100 replicates were possible.

Congruence of rbcL and RUBISCO-spacer sequences was evaluated using the par-
tition homogeneity test (Farris et al. 1995, Cunningham 1997). This approach utilises
aresampling method in order to estimate the degree to which two data sets (or subsets
of data sets) are in agreement (i.e., congruent or homogeneous) or disagreement (i.e.,
incongruent or heterogeneous). The difference between the numbers of steps required
by individual and combined analyses is the incongruence length difference (ILDyyp)
(Mickevitch and Farris 1981). The distribution of the ILD statistic can be estimated
by permutation. P-values >0.05 indicate congruence thus allowing combination of
the data sets in question. Conversely, P-values <0.05 indicate a significant difference
between the data sets and suggest that they should not be analysed together. Constant
characters were deleted prior to the analysis, a random sequence addition (10 replicates)
was applied and 10,000 replicates were performed.
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Representatives of the Syringodermatales, Dictyotales, Choristocarpaceae and On-
slowiaceae were selected as outgroup taxa (Table 3.2). Draisma ef al. (2001/Ch. 2)
have shown that these taxa branch-off prior to the Sphacelariales s.s. in a rooted phylo-
geny of the Phaeophyceae.

Morphological characters
Morphological characters and their character states are shown in Table 3.4 and the
data matrix in Table 3.5. Morphological character states were obtained from the lite-
rature. MP analysis based on the matrix of Table 3.5 was done using PAUP* under the
polymorphism option and simple taxon addition (reference taxon Choristocarpus
tenellus). Bootstrap and parsimony jackknife (JK) analyses were performed with the
following settings: 10,000 replicates, 5 random sequence additions per replicate,
maxtrees =100, and for JK nine characters [= 39%] were deleted in each replicate.
Each morphological character was mapped onto the rbcL tree using the MacClade
version 3.08a computer program (Maddison and Maddison 1992).

RESULTS

Alignment properties

In brown algae the rbcL is 1467 base pairs in length. The length of the #bcL alignment
in the present study is 1375 nucleotides (nt), excluding the RbcL68F primer. No gaps
were found, therefore, the alignment was unambiguous. The first 120 nt were excluded
from the present phylogenetic analyses because these nt were undetermined for ten
taxa (those that were amplified with the RbcL188F primer). EMBL accession numbers
of rbcL sequences are listed in Table 3.2 and 3.3. Only 782 nt of the rbcL sequence
were determined for Sphacelaria radicans and 190 nt for Sphacelaria mirabilis. The
final alignment used 1255 nt (1375 minus 120). At the nucleotide level 484 out of
1255 nt were variable and 313 phylogenetically informative among 26 taxa (S. mirabilis
not included). At the amino acid level 84 sites were variable and 44 phylogenetic
informative. Seventy-one sites were informative at the first or second codon positions
and 242 at third codon positions. Within the Sphacelariales s.s. (20 taxa, S. mirabilis
not included) there are 331 variable sites of which 187 are informative, 41 at first and
second codon positions and 146 at third codon positions.

Average base composition of rbcL was: A 0.30; T 0.33; C 0.15; G 0.22. The average
transition/transversion (ti/tv) ratio for the 1255 nt rbcL alignment was 1.19, for the
ingroup taxa alone 1.48, and for the outgroup taxa alone 0.80. The ti/tv ratio is expected
to decrease with increasing sequence distance because transversions erase the record
of the more frequent transitions. Values between | and 2 are typical and do not indicate
saturation. Values <1 do indicate some saturation (Holmquist 1983, Bakker et al.
1995).

The RUBISCO-spacer sequences varied in length from 40 nt in the outgroup taxon
Choristocarpus tenellus to 842 nt in Sphacelaria plumigera. Average base composition
of the spacers was: A 0.50; T 0.33; C 0.08; G 0.10. The spacer sequences of the
outgroup taxa were unalignable with those of the Sphacelariales s.s. Complete
RUBISCO-spacer sequences were alignable for the species of the Sphacelaria sub-



Phylogeny of the Sphacelariales 63

genus Propagulifera only (not shown). Spacer sequences of other Sphacelariales spe-
cies differed considerably from each other at the 5’-end. The 3’-end of the spacer
(94-105 nt) is best conserved and could be aligned for the 21 taxa of the Sphacelariales
s.s. resulting in an alignment of 112 nt positions of which 36 were gapped, 78 variable
and 51 phylogenetic informative. The alignment is submitted to EMBL under accession
number ALIGN 000127. RUBISCO-spacer sequence lengths and EMBL accession
numbers are listed for each specimen in Table 3.2 and 3.3. All four Sphacelaria
caespitula specimens showed identical RUBISCO -spacer sequences, as well as the
two French Halopteris filicina specimens (2 and 3). Alignment of the spacers of the
French and the Korean (1) H. filicina specimens (not shown) required 12 gaps (7 *
one, 4 * two, and 1 * eight position(s) in length) and showed 33 substitutions. The
RUBISCO-spacer of the Sphacelaria nana specimens only differed by indels (of one
and of five nt positions). Spacer sequences of the Stypocaulon scoparium specimens
differed by one substitution and one indel of six nt positions.

Phylogenetic analysis — rbcL and RUBISCO-spacer

Maximum parsimony (MP) analysis of rbcL was performed for all three codon
positions together and resulted in 21 most parsimonious trees (MPTs). One of these
trees is shown in Figure 3.2. A 50% majority-rule consensus tree of the 21 MPTs has
the same topology as the tree shown in Figure 3.2, except that the branch joining
Sphacelaria arctica and Sphacelaria racemosa collapses. The Stypocaulaceae is
monophyletic and the monotypic Cladostephaceae is nested within the Sphacelariaceae.
The genus Sphacella is positioned within the genus Sphacelaria and is sister to the
subgenus Propagulifera. The Sphacelaria subgenus Propagulifera is monophyletic.
The subgenus Pseudochaetopteris is monophyletic here because Sphacelaria mirabilis
(subgenus Battersia) was not included in this analysis. An analysis with the 190 nt of
Sphacelaria mirabilis grouped it with the species of the subgenus Pseudochaetopteris.
The subgenus Sphacelaria is paraphyletic. An analysis excluding the nucleotide
positions that are undetermined for Sphacelaria radicans gave the same tree topology.
The maximum likelihood (ML) tree (not shown) differed from the MP tree only in the
position of Sphacelaria caespitula, which formed a single taxon clade basal to all the
Sphacelariales s.s. However, this difference did not occur in the MP and ML bootstrap
trees. Additional differences between the ML and MP tree were found within the
Stypocaulaceae and Propagulifera, but again these differences were not bootstrap
supported.

An analysis of the partial RUBISCO-spacer sequences (including S. mirabilis and
using the Stypocaulaceae + S. radicans as outgroups) resulted in 834 MPTs (173
steps, CI = 0.69, RI = 0.71, RC = 0.50) (trees not shown). The 50% consensus tree
was unresolved except for the Propagulifera clade which maintained 100% bootstrap
support. The short length of the alignment provided very little signal.

The partition homogeneity test (PHT) comparing rbcL. and RUBISCO-spacer
(excluding the outgroup taxa and Sphacelaria mirabilis) yielded a P-value of 0.196,
indicating that the two subsets are not in conflict and can be combined.

MP analysis of rbcL and RUBISCO-spacer together including the outgroup taxa
(having 112 uncertain nt in the RUBISCO-spacer part of the alignment) resulted in 1
MPT (1497 steps, CI = 0.52, RI = 0.55, RC = 0.29) (tree not shown) with the same
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Table 3.4. Morphological characters used in the morphological phylogenetic analysis. Indented
characters depend upon character states of the above characters that are outlined to the left.

Nr Character Character states
1 Bleaching response 0: no, 1: yes
2 Transverse division of primary seg-  0: no, 1: yes
ments into secondary segments
3 Secondary length growth of secon- 0: no, 1: yes
dary segments
4 Secondary transverse cell walls in  0: frequent, 1: absent or scarce

secondary segments

5 Longitudinal cell walls 0: no, 1: yes

6 Longitudinal cell walls in trans- 0: radial pattern, 1: periclinal pattern
verse section

7  Growth : leptocaulous, 1: auxocaulous

8 Branching mode

9 Branching pattern

10 Acroblastic branching

11 Hypacroblastic branching

12 Pericysts

13 Differentiation in medulla and cortex
14 Holdfast

15 Rhizoids in upper part of plant

16 Propagules

: hypacroblastic, 1: acroblastic, 2: dichoblastic

s irregular, 1: regular

: acrohomoblastic, 1: acroheteroblastic

: hemiblastic, 1: meriblastic

: absent (rare), 1: present

no, 1: yes

: disc, 1: filamentous, rhizoidal

:no, 1: divaricate, 2: appressed to the filament

: no, 1: with large apical cell, 2: without large or central
apical cell, 3: with lenticular central apical cell

17 Propagules with central apical cell ~ 0: with apical hair, 1: with long arms, 2: with short arms/

horns

18 Hairs 0: absent, 1: solitary, 2: in bundles

19 Zoidangia 0: sessile or in thallus, 1: on one-celled stalk, 2: on multi-
cellular stalk

20  Stalked zoidangia 0: on unbranched stalks, 1: on branched stalks or in cymose
stands

21 Zoidangia in axils :no, 1: yes

22 Plurilocular zoidangia : with equal sized loculi, 1: with different sized loculi,
: presence of oogonia

: isomorphic, 1: heteromorphic

onv oo

23 Life cycle

topology as the tree in Figure 3.2. Bootstrap support values were not higher. When
the analysis was repeated, excluding the original outgroup and substituting the
Stypocaulaceae and Sphacelaria radicans as new outgroups, three MPTs (859 steps,
CI=0.62,RI=0.64, RC =0.40) were recovered (trees not shown). These trees differed
slightly from the tree in Figure 3.2 with respect to the position of Cladostephus spongi-
osus. In the clade with S. nana and the subgenus Pseudochaetopteris, Cladostephus
spongiosus became the sister taxon to the subgenus Pseudochaetopteris species, but
this position is not well supported. The affiliation of Sphacella with the subgenus
Propagulifera as shown in Figure 3.2 was confirmed by high support values on the
clade leading to these taxa (bootstrap = 93%, jackknife = 99%, decay value = 8 steps).
Also the support for the clade leading to (Sphacella, Propagulifera) + (Pseudochae-
topteris, S. nana, Cladostephus) receives significantly more support (respectively 86%,
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Fig. 3.2. rbcL tree for the Sphacelariales. One of 21 most parsimonious trees (length = 1312 steps;
consistency index = 0.50; retention index = 0.53; rescaled consistency index = 0.27). The 50%
majority-rule consensus tree is identical except where shown with dotted lines. Branch lengths
are proportional to the number of nucleotide changes. Bootstrap percentages are given above
branches (MP left and ML right); decay index values are given below branches (left) and parsi-
mony jackknife percentages (right); dashes (-) indicate percentages <50% or that the internode
did not occur in the ML tree. Decay values of 0 indicate where the strict consensus tree collapses.
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93% and 4 steps). A similar analysis with the reduced taxon set (i.e., without the
original outgroup) with only the rbcL resulted in 9 MPTs (679 steps, CI = 0.61, RI =
0.64, RC=0.39) (trees not shown) of which the consensus tree had the same topology
as in the combined analysis, except that now Cladostephus stayed with S. nana. Again
here very good support values for the (Sphacella) + (Propagulifera) and the (Sphacella,
Propagulifera) + (Pseudochaetopteris, S. nana, Cladostephus) clades were found.
Apparently, adding the RUBISCO-spacer to the data set did not significantly influence
the outcome of the phylogenetic analyses.

Phylogenetic analysis — morphology

Maximum parsimony analysis of the ingroup and outgroup taxa using 23 morphological
characters (Tables 3.4 and 3.5) resulted in 119,400 MPTs of 92 steps. The 50% majority-
rule consensus tree is shown in Figure 3.3 A and the bootstrap and parsimony jackknife
(JK) tree in Figure 3.3B. Nineteen character state changes (involving thirteen
characters) could be traced unambiguously on the tree in Figure 3.3A of which eleven
(involving nine characters) within the ingroup. When the outgroup was excluded from
the MP analysis 19,493 MPTs of 73 steps were recovered. The 50% majority-rule
consensus tree (Figure 3.4A) and the bootstrap and parsimony JK tree (Figure 3.4B)
reveal an unsupported tree except for the Propagulifera. Ten characters state changes
(involving eight characters: 5, 7, 10, 12, 14, 15, 18, 22) could be traced unambiguously
on the consensus tree in Figure 3.4A. However, this was not the same subset of
characters that changed unambiguously within the ingroup in Figure 3.3A (characters:
7,9, 11,12, 15, 18, 21, 22).

In order to further identify and analyse homoplasy, each character was mapped
onto the topology of the rbcL-based tree (Fig. 3.5). The tracing displays the ancestral
character states that imply the smallest number of character state changes. Characters
1, 2 and 23 are constant within the ingroup (synapomorphic for the order Sphacelariales
s.s.) and thus not phylogenectically informative. The characters 5, 7 and 10 are not
informative within the ingroup either (autapomorphic in one species). As can be seen
in Figure 3.5, a few characters are useful within sub-clades. In general, however, all
of the remaining characters show homoplasy, i.e., character states that have been gained
or lost repeatedly.

DISCUSSION

RUBISCO-spacer
RUBISCO-spacer sequences are, by themselves, not informative enough for a
phylogenetic analysis of the Sphacelariales s.s. This is mainly related to extreme length
variation which affected the alignment and the subsequent number of useable positions.
Lengths ranged from 135—842 nt (Table 3.2). The general cause of length variation in
spacer sequences is related to duplications, indels or slipped-strand mispairing which
have little effect on these presumptively nonfunctional regions. In the present case,
we were not able to detect major duplications, even in the very long spacers.

The RUBISCO-spacer length of Choristocarpus tenellus (40 nt) is comparable to
that of nonphaeophycean heterokont algae studied to date. The RUBISCO-spacer is
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Fig. 3.3. Morphological tree for the Sphacelariales s./. Parsimony analysis based on 23 unordered
morphological characters (Table 3.4 and 3.5) with the six most basal taxa used as paraphyletic
outgroup. Boxes indicate conventionally recognised Sphacelaria subgenera. A. 50% majority-
rule consensus tree of 119,400 most parsimonious trees (length = 92; CI1 =0.77; RI =0.81; RC
=0.63) with group frequencies above branches and characters that change unambiguously below
branches (character numbering as in Table 3.4). B. 50% bootstrap and parsimony jackknife tree
with support values; bootstrap left, jackknife right.

54 nt long in Heterosigma akashiwo (Hada) Hada ex Sournia (as H. carterae) (Raphi-
dophyceae) (Chesnick ef al. 1996), 38—43 ntin 5 species of Bacillariophyceae (Daug-
bjerg and Guillou 2001), 38—40 nt in 2 species (3 strains) of Bolidomonas (Bolido-
phyceae) (Daugbjerg and Guillou 2001), and 38—43 nt in 2 species (14 and 3 strains)
of Pelagophyceae (Bailey and Andersen 1999). This observation is in accordance
with the basal position of C. tenellus in the rbcL-based Phacophyceae tree presented
by Draisma et al. (2001/Ch. 2). In other brown algae the RUBISCO-spacer length
ranges from 138—-204 nt in the Ectocarpales s./. (Stache-Crain ef al. 1997, Siemer et
al. 1998, Kogame and Masuda 2001, Peters and Ramirez 2001), 122—200 nt in the
Fucales (Phillips 1998, Lee et al. 1999), 144231 nt in the Desmarestiales (Sasaki et
al. 2001, Draisma unpublished/Appendix I), 319—-438 nt in the Scytothamnales (Peters
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Fig. 3.4. Morphological trees for the Sphacelariales s.s. Parsimony analysis based on 23 unordered
morphological characters (Table 3.4 and 3.5) with the four basal taxa used as monophyletic
outgroup. Boxes indicate conventionally recognised Sphacelaria subgenera. A. 50% majority-
rule consensus tree of 19,493 most parsimonious trees (length =73; CI =0.85; RI=0.84; RC =
0.71) with group frequencies above branches and characters that change unambiguously below
branches (character numbering as in Table 3.4). B. 50% bootstrap and parsimony jackknife tree
with support values; bootstrap left, jackknife right.

and Ramirez 2001), 190—234 nt in the Sporochnales (Sasaki et al. 2001), 220—225 nt
in the Tilopteridales (Sasaki et al. 2001), 160 nt in Asteronema rhodochortonoides
(Boergesen) Miiller et Parodi (incertae sedis) (Peters and Ramirez 2001), 265—289 nt
in the advanced Laminariales (i.e., Alariaceae, Laminariaceae and Lessoniaceac) (Yoon
and Boo 1999; Kraan and Guiry, 2000; Kawai ef al., 2001; Draisma unpublished/
Chapter 8, Box 8.1), and in the other Laminariales 148—150 nt, 192 nt, 131 nt, 177—
180 nt, and 202 nt in respectively the Chordaceae, the Pseudochordaceae, the Halosi-
phonaceae, the Phyllariaceae, and the Akkesiphycaceae (Yoon and Boo 1999; Kawai
and Sasaki, 2000; Kawai et al., 2001; Sasaki et al. 2001). We have no explanation for
these extreme length differences. Members of the Sphacelariales s.s. are definitely on
the high end with averages above 250 nt.



70 Chapter 3

1. Bleaching response
2. Secondary segments

[ 1no
Il yes

3. Secondary length growth
[ Ino
I yes

(continued)

Fig. 3.5 (divided over p. 70—75). Character mapping on the rbcL-based tree. Each of the 23 mor-
phological characters from Table 3.4 and 3.5 were mapped onto the rbcL tree from Figure 3.2.
Halopteris filicina 1 and 2 are presented as a single taxon. Each branch is shaded (or patterned)
to indicate what states are most parsimoniously placed at the node terminating the branch.
Equivocal means that more than one option is equally parsimonious. The boxes just under each
terminal taxon name show the state(s) observed in that taxon. If a character is absent in a taxon
(indicated with ‘-” in Table 3.5) no box is shown and if the state is unknown (‘?” in Table 3.5) a
question mark is shown.
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(Fig. 3.5 continued)
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RbcL. phylogeny

The rbcL tree in Figure 3.2 represents the best estimate of the Sphacelariales s.s.
currently available and will serve as the basis in the later discussions. An analysis that
included both rbcL + partial RUBISCO-spacer sequences resulted in the same topology.
The bootstrap and parsimony jackknife support percentages signal that the resolution
in the tree is not as good as it appears. This is particularly true in the basal portion of
the ingroup. We will return to these issues later on.

Morphological phylogeny

Analysis of the morphological data yielded much less resolution than the molecular
data. The only ingroup clade with moderate bootstrap support was the Sphacelaria
subgenus Propagulifera (Fig. 3.3B). The analysis without outgroup (Fig. 3.4B) of the
morphological data additionally showed weak support for the Stypocaulaceae. The
difficulty in establishing monophyletic relationships was influenced by three factors.
First, there were relatively few unambiguous characters and character states which
led to many MPTs and low bootstrap support. Of 23 characters, more than 50% showed
homoplasy, i.e., gains and losses of character states two or more times. Second, defining
taxa by the absence of characters (e.g., Sphacella) and/or autapomorphies (e.g.,
Cladostephus) are weak criteria. Whether or not either of these genera should continue
to be recognised is questionable. Third, natural phenotypic plasticity and/or poly-
morphism in characters among different individuals of a species reduces utility (e.g.,
occurrence of more than one branching mode, solitary vs. bundled hairs, rhizoidal vs.
discoid holdfast). Polymorphism occurred in 11 of the 23 characters. It must be
concluded, therefore, that high levels of morphological convergence combined with
few synapomorphies greatly restrict the usefulness of morphological characters for
phylogenetic classification. Nevertheless, it remains a fact that morphology is the
basis for identification.

In order to further explore the reliability of traditional characters, we mapped each
morphological character onto the molecular tree (Fig. 3.5). This was justified on the
grounds that the molecular tree is the best estimate of the phylogeny currently available
and on the expectation that at least a few morphological characters do carry a phylo-
genetic signal. Bleaching response and formation of secondary segments (characters
1 and 2) are good synapomorphies defining the Sphacelariales s.s. Presence of propa-
gules with a lenticular, central apical cell (character 16) defines the subgenus Propagu-
lifera. Strict acroblastic branching of the main axes (character 8) and axillary zoidangia
(character 21) define the Stypocaulaceae. The remaining characters are either
autapomorphies or have been gained or lost multiple times.

There is no good basis for the recognition of Sphacella. 1t is nested within Sphace-
laria. Apart from character 5 there are no other characters that contradict the grouping
of Sphacella with Sphacelaria. Character 5 is autapomorphous in Sphacella. Most
characters that occur in Sphacelaria but are missing in Sphacella (viz. characters 4, 6,
11, 12, and 13) are due to the absence of longitudinal cell walls (character 5) in
Sphacella. Cladostephus is also nested within Sphacelaria. Unlike Sphacella, however,
it has well-defined morphological features that separate it from Sphacelaria. These
specifically include the co-occurrence of different branching modes and the
arrangement in whorls of determinant laterals. The traditional recognised subgenus
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Sphacelaria (which includes the type) is also paraphyletic. Considering S. nana as
part of Cladostephus or considering S. radicans as belonging to the Stypocaulaceae
are untenable on morphological grounds but not on molecular grounds.

The Stypocaulaceae

Pacific and Atlantic Halopteris. Halopteris filicina is the single species in the present
study for which isolates from different oceanic basins have been used. Although the
Pacific and the Atlantic specimens form a monophyletic clade (Fig. 3.2), they could
represent two separate cryptic species, because their genetic distance of the rbcL is
higher than in 22 other pair-wise species comparisons. It is, however, precarious to
base the distribution of two haplotypes solely on one or two isolates per region (Kooistra
et al. 1992, van Oppen ef al. 1995). Whether or not the two haplotypes of H. filicina
indeed are indistinguishable on the basis of their morphology needs further
investigation. Mathias (1935) and Ernst-Schwarzenbach (1957) reported that
gametophytes of Mediterranean H. filicina plants were more slender than sporophytes,
whereas Keum ef al. (1995) observed that the gametophytes and sporophytes were
almost identical in Korean field and culture specimens. Keum et al. (1995) also reported
the occurrence of propagule-like structures in Korean plants, resembling those of
Choristocarpus tenellus.

Pacific and Atlantic Stypocaulon. Novaczek et al. (1989) found that the temperature
ranges for the northern and southern distribution limits of S. scoparium were lower in
the west Atlantic than in the east Atlantic. On the basis of geographic distributions
and differences in temperature tolerance, they suggested that eastern and western
Atlantic populations are two different entities, with a possible Tethyan- and north
Pacific origin, respectively. Moreover, a conspecificity of the northwest Atlantic
Stypocaulon and the Pacific S. durum seems apparent because (1) Kawai and
Prud’homme van Reine (1998) determined that the range in temperature tolerance of
Pacific S. durum is similar to that of the northwest Atlantic Stypocaulon sp. and (2)
Prud’homme van Reine (unpublished) observed discoid holdfasts (characteristic for
S. durum) on all northwest Atlantic (Canadian) herbarium specimens of Stypocaulon.
The observed difference between the rbcL sequence of the Canadian S. durum and
the European Stypocaulon isolates (Tables 3.2 and 3.3, Fig. 3.2) is in favour of the
hypothesised conspecificity, but the actual proof can only be given by including the
rbeL sequence of a Pacific S. durum isolate.

Halopteris vs. Stypocaulon. The genera Halopteris and Stypocaulon were first
described by Kiitzing (1843), but Sauvageau (1903) merged the species of both genera
in the single genus Halopteris. Prud’homme van Reine (1991, 1993) proposed to
reinstate the genus Stypocaulon, mainly based on the absence (Halopteris) or presence
(Stypocaulon) of oogonia. The rbcL data do not lead us out of this dilemma. The
mostly poorly supported topology within the Stypocaulaceae makes it impossible to
assess the validity of these two genera. This also counts for the Antarctic genus
Alethocladus.

Options for a new circumscription: lumping or splitting?
This part of the Discussion is based on the rbcL phylogeny in Figure 3.2 and redrawn
in Figure 3.6.
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<4— lumping - splitting—————»
Option 1 Option 2 Option 3 Option 4
Sphacella | Sphacella

Bootstrap % pr—
Il o0-100 | Sphacella subtilissima

Sphacela- |Sphacela-
Sphacelaria cirrosa riaceae riaceae Propagu- | Propagu-

lifera lifera
gen. nov. | gen. nov.

Sphacelaria rigidula 1 genus 1 genus
Sphacelaria divaricata Sphacelaria | Sphacelaria
Sphacelaria yamadae

Sphacelaria tribuloides

Sphacelaria californica

Sphacelaria plumosa Cladostephus|Chaetopteris

Sphacelaria plumigera

Sphacelaria arctica

Sphacelaria racemosa

N | Cladostephus spongiosus Cladostephus|

= | Sphacelaria nana gen. nov.

1
ﬂ Sphacelaria caespitula Sphacelaria | Sphacelaria
E Sphacelaria radicans Stypocau-| _gen-nov. | gen. nov.

: Alethocladus corymbosus laceae Halopteris | Alethocladug
i Halopteris filicina 1 1 genus Halopteris
Halopteris filicina 2 Halopteris

' Stypocaulon scoparium Stypocaulon

option 1

&=
on=

Stypocaulon durum

Fig. 3.6. Four options for a revised classification of the Sphacelariales s.s. based on the topology
of the rbcL 50% majority-rule consensus tree (Fig. 3.2). The thickness of horizontal branches
indicates the level of bootstrap support. The dashed boxes indicate the traditional classification
in Sphacelaria subgenera. The scissors indicate where the generic limits are drawn for each
option. See text for a more extensive explanation.

Option 1. A radical option would be to transfer all taxa to the genus Sphacelaria.
However, under the International Code of Botanical Nomenclature (Greuter 2000),
the name Cladostephus Agardh 1817 would take nomenclatural priority over
Sphacelaria H.C. Lyngbye 1818. Since Sphacelaria is the best-known name, a proposal
for conservation could be submitted. Option 1 would maintain the greatest stability
with respect to nomenclatural changes and preserves monophyly. From the morpho-
logical perspective, however, the lumping of all the genera would take some adjustment.

Option 2. A second solution would be to recognise two groups (Fig. 3.6), the Sphace-
lariaceae with one genus Sphacelaria and the Stypocaulaceae with one genus
Halopteris. The main difficulty here is the paraphyletic position of S. radicans. There
is also another potential problem. Sphacelaria radicans is the putative sister-species
to S. reticulata Lyngbye in Hornemann 1818, the type species for Sphacelaria. Live
material of S. reticulata is unlikely to be forthcoming as the last reported finding
occurred near Hofmansgave (Fyn, Denmark) in 1867. Silva (1980) proposed to con-
serve S. caespitula Lyngbye 1819 as the type species. That proposal was formally
rejected in 1986 on the grounds of priority. In a proposal to choose another type
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species for Sphacelaria it can be stated that the combination S. reficulata does not
have to be considered as a nomen specifico-genericorum (a species description that is
at the same time also a genus description), because it was not the intention of Lyngbye
himself. Hence, S. caespitula would be the best choice for a new type. It is also the
most basal species of Sphacelaria.

Option 3. In this solution Sphacella would continue to be recognised, the subgenus
Propagulifera would be upgraded to the genus level, the next clade (Fig. 3.6) would
become Cladostephus with concomitant new combinations and only S. caespitula
would be recognised as the true Sphacelaria (including issues around the type of the
genus Sphacelaria as discussed under Option 2). Sphacelaria radicans would have to
become a new genus and the remaining clade would be merged under Halopteris.

Option 4. This solution is the most divisive. As shown in Figure 3.6, the Clado-
stephus clade in Option 3 would be further subdivided into three genera. The name
Chaetopteris F.T. Kiitzing 1843 would take priority for the four species of the subgenus
Pseudochaetopteris (and S. mirabilis) and a new genus would have to be proposed
for S. nana. The genera of the Stypocaulaceae would not be changed.

Conclusion

Ideally a classification should reflect shared evolutionary history of the group and
simultaneously provide a basis for clear taxonomic identification. This combination
is not always achievable within a single classification. To continue to recognise
Cladostephus and Sphacella will result in irreconcilable paraphyly within Sphacelaria.
Circumscriptional Options 1, 2, 3 and 4 solve this problem by only recognising
monophyletic groups. The preference of any option is largely a matter of preference
rather than of necessity. Therefore, we do not propose the adoption of any formal
change in nomenclature at this time.

From an evolutionary standpoint, the phylogenetic relationships within the
Sphacelariales s.s. reveal a complex paraphyletic assemblage based on rbcL and
RUBISCO-spacer sequences, and an almost completely unresolved tree based on
morphology. Highly convergent morphology and often weak diagnostic characters
are a common problem in almost all algal groups. For this reason, comparative
molecular data are indispensable. At the outset of the study, rDNA ITS sequences
were planned to be used in addition to rbcL. and RUBISCO-spacer sequences. Complete
and partial ITS sequences of six species were obtained (Chapter 4). However, length
variation was extreme. ITS1 ranged from 235 to >340 and ITS2 from 265 to >627
nts. In addition there were many mono-, di-, tri-, and tetra-nucleotide repeats which
hampered sequence reactions and made unambiguous alignment impossible. These
results bode that ITS sequences of any nonsphacelarialean taxon would be unalignable
with sphacelarialean ITSs and, therefore, an outgroup would not be available. B.L.
Siemer (personal communication) obtained a similar result in her studies of the
Ectocarpales s./. and Tilopteridales (Siemer ef al. 1998) which caused her to abandon
ITS altogether. Reasons for the extreme length variation in these groups is not known
but is possibly related to the life cycle in combination with organisation of the ribosomal
cistrons on different chromosomes, polyploidy, and extended periods of asexual
reproduction. Although an additional gene or spacer sequence is highly desirable, we
have no recommendation for what that might be.
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The taxon sampling in the present study covers only Northern Hemisphere species,
with the exception of 4. corymbosus. A comparison study focusing on the Southern
Hemisphere representatives (South Africa, Australia, and New Zealand) is conspicuous-
ly missing. Although it is tempting to speculate where these might fit, results from the
molecular phylogeny make it clear that predictions are unlikely to be correct. The
evolutionary trajectories of these lineages are undoubtedly different. At present it is
unclear whether or not Sphacelaria is of Northern or Southern Hemisphere origin.
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Chapter 4

THE INTERNAL TRANSCRIBED SPACERS OF THE
RIBOSOMAL CISTRON ARE UNSUITABLE FOR
PHYLOGENETIC STUDIES IN THE
SPHACELARIALES (PHAEOPHYCEAE) '

The suitability of the internal transcribed spacers (ITS1 and ITS2) of the ribosomal
cistron for phylogenetic studies in the Sphacelariales was investigated. ITS sequences
were determined for two species of Stypocaulaceae and four species of Sphacelaria
(Sphacelariaceae). ITSs were found to be extremely variable and very difficult to align
due to length differences, large indels and long stretches of repeat motifs. Intra-specific
and intra-individual ITS variation was observed in the stypocaulacean Halopteris filicina.
Phylogenetic analyses with selected parts of the alignment confirmed earlier determined
phylogenetic relationships based on RUBISCO-gene sequences. Still it is concluded
that, due to the inferior quality of the alignment, ITS sequences are not suitable the
determination of the phylogenetic relationships at the genus level within the Sphacela-
riales. ITS sequences may be suitable for phylogenetic studies in the Sphacelariales
from the sub-generic to the intra-specific level.

INTRODUCTION

Species of the brown algal order Sphacelariales are characterised by blackening of
the cell walls when treated with bleaching liquid and growth by conspicuous apical
cells (Prud’homme van Reine 1982). Transverse divisions of the subapical cells (or
primary segments) produce secondary segments, which may undergo longitudinal
and secondary transverse divisions. The Sphacelariales are subdivided into three
families based on morphological characteristics, viz. the Sphacelariaceae (2 genera),
the Stypocaulaceae (5 genera) and the monotypic Cladostephaceae. Draisma ef al.
(2002 /Chapter 3) reconstructed the phylogeny of the order using partial sequences of
the chloroplast encoded large subunit of the RUBISCO-gene (rbcL) and its adjacent
RUBISCOspacer, including 19 species of Sphacelariales representing all three families
and six out of eight genera. Maximum parsimony analysis of 7bcL revealed four basal
clades with moderate to high support: (1) Stypocaulaceae, (2) Sphacelaria radicans,

1 Submitted to Cryptogamie Algologie as:
S.G.A. Draisma, W.F. Prud’homme van Reine, J.L. Olsen & W.T. Stam. The internal transcribed
spacers of the ribosomal cistron are unsuitable for phylogenetic studies in the Sphacelariales
(Phaeophyceae).
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(3) Sphacelaria caespitula, and (4) all other included taxa; (Sphacella subtilissima
Reinke + the Sphacelaria subgenus Propagulifera) and (Cladostephus spongiosus
[Hudson] C. Agardh + Sphacelaria nana + Sphacelaria subgenera Battersia and
Pseudochaetopteris). The phylogenetic relationships between these groups could not
be established unambiguously. Although the RUBISCO-spacer is more variable than
the rbcL gene, there was no enhancement in the resolution of the trees when the
spacer sequences were analysed on their own or in combination with the rbcL sequen-
ces. This illustrates the need for an additional phylogenetic marker and the Internal
Transcribed Spacers (ITS1 and ITS2) of the ribosomal cistron are the primary
candidates. ITS1 and ITS2 are under fewer functional constraint then the rRNA genes
and therefore evolve at a faster rate. ITS sequences can be amplified relatively easily
using primers that anneal on the conservative flanking genes. DNA sequences of the
ITS1 and ITS2 have been successfully applied in phylogenetic studies of brown algae
at various taxonomic levels (Peters ef al. 1997, 2000; Stache-Crain et al. 1997; Serrdo
et al. 1999; Kawai and Sasaki 2000; Kawai et al. 2001; Sasaki et al. 2001; Uwai et al.
2001). However, not all attempts were successful. In the Ectocarpales, ITS sequences
were often unalignable because of extreme differences in length variation due to inserts,
repeated motifs and deletions that may be encountered between species, within species
and within individuals (B.L. Siemer pers. comm.). The utility of ITS sequences for
phylogenetic studies must, therefore, be evaluated on a case by case basis.

The aim of the present study was to determine the suitability of ITS sequences for
phylogenetic studies in the Sphacelariales. ITS sequences were determined for four
species of Sphacelariaceae and for two species of Stypocaulaceae, representing all
four clades mentioned above. For Halopteris filicina, ITS sequences were determined
for two different isolates and for one isolate two cloned fragments were sequenced.
These sequences were tested for their phylogenetic information content and compared
with chloroplast encoded rbcL sequences.

MATERIALS AND METHODS

From taxon sampling to alignment of DNA sequences

Taxa are listed in Table 4.1. DNA extraction and all following steps, up till aligning of
the obtained sequences, followed the protocol as described in Draisma et al. (2001/
Ch. 2) with the following exceptions: (1) The DNA was extracted in only 1 ml CTAB-
PVPP and (2) the DNA was precipitated directly after the third CIA extraction and
used for PCR amplifications. The ITS1 and ITS2 region was amplified by using the
C1 forward primer (5’- GTA CAC ACC GCC CGT CGC TCC - 3’) and the ITS4
reverse primer (5°- TCC TCC GCT TAT TGA TAT GC -3’) (White ef al. 1990). The
primers C1 and ITS4 anneal at position 1624 (18S) and 52 (26S) in the ribosomal
DNA of Chlamydomonas reinhardtii (van Oppen 1995), respectively. From Halopteris
filicina two isolates (isolates 2 and 3) were sequenced and from the amplification
product of isolate 2, two cloned fragments were sequenced (2a and 2b). The sequences
were aligned by eye using the BioEdit Sequence Alignment Editor (Hall 1999). The
ends of the coding and non-coding regions were determined based on Saunders and
Druehl (1993).
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RbcL sequences were taken from Draisma ef al. (2002, table 2/Ch. 3, Table 3.2).
These include Halopteris filicina (Brittany isolate, EMBL accession number:
AJ287895), Sphacelaria caespitula (AJ287870), Sphacelaria nana (AJ287875),
Sphacelaria racemosa (AJ28780), Sphacelaria radicans (AJ287874), and Stypocaulon
scoparium (AJ287866). The nuclear and chloroplast encoded sequences of each species
are in most cases not represented by the same isolates. From the rbcL sequences 1255
nt of the 3’-end were used in the phylogenetic analyses.

Phylogenetic analysis

Phylogenetic analyses of the complete or partial (see Results) sequences of the
combined ITS1 and ITS2 were done with PAUP* version 4.0b6 (PPC) (Swofford
1998). The nuclear encoded ITS sequences were also analysed in combination with
the plastid encoded rbcL sequences and the latter were also analysed separately with
the same taxon set. Maximum Parsimony (MP) analyses were done as exhaustive
searches, including or excluding gapped positions and treating gaps as missing or
new state. For the Maximum Likelihood (ML) analyses the nucleotide substitution
model to be used was first determined using MODELTEST version 3.0 (Posada and
Crandall 1998). The two stypocaulacean species H. filicina and S. scoparium were
appointed as outgroup taxa.

Sampling error and precision

Decay analysis of MP trees was performed with AutoDecay version 4.0 (Erikson
1998). MP and ML bootstrapping (Felsenstein 1985) was performed in PAUP* using
10 (MP) or 5 (ML) random sequence additions and 10,000 (MP) or 1000 (ML)
replicates.

Congruence of data sets was evaluated using the partition homogeneity test (PHT)
(Farris et al. 1995, Cunningham 1997) which is implemented in PAUP*. Constant
characters were deleted prior to the analysis, the random sequence addition option
(10 replicates) was used and 10,000 replicates were performed.

RESULTS

The sequenced region of the ribosomal DNA covered 149—151 nucleotides (nt) of the
18S, the complete ITS1, 5.8S (160 nt) and ITS2, and 38 nt of the 26S, excluding the
annealing positions of the amplification primers. Incomplete ITS1 and ITS2 sequences
(and subsequently no 5.8S sequences) were obtained for the Halopteris filicina speci-
mens, because the determined sequences from the forward and the reverse sequence
reactions did not overlap. No effort was made to bridge the gap by doing sequence
reactions using internal sequence primers. The number of ITS nucleotides (nt) de-
termined per taxon is shown in Table 4.1 along with EMBL accession numbers of the
sequences. The partial ITS1 (5’-end) and partial ITS2 (3’-end) of the H. filicina
sequences were submitted separately. The sequences obtained from the cloned
fragments 2a and 2b from H. filicina were very short and therefore excluded from the
alignment and subsequent phylogenetic analyses.
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Alignment properties

Available coding regions of the ribosomal cistron were conservative and alignable for
all taxa, but did not contain any phylogenetic information. The ITSs were extremely
variable and very difficult to align due to length differences, large indels and long
stretches of repeat motifs. Aligning of ITS sequences was most feasible for the species
combinations S. caespitula + S. radicans and S. nana + S. racemosa. The alignment
of ITS1 is shown in Figure 4.1 and that of ITS2 in Figure 4.2. Properties of different
parts of the (combined) alignments are summarised in Table 4.2. Reliably alignable
parts of the ITS regions, indicated with asterisks (*) in Figures 4.1 and 4.2 and referred
to with ‘selection’, were used for some analyses (see next section). Uncorrected ‘p’
distances between species ranged from 0.15 to 0.35 for the complete ITS1 (0.07-0.21
for ITS1 selection) and from 0.09 to 0.38 for ITS2 (0.05-0.28 for ITS2 selection).
Intra-individual variation was found between the ITSs of the cloned fragments of
isolate 2 of H. filicina. This variation was most conspicuous in the difference in number
of repeat motifs.

Phylogenetic analysis

A preliminary PHT analysis between the ITS1 + ITS2 selection and the 7bcL indicated
that both data sets were congruent (P-value = 0.60) and could be combined for
phylogenetic analyses. The results of the various phylogenetic analyses are summarised
in Table 4.2, including the selected models of DNA substitution for the Maximum
Likelihood (ML) analysis. The most conservative analysis (i.e., ITS1 + ITS2 selection
and gapped positions excluded) resulted in two most parsimonious trees (MPTs),
which are shown in Figure 4.3. All additional analyses with more extended data sets
gave one or two MPTs, each with the topology identical to Figure 4.3A and/or B,
except for the analysis based on rbcL alone (see footnote fin Table 4.2). The two trees
in Figure 4.3 differ from each other in the relative and unsupported positions of S.
radicans and S. caespitula. Only in the analysis in which gaps were considered a new
state, the position of S. radicans was well supported as a sister species to all other
Sphacelaria species (Fig. 4.3A), with the clade leading to these three species obtaining
a bootstrap value of >90%.

DISCUSSION

Data properties

The incomplete ITS2 sequence of Halopteris filicina3 (> 627 nt) exceeds the longest
brown algal ITS2 sequence reported thus far. In other brown algae, ITS sequences
vary in length from 186—-283 nt (ITS1) and 291-358 (ITS2) in the Desmarestiales
(Peters et al. 1997, 2001), 206789 and 252—485 in the Ectocarpales sensu lato
(Stache-Crain ef al. 1997, Burkhardt and Peters 1998, Peters and Burkhardt 1998,
Kogame and Masuda 2001, Peters and Ramirez 2001, Uwai et al. 2001), 401-515
and 322-409 in the Fucales (Leclerc et al. 1998, Serrdo et al. 1999), 238—360 and
255-486 in the Laminariales sensu lato (Saunders and Druehl 1993, Peters 1998,
Yotsukura ef al. 1999, Kawai and Sasaki 2000, Coyer et al. 2001, Kawai ef al. 2001,
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Sphacelaria radicans

A 0 42/ 41 B
45/
Sphacelaria caespitula — D |
49/ 43
51743]°

Sphacelaria nana
89/91 ), 89 /91
95/98 jgs_/ge
= Sphacelaria racemosa

Stypocaulon scoparium

81/75 81/75
89/86]° 89786

w

Halopteris filicina 3
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Fig. 4.3. ITS phylogeny of the Sphacelariales. Two MPTs (A and B) based on a MP analysis of
combined ITS1 and ITS2 selections (indicated with * in Figs 4.1 and 4.2) excluding gapped
positions (251 characters). Tree statistics are presented in Table 4.2. Branch lengths are
proportional to the number of changes. Outgroup = H. filicina (isolate 3) and S. scoparium;
bootstrap percentages are given above branches, MP left and ML right; parsimony jackknife
percentages are given below branches, MP left and ML right; decay index values are given on
the right (in A) or left (in B) of the nodes.

Sasaki et al. 2001), and 280—472 and 294—306 in the Scytothamnales (incl. Asteronema
ferruginea [Harvey] Delépine et Asensi) (Miiller ef al. 1998, Peters and Clayton 1998).
For the Tilopteridales only two ITS2 sequences are known (328—329 nt; Sasaki et al.
2001) and for the Dictyotales only one ITS1 sequence is known (481 nt; de Clerck
1998). The supposedly dictyotalean ITS1 and partial ITS2 sequences determined by
Lee and King (1996) probably belong to epiphytic chlorophytes (de Clerck 1998).
The ITS sequences of the Sphacelariales are highly variable and large gaps were
needed to construct an acceptable alignment. Still, only a small fraction of the ITSs
could be aligned with confidence. In contrast, the coding parts that flank the ITSs
were highly conservative and lack phylogenetic information at the intra-ordinal level
of the Sphacelariales. The large gaps in the alignment often coincided with the presence
of short tandem repeats in one or more of the sequences (Figs 4.1 and 4.2). The presence
of these tandem repeats is likely due to slipped-strand mispairing events (also known
as replication slippage) (Levinson and Gutman 1987, Li 1997). This process involves
local denaturation and displacement of the double-stranded DNA followed by
mispairing at the position of an existing short repeat. This leads to insertions or deletions
of one or more short repeats. The process can be self-accelerating and thus short
repeats can accumulate over time. Sequences like TTTCTTTTTTCTTT (position
577-590 in Fig. 4.2) and GAAAAGAGAAGA (position 591-602 in Fig. 4.2) in H.
filicina may also have been caused by slipped-strand mispairing events, but through
time they have been erased by other (point) mutations.
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The ribosomal DNA cistron (= external transcribed spacer [5’-ETS] + SSU [18S]
+ITS1+5.8S+1TS2 + LSU [26S] + 3’-ETS) of eukaryotic organisms is organised in
long arrays of tandem repeats separated by intergenic spacers (IGS), often distributed
over different chromosomes (Gerbi 1985). There are hundreds to thousands of cistron
repeats per nucleus. These repeats may differ, as demonstrated by the intra-individual
variation in the two cloned fragments of isolate 2 of H. filicina in the present study.
However, it has also been demonstrated that these repeats are homogenised, a pheno-
menon called concerted evolution (Zimmer et al. 1980). The two most important
mechanisms for the occurrence of concerted evolution are (non-reciprocal) gene con-
version and unequal crossing-over (Li 1997). Gene conversion is a recombination
process in which two sequences interact in such a way that one is converted by the
other (non-reciprocal = one sequence is changed whereas the other is not). Unequal
crossing-over creates a sequence duplication in one chromosome and a corresponding
deletion in the other (reciprocal). In isolate 2 of H. filicina the ribosomal cistrons
obviously have not been homogenised yet using the mechanisms of concerted
evolution. In other brown algae intra-individual ITS variation has been reported for
the Fucales (up to 2.6%) (Serrdo ef al. 1999) and the Laminariales (up to 4.6%) (Coyer
etal. 2001). From the perspective of phylogeny reconstruction, the presence of multiple
intra-individual ITS types is problematic. This is especially the case when hybridising
species or recently diverged species are included that have not yet undergone lineage
sorting. If only one type per individual or species is included in the analysis, then the
estimated phylogeny will be potentially incorrect (Fama ez al. 2000, Diekmann et al.
2001). This is probably not the case in the present study, because the observed inter-
specific variation was much higher than the observed intra-specific and intra-individual
variation. Moreover, the intra-specific variation is mainly restricted to the simple repeat
motifs, which are excluded from the phylogenetic analyses anyway.

Phylogeny

The ITS based trees could not be rooted with taxa outside the Sphacelariales as no
ITS sequences were available for the closest relatives of the Sphacelariales: the
Syringodermatales and the Onslowiaceae (Draisma and Prud’homme van Reine 2001/
Ch. 7, Draisma ef al. 2001/Ch. 2). However, they probably would have been unalign-
able with sphacelarialean ITS sequences, given the alignment problems encountered
in this study. The sphacelarialean ITS1 sequences were certainly not alignable with
the dictyotalean ITS1 sequence determined by de Clerck (1998).

All analyses show that the two stypocaulacean species, H. filicinaand S. scoparium,
are clearly separated from the remaining four sphacelarialean species. This is in
complete agreement with the results obtained by Draisma ez al. (2002/Ch. 3). In their
study, which is based on rbcL sequences, it was also demonstrated that the Sphacelaria
subgenus Sphacelaria is paraphyletic. The present ITS-based phylogenies support
this conclusion. Sphacelaria nana is always sister to Sphacelaria racemosa (subgenus
Pseudochaetopteris), and not to the other species of the subgenus Sphacelaria (Sphace-
laria caespitula and Sphacelaria radicans).
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Conclusion

ITS sequences are not suitable for reconstruction of the phylogenetic relationships at
the genus level within the Sphacelariales. They are simply too variable. Making a
satisfactory alignment was difficult even between species of the same genus, whereas
the reliably alignable parts contained only a few informative sites. Nevertheless, earlier
determined phylogenetic relationships based on rbcL were confirmed (Draisma et al.
2002/Ch. 3). ITS sequences may be suitable for phylogeny reconstructions of Spha-
celariales from the sub-generic to the intra-specific (population) level.
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PROPAGULES AND MOLECULES
DO NOT GO TOGETHER: PARAPHYLETIC
SECTIONS AND CRYPTIC SPECIES IN THE
SPHACELARIA SUBGENUS PROPAGULIFERA
(PHAEOPHYCEAE)'

The Propagulifera comprise about 17—23 species which form a monophyletic subgenus
within Sphacelaria. The traditional sections Propagulifera, Furcigerae and Tribuloides
are defined by morphology of the propagules. The propagules in the section Propagulifera
are characterised by an apical hair, those in Furcigerae by long cylindrical arms, and
those in Tribuloides by a tribuliform shape with or without horns. The present study
challenges the traditional circumscription of the sections. A phylogenetic analysis of
the subgenus Propagulifera, using rbcL and RUBISCO-spacer sequences, revealed both
paraphyly and the presence of cryptic species. Both sequences were analysed together
and separately, with and without gaps, under maximum parsimony and maximum likeli-
hood. The combined data set gave the best-supported phylogenetic trees in which three
well-supported clades were recovered. The most basal clade was formed by S. cirrosa
(Propagulifera) only, which was used as outgroup. A second clade consisted of S. cali-
fornica (Tribuloides), which was basal within this clade, and S. divaricata and S. rigidula
(both Furcigerae). The third clade consisted of the basal S. tribuloides (Tribuloides)
and S. yamadae and S. rigidula (both Furcigerae). It is concluded that propagule morpho-
logies have evolved multiple times within the sections and are, therefore, not phylo-
genetically informative within the subgenus. Well-supported genetic differences among
the clades within the subgenus reveal cryptic species, i.e., S. rigidula. In the absence of
reliable morphological differences it is recommended that the sections Furcigerae and
Tribuloides either no longer be recognised or that they be merged into one section.

INTRODUCTION

The genus Sphacelaria Lyngbye 1818 (Sphacelariales, Phacophyceae) is subdivided
into 5-6 subgenera (Prud’homme van Reine 1993, Draisma et al. 2002 / Chapter 3).
The subgenus Propagulifera is the most species-rich (17-23 species) and has the
widest geographic distribution. Some species are cosmopolitan in tropical and tem-
perate waters, while others are endemic to much smaller areas (Prud’homme van
Reine 1993, Kitayama 1994, Draisma et al. 1998). The subgenus Propagulifera is
especially characterised by specialised branchlets for vegetative propagation called

1 To be submitted as part of a larger study on the subgenus Propagulifera by Dr Y.-S. Keum
(Seoul National University, South-Korea).
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propagules. Propagules can be formed in the diploid sporophyte phase of the life
cycle as well as in the haploid gametophyte phase (van den Hoek and Flinterman
1968). Species delimitation within the subgenus Propagulifera is predominantly based
on the distinct shape of the propagules (Kitayama 1994, Draisma et al. 1998). Diag-
nostic characters associated with the thallus include the diameter of the main axes,
the number of cells that can be observed in lateral surface view of the main axes, the
branching mode, and the shape and size of unilocular and plurilocular zoidangia
(Prud’homme van Reine 1982, Kitayama 1994). The subgenus is subdivided into
three sections (Prud’homme van Reine 1982) based on the shape of the propagules.
The propagules in the section Propagulifera (2—3 species) have long, usually fusiform
arms and usually a terminal hair. In the section Furcigerae (711 spp.) the propagules
have long, cylindrical arms and are without a terminal hair. The propagules in the
section Tribuloides (5—9 spp.) are characterised by a tribuliform shape (with or without
conical horns) and by the absence of terminal hairs. This latter section is further sub-
divided into two series; Tribuloides (5—6 spp.) and Humeratae (3 spp.) (Prud’homme
van Reine 1993). Tribuliform propagules can also develop arms (Prud’homme van
Reine 1982; figs 439, 440, 451, 472, 506, 507), but usually only after they are shed,
whereas the propagules of Furcigerae develop arms while they are still attached to
the parent plant. So the development of arms in the section Tribuloides is in fact
delayed. Ambiguities in the definition of propagule arms (section Furcigerae) and
propagule horns (section Tribuloides) make it impossible to place some species in a
section. Kitayama (1994), for example, noted that the propagules of Sphacelaria
cornuta Sauvageau fit in the section Furcigerae as well as in the section Tribuloides.
According to Kitayama (1994), the type of division of the subapical cell (the cell
directly beneath the central lenticular apical cell) of the propagule may be more useful
for the separation of these two sections. Propagules in the section Furcigerae show an
unequal (or diagonal) division type of the subapical cell and in the section Tribuloides
they show an equal (or perpendicular) division type. Draisma et al. (1998), however,
noted that in some species both types of division can be observed, but stated that a
majority-rule could be applied: in section Tribuloides the majority of the propagules
shows an equal division type, in Furcigerae the majority shows an unequal division
type. Consequently, Draisma ef al. (1998) moved Sphacelaria carolinensis Trono
from the section Tribuloides to the section Furcigerae, after having re-examined the
type specimen.

Draisma et al. (2002 /Ch. 3) analysed phylogenetic relationships among species of
Sphacelariales using DNA sequences of the plastid encoded large subunit of the
RUBISCO-gene (rbcL). Their study included six species of the subgenus Propagulifera
representing all sections and series. Sphacelaria cirrosa, the sole representative of
the section Propagulifera and also the type of the subgenus, was basal with respect to
the other five species. There was, however, no support for the monophyly of the section
Furcigerae and of the section Tribuloides. Draisma et al. (2002 / Ch. 3) also included
RUBISCO-spacer sequences in their analysis. For phylogenetic studies within the
Sphacelariales these sequences turned out to be of minor importance because of
alignment problems. Such problems were not encountered when only the Propagulifera
were considered, making this marker a promising tool for revealing phylogenetic
relationships within this subgenus. In the present study both rbcL. and RUBISCO-
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spacer sequences were used in order to elucidate (1) the phylogenetic relationships
between species belonging to the subgenus Propagulifera and (2) to test the supposed
monophyletic status of the sections Furcigerae and Tribuloides.

MATERIALS AND METHODS

Taxon sampling, DNA extraction and amplification, cloning and plasmid isolation,
DNA sequencing

Taxa are listed in Table 5.1. All steps from DNA extraction to DNA sequencing are
described in Draisma et al. (2001 / Ch. 2).

Alignment and phylogenetic analysis

The RUBISCO-gene and -spacer sequences were aligned manually and edited using
the BioEdit Sequence Alignment Editor (Hall 1999). Phylogenetic analyses were
performed with PAUP* version 4.0b6 (PPC) (Swofford 1998) in which also pair-wise
uncorrected (‘p’) distances were determined, treating gaps as missing data. All codon
positions of rbcL were included in the phylogenetic analyses. Maximum parsimony
(MP) analyses were done as exhaustive searches, treating gaps as missing data or as
fifth base. For the Maximum Likelihood (ML) analyses the nucleotide substitution
model to be used was first determined using MODELTEST version 2.1 (Posada and
Crandall 1998). Subsequently ML analyses were done as heuristic searches with 100
random sequence additions.

Sphacelaria cirrosa was selected as outgroup. This species was sister to all other
species of the subgenus Propagulifera (with high support) in the rooted phylogeny of
the Sphacelariales in Draisma et al. (2002 / Ch. 3).

Decay analysis of MP trees was performed with AutoDecay version 4.0 (Erikson
1998). Bootstrapping (Felsenstein 1985) and parsimony jackknifing (Farris ez al. 1996)
was performed in PAUP* using 10 random sequence additions and 10,000 replicates.
Character deletions per jackknife replicate were set at 37%. For ML bootstrapping
only 1000 replicates were done with 5 random sequence additions per replicate.

Congruence of rbcL and RUBISCO-spacer sequences was evaluated using the
partition homogeneity test (PHT) (Farris ef al. 1995, Cunningham 1997) which is
implemented in PAUP*. Constant characters were deleted prior to the analysis, the
random sequence addition option (10 replicates) was used and 10,000 replicates were
performed.

RESULTS

Alignment properties

No insertions/deletions were observed in the rbcL sequences, which made the
alignment unambiguous. For most taxa 1375 nucleotides (nt), out of the potential
1467, were determined. For a few taxa only 1255 nt were determined (Table 5.1) due
to the PCR amplification with the RbcL188F primer. The 1255 nt rbcL alignment was
routinely used in the subsequent phylogenetic analyses. Both within Sphacelaria



Chapter 5

96

el[eSNY pue ueed( oyoed (U 9Lg) (W SSTI) €661 ‘QuIY UBA
oy jo sped [eo1oq erodwo) weM  [G6L8T(V  €68L87(V  dwwoy pnid " A\ uede[ ‘ewrysifemy ‘os1Q IoupIesn) 72 [[oy019S
X2 neaSeAnes vo1uL0fijpd g
ODIDAIUINE] SILIDS
(u,sy)  (OugLen) BWSIEI( 'V'D'S
8F6L8TLV  T68LSILV /6661 ‘UOASUT H'V ogden) ‘oI [, uef
s1ojem (ursy)  (OugLern) €661 ‘QUIY UBA
ojesodwo) pue [edrdor) ur ueyrjodowsod LY6L8TIY  168L8TLV  Owwoy, pnid " ‘M uede[ ‘emBUD]Q ‘00SOS [ IUIYSSUSN (1) Sop10jngLi °§
$ap10JNq1L4] SOLIIS
Sap10Inq1L] UOT)OIS
(ugsy)  (ugLen)
83103 pue uede[ 0} OIWOPUD 0S6L8T[V  068L8ILY 0661 ‘vwekeiry] ‘L uede[ ‘opes 130 eme30g avppund g
(uyor)  (QugLen) BUWISIRIQ Y "D’S
IP6LSTLY SS8LSILY /1661 1oed 'H apIoA ode) S
(ugsy)  (Ougsz) €661 ‘oUIY UBA
TP6LSTLV L88LYTLV ~ owwoypnid {'A  ueder ‘OpIedOH ‘ULl €
(ugsy)  (usszn)
PPOL8TLV  888L8TLV 9661 WNOY 'S-A  BAIOY (INOS ‘Suexonsoey) [4
s1ojem (ugzsy)  (uogger) 9961 ‘ouIoy ueA
ojerodwo) pue [edrdory ur ueyrjodowsod 1¥6L8T(V  €88.8C7(V  dwwoy pnid "I'M pueai] ‘Aemyen I (1) Swzny] pynp1dee g
(uger)  (upLen) 6861
ueddQ duyroed oerodwd) pue feordons  6y6L8TLV  688L8TLV ‘ryondemey] 'S ueder ‘nysnky ‘wyezednsy, QUSBIUOIN DIDILIDALP °§
2D.42312.41,] UO1IJS
el[RISNY WIOYINOS d)eroduwo) (ugsy) (QugLeEl) L661
pue ueeo() dnuepy you deredwdl  9p6L8TIV  S98LYTIV ‘ewsrel 'V'D'S PUB[I00S SSON AJId (1) UPIBSY "D (W0Y) vsoLid g
va2fin3odo.g uonoas
100eds Io11uapI (so119S pue UO1}O3S Aq PaIdPIO)
so10ads o Jo uonnquysip oyderdoon  -0DSIANY 120G /183K 10)09[[0D) 9J1S UOIJO[[0)) soroadg

IoqUINU UOISS008 TN

(6661) ‘v 1o WINIY] PUB (€66 1) QUIDY UBA QWWOY, PN WOIJ UdYe) SuonnqLysIp
so199dg "pIoq Ul PajRdIPUI dI S90UINDIS MIN] * (1), YIM PAIBIIPUI SIB SUOIIOIS JO $3103ds odAT, “Apmys yuasard oy ut pasn suowtodds vriwjaovyds “1°S QL]



Phylogeny of the Propagulifera 97

rigidula isolates 1-3 and within the two isolates of Sphacelaria tribuloides differences
at four positions were found. In the case of S. rigidula, two of these differences led to
an amino acid substitution.

Alignment of the RUBISCO-spacer was more difficult and required 70 gapped
positions (Fig. 5.1). Because the genes for both subunits of RUBISCO constitute a
single operon in chromophytes and they are co-transcribed (Kostrzewa et al. 1990), a
secondary structure of the RUBISCO-spacer can be expected. Inspection by eye re-
vealed a palindromic region between positions 36 and 92 in the spacer sequence of
Sphacelaria californica, which forms a stem-loop secondary structure. Within this
region two tandem repeats of seven nt are present. This stem-loop could also be
observed in the other taxa, though its integrity decreased gradually with the Sphacelaria
divaricata sequence having hardly any secondary structure in this area (Fig. 5.1). All
taxa showed a putative ribosomal binding site 11-15 nt upstream of the 3’-end of the
spacer (Shine and Dalgarno 1974, 1975, Bailey and Andersen 1999). The spacers of
S. rigidula 1 and 2 were identical, as were those of S. #ribuloides 1 and 2. The spacer
of S. rigidula 3 differed from S. rigidula 1 and 2 by only one substitution. The AT-
content of the RUBISCO-spacers varied from 79—-84%. EMBL accession numbers
for both the rbcL and RUBISCO-spacer are given in Table 5.1.

Phylogenetic analysis
Comparing the rbcL and RUBISCO-spacer alignments with the PHT yielded a P-
value of 0.375, indicating that the two subsets are not in conflict and can be combined.
MP analyses were performed with the rbcL and the RUBISCO-spacer alignment
separately as well as combined, including and excluding gapped positions, and treating
gaps as missing data or as fifth base. All analyses resulted in one single most
parsimonious tree (MPT). A summary of the MP analyses is presented in Table 5.2.
The MPT that resulted from the analysis of the bcL and spacer combined and treating
gaps as missing data is shown in Figure 5.2, which is representative for all analyses
which included rbcL. Analysis of the RUBISCO-spacer alone gave trees, which dif-
fered from the one given in Figure 5.2. If gaps were treated as fifth base, the S. #i-
buloides branches off from the S. divaricata/S. rigidula clade. In all other analyses of
the spacer alone the S. californica becomes a sister clade to the clade with the two S.
tribuloides sequences.

Table 5.3 summarises the four ML analyses performed and the invoked nucleotide
substitution model. All these analyses resulted in trees that showed the same topology
as the tree in Figure 5.2.

DISCUSSION

The phylogeny

The tree in Figure 5.2 is the best estimate of the Propagulifera phylogeny, because it
is based on the highest number of informative characters and MP and ML analyses
both resulted in the same tree topology when rbcL was included in the alignment.
Bootstrap and parsimony jackknife percentages were higher for the analysis of the
alignment of the rbcL + spacer combined than for the analysis of the alignments of



Chapter 5

98

...... Locrtrree ey Syttt Loty
........................ _ ceeige R
........................ I gyt Loty
........................ _ 1°9° B ARITIRII
........................ _ L°9° BRI
...... B R I I P AP IRIE I EPIPIPIR B I
OLVYVYLL DILVIVODVYVYIL VIILVVYVYIV-L VIVODVYVLLL LVYDVLVOLVD
08¢ oLe 09¢ 08¢
....... o- B Sttt IVLYCOVCY
......................... Ve ey
......................... v R 1
B I I S R I v R L A IR
......................... v R
......................... v e e e e e
.............................. R s B I
VYVYVYVYLVVYVYVYL OVILLLVYVYVYVYVY VYOVVVYODLODL VYVVYILOVOLDLD DIVYVILLLVI LLLLVYDLVOY VVDL-VVOVIL DIVLLVVYDLL
0ve 0e€e 0cc 0T¢ 00¢ 06T 08T 0LT
LYLLLLVYY" L9 Lo"L""* """ L ot L YLLLO LLL LIL L DTt e 004
Syt L=t OLtc oyttt I Ccgr ot e _ S R AR R
S B A VoL CVIL° ¥v'0l IVIL'I B A
ey CI- R R AR E IR e LI R I A RS o S R
S I B ST IR 5L OL- 901 I¥LD- - - B
SOttt e e B A AR 3L OL" 901 I¥LD" - B
L s R > LI [P, e e B N I Yrotctct gt
VYIV---09LL LIL-DIVVYIV YVYYOVVIOLD IODVOVIILL VYOLILVLI-VVI IIVVYILIVYD DOVVIOVIVY VVVILIVLYD
09T 0GT ovT 0€T 0¢T 0TT 00T 06
||||||| oyt y e ____ __-95 5 7 o e L@y
||||||| o- cee ey o e P REEEREE R R Im " mmmm e -
|||||||||||||||| e L f L Ll eeeeeeyg R R e e e e e
||||||| 7 SRR TP e —— O T S R ) -V ' 'Vl ‘¥ -- 1
|||||||| 99 -t IVIO° Lo T T 10°V Yrrotctyg— cccccocg-
|||||||| 99 -ttt IVIDC I LI R L 10°V e
||||||| L° 99 gt R 1o R R e BRI L=V "L¥= "'t —cc -1
IVVYILVOLYY IIIVIDIOVI VYVVLIVOLVY LIVOLVYIVVY LILIIDIOLL ILIVYVYOIVI IV-99LIVD- ILDDVVY-IVDD
08 oL 09 (039) (037 0€ 0¢ 0T

-9oudnbes jsowraddn ay) 03 [RORIUSPI SISEQ 93eIIPUL (*) )0 ‘PLafijndpdosg snuddqns pLipjaopyds 9y} ul s90udNbas 190eds-0)SIgNY JO IWAWUSIY *I°S “S1]

DSO.L11D
avppun A

DSO.L11D

avppunA
DIPILIDAIP
§ pInpiSLL
€ DInpiSLL

W1 DINPISLL

w1 soplojngri
DI1UAL0f1]DD

DSO.L11D

avppunA
DIDILIDAID
§ pInpiSLL
€ D|npiSLe

W1 DIPISLL

w1 soplopngri
DI1UAL0f1]DD

DSO.LI1D

avppunA
DIPILIDAID
§ pInpiSLL

€ DInpISLL

W1 DINpISLL
w1 soplojngii
po1ULOf1]DD

OB R R R R oo R oo i}

S
N
DIDILIDAID

S pInpISLL

€ InpisLL

W1 DIPISLL
R soplojngiy
po1ULOf1]DD

U s L

JuowudIe
2103521 03 sdeS ayeo1pur (-) soyse ‘P[oq ul pajedrpul st 9—g, g suonisod ju je 9)1s Jurpuiq [ewrosoqrr oaneind y *oul] 9[SUIS © YIIM POUl[IopUN e G bynp13LL
*S Ul pUB pso.110 “§ ul syeadal pajIdAul 30911odw] “Ploq Ul pajedIpul 1k uldIdy s)eadarju / om] ‘woruiofijpo - ul 3eadal pajIoAul ue S9JeOIpUl dUI] ]qNOP



99

Phylogeny of the Propagulifera

"OI)SIIE)S SSOUMAYS = I3

¥6°0- umoys jou 1L°0/280/L80 0S¢ (%LT) LL 1 (%9S) 651 98¢ aseq ¢ se sded 1ooeds
L8°0- umOoys Jou 0L°0/780/980 9€1 (%61) St/ (%1¥) €6 67T 1eadar papIaAUl "[0Xd 1odeds
680~ uMmOoys Jou 1L°0/28°0/98°0 6C1 (%00) € / (%1¥) 68 91T suonisod paddes [oxe 10oeds
L6°0- umoys jou €L°0/%8°0/88°0 891 (%02) 8S / (%1+) 911 98¢ 1o0uds
76°0- TS Sigse 69°0/180/580 LT (%8) $9/ (%11) 8¢€1 994! gell
$6°0- TS Sigse 69°0/18°0/58°0 STy (%01) Lt / (%61) L6T I¥ST  9seq G se sdes ‘1eoeds + 2G4
€60~ TS Sigse 89°0/08°0/+8°0 €0¢€ (%L) 80T / (%ST) LTT Lyl sdes "[oxa 1o0eds + Tog.
L6°0- (AR 0L°0/780/98°0 € (%8) €21 / (%91) ST 1§29 1o0eds + Jog4
LdINJo (%) suonisod aAreuLIOjUT
e!'8 A3ojodo, O/ I/ 1D @3uaT /(%) dqeLIEA Jo QNN ISUS] (s)uordoy
Q31 WSy

"SLJIN JO Xopur AoUQ)SISUOD PI[LISAI / Xopul
UOTIUA}OI / XAPUT AOUSISISUOD = ) /T /I "OSIMIYIO0 PAje)s SSI[un ‘ejep SUIssIw se pajean; aom sdeo “(LJIA) 201 snotuowrsied jsow o[SUIS & U POY[NSaI
sosAJeue [[y ‘posn oIom eXe) U0} sjuswusIfe [[e Jo SjuowusI[e JUdIQJjIp I0J sosATeue Auownsied wnwrxew pue sanzodord eiep jo Arewung ‘7' d[qeL



100 Chapter 5

Table 5.3. Summary of maximum likelihood analyses. For all alignments ten taxa were used. Gaps
were treated as missing data. — InL = — log likelihood.

Alignment Tree
Region(s) Length  Selected model 2 —InL Topology
rbeL + spacer 1541 TN + G 3861.6 as Fig. 5.2
rbcL 1255 TN+ G 2688.1 as Fig. 5.2
spacer 286 K8luf+ G 1037.1 as Fig. 5.2
spacer excl. gapped positions 216 K81luf+ G 807.8 as Fig. 5.2

a  TrN = Tamura & Nei 1993; K81uf = Kimura 1981 with unequal base frequencies; G = shape
parameter of the gamma distribution.

the RUBISCO-spacer and rbcL separately. Alternative topologies found when
analysing the RUBISCO-spacer on itself gave comparable high tree statistics (Table
5.2), but received significantly less support for most of the clades. Moreover, the rbcL.
alignment is unambiguous, unlike the RUBISCO-spacer alignment.

The fact that the current Propagulifera phylogeny is more resolved than in the
study by Draisma ef al. (2002 /Ch. 3) is probably caused by the inclusion S. rigidula
5 and not because the complete RUBISCO-spacer was used.

The RUBISCO-spacer

The palindromic region in the RUBISCO-spacer of Sphacelaria californica forms a
stem-loop structure after transcription in which the nucleotides CTC form the loop.
The tandem repeat within this region most likely is the result of a duplication event in
one of the two stem regions and a subsequent compensation duplication in the other
one. The function of the secondary structure is not clear. In the Phaeophyceae, as in
all other chromophytes, the rbcL and rbcS are co-transcribed, which means that the
RUBISCO-spacer has to be excised after transcription. As in the internal transcribed
spacers of the ribosomal cistron, a particular folding pattern of the spacer could initiate
this excision process. However, it seems unlikely that the observed stem-loop is a
prerequisite for this process, because it is not (completely) present in the other
Propagulifera taxa. Boczar et al. (1989), Hwang and Tabitas (1991), Fujiwara et al.
(1993, 2001) also reported short palindromes in RUBISCO-spacers of other
chromophytes. The function is also still unknown, but since similar palindromes were
found in prokaryotes, these regions may have regulatory significance (Boczar et al.
1989).

Paraphyly

Kitayama (1994) performed a phylogenetic analysis of all eight species of
Propagulifera occurring in Japan (representing the sections Furcigerae and
Tribuloides), using thirteen morphological characters. Sphacelaria plumigera Holmes
(not a member of the Propagulifera) was used as outgroup. Kitayama presented two
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=G californica

==10 changes

Fig. 5.2. Phylogeny of the Sphacelaria subgenus Propagulifera based on rbcL + RUBISCO-spacer
sequences. Single most parsimonious tree. Tree statistics are presented in Table 5.2. Branch
lengths are proportional to the number of nucleotide changes. Bootstrap percentages are given
above branches, MP left and ML right; below branches the decay index values (left) and parsi-
mony jackknife percentages (right) are given. Propagule morphology for each species is given
next to taxon names with scale bars indicating 100 * m. These propagules were redrawn from
Prud’homme van Reine 1982 (S. cirrosa, tig. 603, p. 233) and from Kitayama 1994 (S. califor-
nica, fig. 8A, p. 53; S. divaricata, fig. 35E, p. 88; S. rigidula fig. 24D, p. 76 [3 arms] and fig.
25A,p.77 [2 arms, as S. furcigera holotype]; S. tribuloides tig. 14B, p. 62; S. yamadae fig. 50E,
p. 107).
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cladograms depicting alternative hypotheses, “using the principle of parsimony”.
However, the length of one tree was 18 steps, the length of the other tree was 21 steps.
In the longest tree, the ingroup consisted of the monophyletic Furcigerae and the
monophyletic Tribuloides. These two clades were defined by characteristics of the
propagules. The shortest tree, however, differed from the longest tree in the position
of S. californica, which was now basal to all other ingroup taxa. The separation of S.
californica from the other Propagulifera was based on characters not related to the
propagules.

In contrast to the morphology-based phylogeny of Kitayama (1994), the present
molecular phylogeny clearly shows that the Furcigerae and Tribuloides are
paraphyletic. There is no correlation between propagule morphology and the clade in
which it occurs, indicating that this traditional morphological character is not
phylogenetically informative within the Propagulifera. However, the driving selective
forces behind the process of morphological convergence are not clear. Sequence
divergences are relatively high (3—4% in the rbcL and 13—-21% in the spacer).

Geographic disjunction

Two S. tribuloides specimens were compared from the Atlantic (Caribbean) and the
Pacific (Japan). Sphacelaria tribuloides is a tropical to warm temperate species and
cannot survive below 10 °C (Kitayama 1994). Therefore, the Atlantic and the Indo-
Pacific populations must have been isolated from each other since the closure of the
Isthmus of Panama 4-3 Ma ago (Ltning 1990, de Jong 1998), because seawater
temperatures are below 10 °C around the southern and northern tips of the continents.
However, the low genetic divergence between their rbcL genes (0.3%) and identical
spacer sequences do not reflect such a long separation time. This is in contrast to
comparable observations in another sphacelarialean species Halopteris filicina
(Grateloup) Kiitzing (Draisma ef al. 2002/ Ch. 3), where genetic divergence between
an Atlantic and a Pacificisolate was 4.6% in rbcL. Invoking a human introduction for
S. tribuloides in one of the ocean basins is a possible explanation, but there is no
additional evidence to support this hypothesis.

Sphacelaria rigidula is clearly paraphyletic and can be found in each of the
Furcigerae clades. Specimen 5 from the Cape Verde Islands is only very distantly
related to the other specimens from Ireland (1), Korea (2) and Japan (3). The two
entities obviously represent two separate cryptic species. Y.-S. Keum (personal com-
munication) found specimens of both haplotypes in Korea, which means that the
haplotype belonging to specimens 1, 2, and 3 (further referred to as type A) and to
specimen 5 (further referred to as type B) are present in both the Atlantic and the
Pacific Ocean. Y.-S. Keum (pers. comm.) also observed that the propagules of type A
specimens are 2, 3 and/or 4-armed and that those of type B specimens never have
more than 2 arms. Furthermore, in Korea specimens with bi-, tri- and quadri-furcate
propagules occur intertidally and specimens with only bifurcate propagules occur
subtidally (Y.-S. Keum pers. comm.). Re-examination of the S. rigidula voucher speci-
mens and live cultures revealed that within type A, Specimen 1 did not have any
propagules, Specimen 2 exclusively had propagules with two arms, and Specimen 3
had propagules with three or four arms. The microscopic voucher slide of Specimen 5
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was badly preserved and showed only one single propagule with two arms and its live
culture did not bear propagules at the moment of re-examination. The present results
are not in conflict with the findings of Y.-S. Keum, but neither can these results confirm
her conclusion.

Currently, morphological species boundaries of type A and type B cannot be defined.
However, Y.-S. Keum was able to distinguish S. rigidula specimens with 2-armed
propagules from specimens with 2—4 -armed propagules using morphological
characters in a principle component analysis and a cluster analysis (Keum ez al. 1997).
Therefore, the search for diagnostic morphological characters of each haplotype may
not be a lost cause. A combined molecular and morphological study is needed to
assess the morphological limits of type A and type B. The single-stranded conformation
polymorphism (SSCP) (Orita ef al. 1989) may be a suitable method to determine the
haplotypes, because it is easy to develop and less costly. It has been successfully
applied for differentiating plastid haplotypes (RUBISCO-spacer variation) in red algae
(Zuccarello et al. 1999a,b,2000, 2001). Finally, it is recommended that morphological
data from sporophytes be separated from morphological data from gametophytes.
This is because a difference in robustness between sporophytes and gametophytes
has been observed in specimens of S. rigidula (as S. furcigera Kiitzing) from The
Netherlands (van den Hoek and Flinterman 1968).

Nomenclatural considerations

What species names should be attributed to the types A and B under the assumption
that type B only has 2-armed propagules and type A has 2-, 3-, and/or 4-armed
propagules? Kiitzing described S. rigidula in 1843 without propagules and in 1855 S.
furcigera with propagules. However, Prud’homme van Reine (1982) observed 2-armed
propagules in the type specimen of S. rigidula and consequently synonymised
Sphacelaria furcigera Kiitzing 1855 with S. rigidula Kiitzing 1843. The type material
of S. rigidula and S. furcigera, both collected in the tropical Red Sea, contains only
few propagules, all with bifurcating propagules. In the future, the name S. rigidula
should probably be used for the ones with strictly bifurcating propagules, presumably
having a tropical to warm-temperate distribution. The names Sphacelaria fusca
(Hudson) F.S. Gray 1821, Sphacelaria variabilis Sauvageau 1900 and Sphacelaria
subfusca Setchell et N.L. Gardner 1924 are eligible for the species with bi-, tri- and
quadri-furcating propagules. Sphacelaria fusca has priority over the other two names
because it is the oldest name. Unfortunately, there is no good holotype material available
for S. fusca or for S. variabilis. This is not an argument in favour of S. subfusca over
S. fusca but simply an irreconcilable state of affairs. Sphacelaria fusca must be typified
by the neotype proposed by de Haas-Niekerk (1965), which is different from the
neotype proposed by Prud’homme van Reine (1982). More discussions about
differences between S. rigidula (as S. furcigera) and S. fusca can be found in Irvine
(1956), de Haas-Niekerk (1965), van den Hoek and Flinterman (1968), and Goodband
(1971). The supposed difference between S. rigidula from temperate areas and S.
Jfusca might be based on the difference in robustness of the sporophyte and gametophyte
(Prud’homme van Reine 1982).



104 Chapter 5

Conclusion

Within Sphacelaria, the presence of propagules is synapomorphic for the subgenus
Propagulifera and defines it as a monophyletic group. Differences in propagule
morphology are useful for identification of species (with the exception of the cryptic
S. rigidula) but are not phylogenetically informative. It is, therefore, recommended
that the sections Furcigerae and Tribuloides either no longer be recognised or that
they be merged into one section.
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Chapter 6

THE SPECIES OF SPHACELARIA
(SPHACELARIALES, PHAEOPHYCEAE) IN CHINA
WITH A DESCRIPTION OF ANEW SPECIES !

This chapter deals with a study of a herbarium collection of marine Sphacelaria speci-
mens, gathered from the Chinese coast. One freshwater Sphacelaria species and seven
marine species had been previously recorded for China. However, of these seven marine
species, three species are considered synonyms. According to our opinion only five
marine Sphacelaria species had been previously recorded for China. In the Chinese
herbarium collection examined seven marine species of Sphacelaria were found, S.
rigidula, S. tribuloides, S. novae-hollandiae, S. californica and S. carolinensis being
previously recorded in this region. The two newly recorded species are Sphacelaria
divaricata and a new species, S. tsengii, that was found on subtidal rocks at two locations
in southern China. Sphacelaria tsengii is characterised by long propagules with a tapering
stalk and usually two tapering arms. According to this collection, S. rigidula and S.
tribuloides are the dominant Sphacelaria species in respectively the north and the south
of China. Sphacelaria rigidula and S. divaricata have a wide latitudinal range, while S.
californica has only been found in Fujian and Zhejiang. The distribution of the other
species is restricted to the south. Structural characters are discussed and the holotype of
S. carolinensis is re-examined. It is suggested that S. carolinensis should be placed in
the Sphacelaria section Furcigerae instead of in the section 7ribuloides. A dichotomous
identification key for the Sphacelaria species of China is given.

INTRODUCTION

The genus Sphacelaria was established by Lyngbye in 1818 (in Hornemann 1818).
Since then it has been studied by various phycologists, especially Reinke (1890, 1891),
Sauvageau (1900—-1914), Prud’homme van Reine (1982) and Kitayama (1994). The
genus is characterised by the hemiblastic branching mode for laterals and by paren-
chymatic secondary segments in its filaments (Prud’homme van Reine 1982).
Worldwide over 100 species have been described, but many were put into synonymy
(Prud’homme van Reine 1982). At present 46 species are recognised in the genus
Sphacelaria which are listed in a table by Prud’homme van Reine (1993). Of these,
39 species are distributed over six subgenera, including six species with a still uncertain

U Also published as:
S.G.A. Draisma, Y.-S. Keum, W.F. Prud’homme van Reine & G.M. Lokhorst 1998. The species
of Sphacelaria (Sphacelariales, Phacophyceae) in China with a description of a new species.
Botanica Marina 181-190.
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taxonomic position. The remaining seven species are insufficiently known to place
them in any of these subgenera. The subgenus Propagulifera Prud’homme van Reine
1982 incorporates the largest number of species (18) and also shows the widest geo-
graphic distribution of all subgenera in Sphacelaria. Some species within this subgenus
are cosmopolitan and occur in tropical as well as in temperate waters, while others are
restricted to much smaller distribution areas (Prud’homme van Reine 1993). The sub-
genus Propagulifera is especially characterised by the formation of propagules. Their
shape plays a significant role in distinguishing species of this subgenus. Additional
characters are the diameter of the main axes, the number of cells that can be observed
in lateral surface view of the main axes, the branching mode, the shape and size of
unilocular and of plurilocular zoidangia (Prud’homme van Reine 1982, Kitayama
1994). The subgenus Propagulifera is subdivided into three sections; section Propa-
gulifera, section Furcigerae and section Tribuloides (Prud’homme van Reine 1982),
the latter section is subdivided into the two series Tribuloides and Humeratae
(Prud’homme van Reine 1993).

The present study was carried out on a herbarium collection of marine Sphacelaria
specimens, collected along the Chinese coast. Eight species of Sphacelaria were pre-
viously recorded from China. Of these S. fluviatilis, a freshwater brown alga, was
discovered by Jao (1943) in the Kialing River, Szechwan, west China and cannot be
placed in one of the subgenera of the genus Sphacelaria. The other seven previously
recorded Sphacelaria species all belong to the subgenus Propagulifera. Noda (1971)
recorded S. subfusca Setchell et Gardner from north-eastern China, while Lu and
Tseng (1980) recorded five species from the Xisha Islands (Paracel Islands) in the
South China Sea: S. tribuloides Meneghini, S. novae-hollandiae Sonder, S. furcigera
Kiitzing, S. fusca (Hudson) C. Agardh and S. carolinensis Trono. However, according
to Prud’homme van Reine (1982) and Kitayama (1994) S. furcigera and S. subfusca
are synonyms of S. rigidula Kiitzing and the taxonomic status of S. fusca is uncertain.
Sphacelaria fusca only differs from S. rigidula in the diameter of its main axis, but in
the distal parts these differences are often not discernible (Prud’homme van Reine
1982). Kitayama et al. (1995) have recently recorded S. californica Sauvageau ex
Setchell et Gardner from the Zhoushan Islands in the Zhejiang Province.

According to our opinion only six Sphacelaria species have been recorded for China
so far: S. fluviatilis, S. tribuloides, S. novae-hollandiae, S. carolinensis, S. rigidula
and S. californica.

In the Chinese herbarium collection used for this study, one species cannot be
assigned to any previously described Sphacelaria species and therefore it is described
as a new species. Comparative structural analyses are provided and comments are
given on the reliability of characters used to separate sections, series and species of
the Sphacelaria subgenus Propagulifera. A dichotomous identification key for the
Sphacelaria species of China is given.

MATERIALS AND METHODS

In total 372 Sphacelaria plants from the herbarium of the Institute of Oceanology,
Chinese Academy of Sciences, Qingdao, China, were examined. Specimens were given
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a number that starts with the letters ‘AST’. The same abbreviation, however, refers to
another herbarium (Holmgren ez al. 1990). The algae were collected from intertidal
and subtidal rocks or coral reefs as well as from other plants in the period between
1950 and 1992. After 1965, however, not many plants had been added. The locations
from which the plants were collected are shown in Figure 6.1. For light microscopic
observations, plants were soaked in a saturated solution of detergent to resume their
original form. If no propagules were found, the material was identified as Sphacelaria
spp. All plants with Sphacelaria rigidula-like propagules were identified as S. rigidula
if trifurcate or quadrifurcate propagules were found and as S. cf. rigidula if only
bifurcate propagules were found, because an unbranched bifurcate propagule can also
be an immature propagule of S. divaricata Montagne or of S. solitaria (Pringsheim)
Kylin.

Permanent microscope slides were made by mounting plant parts in 50 or 70%
aqueous Karo corn syrup. Sets of permanent slides will be deposited in the Nationaal
Herbarium Nederland - Universiteit Leiden branch, The Netherlands.

Liaoning

NanSha ~ Fig. 6.1. Map of China, showing the
Islands coastal provinces and districts
/} where Sphacelaria specimens were

\ collected.
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RESULTS

Seven Sphacelaria species were found in the Qingdao herbarium collection (Table
6.1). Occasionally two species were recognised in one sample. The occurrence of
different individuals of the same species in one sample was not excluded, because in
four samples unilocular and plurilocular zoidangia were found together. This was the
case in S. rigidula specimens from Zhejiang (one collection, February ’54), Qingdao
(two collections, April ’57 and ’64) and Shandong (April ’53). Four S. rigidula
specimens from Shandong (April ’51 and June *56, ’57 and *63) and one S. divaricata
specimen from Guangdong (March *56) had unilocular zoidangia. In one S. rigidula
specimen from Shandong only plurilocular zoidangia were found (November *74).
Because of differences in the form of the propagules, Sphacelaria tsengii is described
here as a new species. Details are shown in Figures 6.2—6.18. For the descriptive
terminology used see Prud’homme van Reine (1982) and Kitayama (1994).

Sphacelaria tsengii S.G.A. Draisma, Y.-S. Keum, W.F. Prud’homme van Reine e?
G.M. Lokhorst, sp. nov.

Diagnosis: Sphacelaria caespites in saxis subliteralibus formans filamentis erectis
cylindricis 30 ad 70 * m diametro, ramis lateralibus indeterminatis filamentis erectis
similibus. Ramificatio irregularis. Diameter axicum principalium segmentis secundis
0.75— ad 1.15— plo longior. Segmentes parietibus longitudinalibus 2 ad 5. Propagula
160—(205-260)-380 *m longa, 40 ad 75 *m lata in centro, brachiis angustatis 2
(interdum 3).

Plants form tufts on subtidal rocks, up to 1.5 cm high. Three types of holdfast
elements can be present in one plant; polystromatic discs, stolons and rhizoids. Erect
filaments are cylindrical, 30—70 » m in diameter. Lateral branches are indeterminate,
not differing in morphology from erect filaments. Branching is irregular and more
frequent in the upper parts of the plant. Secondary segments are 30—67 » m in length.
Diameters of the main axes are 0.75—1.15 ¢ the length of the secondary segments.
The segments are radially divided; 2—5 longitudinal cell walls can be observed in
lateral surface view. Secondary transverse cell walls are extremely scarce.
Phaeophycean hairs are sometimes abundant and are 14—-20 « m in diameter. Propagules
are 160—380 * m in length (the most usual size range is 205—-260 * m), 40—75 *m in
width of waist. Stalks of the propagules taper towards their bases, from base to waist
6—8 secondary segments are discernible. Propagules have 2 (occasionally 3) tapering
arms, each 4—8 secondary segments in length. Propagules are more frequent in the
upper parts of filaments. Unilocular zoidangia occur in the lower parts of filaments,
are spherical to oval in shape, 35—40 *m in length, 30—37 «m in width, and arise
solitary on one-celled stalks. Plurilocular zoidangia have not been found.

Holotype: (AST 76-0283) Yaxian, Hainan Province, 18 February 1976, C.K. Tseng
and T. Zhou. The holotype is preserved in the Herbarium of the Institute of Oceanology,
Qingdao, China and isotypes in the Nationaal Herbarium Nederland - Universiteit
Leiden branch, The Netherlands.
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Figs 6.2—12. Sphacelaria tsengii Draisma et al., sp. nov. Various propagules from several collections;
AST 55-1679 (Figs 4, 5, 7), AST 55-1862 (Fig. 3), AST 55-1901 (Fig. 10), AST 55-3308 (Fig.
2) and AST 76-0283 (Figs 6, 8, 11, 12).
L, length of a propagule; ww, width of waist of propagule. Scale bar represents 250 * m.

Fig 6.14. Sphacelaria tsengii Draisma et al., sp.

Fig 6.13. Sphacelaria tsengii Draisma et al., nov., part of a main axis in the holotype (AST
sp. nov., holdfast (AST 55-3308). 76-0283) bearing two unilocular zoidangia.
ef, erect filament; rh, rhizoid; st, stolon; ts, ptc, primary transverse cell wall; stc,
transverse section showing a radially di- secondary transverse cell wall; uz, unilocular

vided segment. Scale bar represents 250 » m. zoidangia. Scale bar represents 100 * m.
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Fig. 6.15. Sphacelaria
tsengii Draisma et
al., sp. nov., holotype
(AST 76-0283); ha-
bit. Scale bar repre-
sents 1 cm.

Fig. 6.16. Sphacelaria
tsengii Draisma et
al., sp. nov., holotype
(AST 76-0283); pro-
pagules on filaments.
Scale bar represents
500 +m.

The name S. #sengii honours Prof. Dr C.K. Tseng of the Institute of Oceanology in
Qingdao, who is one of the main promoters of marine phycology in China and one of
the collectors of the holotype specimen.

Paratypes: From Naozhoudao, Guangdong Province: AST 55-1679 (8 April 1955,
C.F. Chang and F.L. Xu), AST 55-1862 (27 April 1955, S.D. Zheng), AST 55-1901
(28 April 1955, F.L. Xu) and AST 55-3308 (2 December 1955, S.D. Zheng). From
Yaxian, Hainan Province: AST 62-2436 (20 March 1962, S.D. Zheng).

Geographical distribution: S. 7sengii has been found in two localities in the south of
China; Yaxian (Hainan) and Naozhoudao (Guangdong).

There is a distinct variation in the forms of the propagules of Sphacelaria tsengii.
Some propagules are slender and have long arms (Figs 6.11 and 6.12), others show a
somewhat thicker waist and short arms (Figs 6.5 and 6.7). In each of the samples AST
55-1862 and AST 55-3308 one three-armed propagule was found (Figs 6.2 and 6.3).
In Naozhoudao four other Sphacelaria specimens were collected, three were identified
as S. tribuloides and one did not have any propagules. In Yaxian seven other specimens
were collected, five were identified as S. tribuloides, one as S. rigidula and one did
not bear propagules.
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Fig. 6.17. Sphacelaria
tsengii Draisma et
al., sp. nov., holotype
(AST 76-0283); pro-
pagule. Scale bar re-
presents 100 * m.

Fig. 6.18. Sphacelaria
tsengii Draisma et
al., sp. nov., holotype
(AST 76-0283); pro-
pagule. Scale bar re-
presents 100 « m.

In two samples from the Xisha Islands (AST 76-0624 from Zhongjiandao and AST
76-0804 from Jinyindao) that were initially identified as S. tribuloides, unattached
propagules were found reminiscent of S. carolinensis (Fig. 6.19). These propagules,
however, differ in detail from the branching mode of S. carolinensis as described by
Trono (1971). In the type collection slide (BISH D21947.1) of S. carolinensis similar
propagules occur as well and thus identification of these Chinese specimens is
unambiguous.

A list of character states and ranges of measurements of diameters of main axes,
length of propagules, etc., is given in Table 6.2.

In the Xisha Islands by far the most Sphacelaria specimens were collected from
coral reefs. In the southernmost provinces Guangdong, Guangxi and Hainan most
plants were collected from rocks. In the other provinces they were mainly collected
from rocks and from Sargassum thunbergii (Mertens) O. Kuntze. Other substrates
were Sargassum confusum C. Agardh (4+), Sargassum pallidum (Turner) C. Agardh
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(1¢), Sargassum polycystum C. Agardh (1), Sargassum spp. (6°), Chondria spp.
(1), Codium spp. (1¢), Corallina spp. (3¢), Dictyopteris divaricata (Okamura)
Okamura (1¢), Scytosiphon spp. (1), Symphiocladia spp. (1), Zostera spp. (2¢),
an oyster (1+) and mud (1¢).

Fig. 6.19. Sphacelaria carolinensis Trono from the Xisha Islands. Several propagules showing an
asymmetrical branching mode. Two from AST 76-0624 (left) and three from AST 76-0804
(right).
cac, central apical cell. Scale bar represents 250 » m.

DISCUSSION

Distribution

From the Sphacelaria species that were previously recorded from China, only S. flu-
viatilis was not found in the herbarium collection under study. This was not expected
because only marine algae were collected. Two species were not recorded for China
before, viz. S. divaricata and the newly described species S. tsengii.

Only S. rigidula was found along the entire Chinese coast from Liaoning in the
north to the Xisha Islands in the south. Plants with unilocular or plurilocular zoidangia,
however, were not found south of Zhejiang. Sphacelaria rigidula is the dominant
Sphacelaria species from Liaoning to Fujian.

Guangdong is the most northern province where S. tribuloides occurs and from
here to the south it is the dominant Sphacelaria species. That S. tribuloides has not
been found north of Guangdong is peculiar since it has been found in Japan (Kitayama
1994) and Korea. The S. tribuloides from Korea recorded by Lee and Lee (1987) is
actually S. californica. According to Kitayama (1994) S. tribuloides can not grow at
less than 10 °C. It has only been found in the south of Japan; viz. on Kyushu Island
and on Okinawa. In Korea it was found on Cheju Island, which is in the south (Keum,
unpublished observation). Here the temperature of the surface water in January does
not reach below 10 °C. In Liaoning and Shandong however, the sea water can get
colder than 10 °C and that might be the reason why S. tribuloides does not occur in
the northern provinces of China. But according to its temperature boundaries, S. #ri-
buloides could be expected to be found in Zhejiang and Fujian. Insufficient collecting
or a less suitable coastline may be the reason for its absence.
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Sphacelaria divaricata has a wide latitudinal range (from Shandong to Guangdong),
though it is much less frequent than S. rigidula. Sphacelaria novae-hollandiae, S.
carolinensis and S. tsengii seem to be of typical southern occurrence; they have not
been recorded north of Guangdong. Sphacelaria tsengii is thought to be endemic for
southern China and S. carolinensis has only been collected in the Caroline Islands
(Federated States of Micronesia) (Trono 1971) and the Xisha Islands (Lu and Tseng
1980, this study).

Sphacelaria novae-hollandiae has a cosmopolitan distribution in tropical and warm
temperate waters (Prud’homme van Reine 1993), but has nowhere in the world been
recorded at a higher latitude than Guangdong. Of S. californica, only one specimen
has been found in Fujian (this study), and one in Zhejiang (Kitayama et al. 1995), the
only two records for China. Drifting S. californica plants have been found on the east
coast of Korea by Boo and Choi (1986). Lee and Lee (1987) collected attached S.
californica at Cheju Islands, which they identified as S. tribuloides. Attached S.
californica plants have been collected on the east and south coast of Korea. In Japan
it has been found on the islands Shikoku and Honshu (Kitayama 1994) and in the
Sedo Inland Sea.

Status of Sphacelaria californica vs. Sphacelaria novae-hollandiae

Sphacelaria californica and S. novae-hollandiae resemble each other in having cymose
unilocular sporangia and tribuliform propagules with occasional divided lateral apical
cells (Kitayama et al. 1991). However, S. californica has irregular pinnate ramifications
and rather frequent secondary transverse cell walls. The S. californica drawn by Abbott
and Hollenberg (1976), on the other hand, shows very irregular pinnate branching
and very few secondary transverse cell walls. The S. californica from Fujian was in
some parts of the plant irregularly pinnately branched and had only few secondary
transverse cell walls. A culture experiment by Kitayama ez al. (1991) revealed that S.
californica plants from Japan had many secondary transverse cell walls when exposed
to 10 and 15 °C temperatures and very few of these when exposed to 20 °C. Since S.
californica seems to be restricted to the north and S. novae-hollandiae to the south,
these two species might be considered to represent two growth forms of a single
species as Prud’homme van Reine already supposed in 1993. However, personal obser-
vations on herbarium specimens from the Herbarium of the University of Adelaide
(ADU) that were previously identified as S. novae-hollandiae by Womersley (1987)
revealed that S. californica and S. novae-hollandiae both occur in south Australia.
The distribution of S. californica is restricted to the Pacific (Kitayama 1994). Keum
et al. (1999) suggest that S. californica and S. novae-hollandiae can be separated by
the way the lateral apical cells of the propagules are formed. In S. californica the cells
establishing the shoulders of propagules are usually formed by oblique walls, while
in S. novae- hollandiae these cells are formed by perpendicular walls and more divisions
of the upper cells. However, the Chinese S. novae-hollandiae and S. californica
specimens did not bear enough propagules to confirm this hypothesis.
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Classification of Sphacelaria tsengii

Some of the propagules of the new species S. tsengii resemble the propagules of S.
nipponica drawn by Kitayama (1994): viz. a thick waist and tapering horns that are
shorter than the stalk. Other propagules are more similar to the propagules of S. cornuta
Sauvageau: showing tapering horns of the same length as the stalk. The propagules of
S. tsengii, however, are much longer than those of S. cornuta and the erect filaments
of S. tsengii are much thicker. Likewise, erect filaments of S. zsengii are on the average
thicker than those of S. nipponica. The propagules of S. fsengii do not have a
constriction of the waist as in the propagules of S. nipponica, and secondary transverse
cell walls are extremely scarce in S. #sengii while they often occur in S. nipponica
(Kitayama 1994).

Sphacelaria nipponica and S. cornuta are both placed in the section Tribuloides
because of the tribuliform shape of their propagules (Prud’homme van Reine 1993).
However, the separation between the sections in the subgenus Propagulifera is not
always clear. The section Tribuloides contains species with tribuliform propagules
and the section Furcigerae contains species with slender propagules (Prud’homme
van Reine 1993). This separation is rather artificial, since it is difficult to place species
with intermediate propagule forms like S. cornuta and S. nipponica in one of these
sections. For that reason Kitayama (1994) based the separation on the mode of division
of subapical cells of the propagules. In the section 7ribuloides subapical cells are
supposed to divide primarily into two equal sized cells by a longitudinal cell wall
which is perpendicular to the apical cell (equal or perpendicular division type, see
Kitayama 1994 fig. 57A). In the section Furcigerae the initial cell is supposed to
divide primarily into two unequal sized cells by a diagonal cell wall (unequal or dia-
gonal division type, see Kitayama 1994 fig. 57B).

Sphacelaria tsengii bears propagules of which the external form also fits in both
sections Furcigerae and Tribuloides. However, when the subapical cell division is
considered, both the equal type (e.g. Figs 6.5, 6.8, and 6.18) as well as the unequal
type (e.g. Figs 6.6, 6.7, 6.9, 6.10, 6.12, and 6.17) can be observed. Therefore, doubts
are raised as to where to place S. tsengii. In the section Furcigerae or in the section
Tribuloides? To solve this problem, propagules of living plants of S. rigidula and S.
yvamadae Segawa (section Furcigerae) and S. tribuloides (section Tribuloides) were
examined for the subapical cell division type. Living plants were available in the
extensive Sphacelaria culture collection in the Nationaal Herbarium Nederland —
Universiteit Leiden branch. In the S. rigidula and S. yamadae specimens not only
unequal division types were found but also equal division types (Figs 6.20 and 6.21),
while in the S. tribuloides specimens not only the equal type was found, but also the
unequal type (Fig. 6.22). According to Kitayama (1994) the equal type occurs
occasionally in trifurcate propagules of S. rigidula, although in the present study also
many bifurcate propagules of this equal type were observed. The majority of the
propagules in this species, however, still is of the unequal type. In S. yamadae and S.
tribuloides only few propagules are found that differed from the expected type (5%),
suggesting that the proposed modes of division still may provide usable characters.
However, caution must observed in using this character. Concerning S. tsengii, the
majority of the propagules show an unequal division type and therefore it is suggested
that it be placed in the section Furcigerae.
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Fig. 6.20. Sphacelaria
rigidula Kiitzing from
Oshoro, Japan. Propa-
gule with an equal di-
vision of the subapical
primary segment.
Scale bar represents 50
o m.

Fig. 6.21. Sphacelaria
yamadae Segawa from
Ogi, Japan. Propagule
with an equal division
ofthe subapical prima-
ry segment.

Scale bar represents 50
e m.

Fig. 6.22. Sphacelaria
tribuloides Meneghini
from Muroran, Japan.
Propagule with an un-
equal division of the
subapical primary seg-
ment.

Scale bar represents 50
—— % °m.
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Classification of Sphacelaria carolinensis

Sphacelaria carolinensis is usually placed in the section Tribuloides (Prud’homme
van Reine 1993), but drawings by Trono (1971) and Lu and Tseng (1980) show that,
according to the shape and the subapical cell division of the propagules, it fits better
in the section Furcigerae. Almost all propagules of the type specimen of S. carolinensis
(slide D21947.1, Herbarium of the Bernice P. Bishop Museum, Hawaii) show an un-
equal division type suggesting placement in the section Furcigerae. Trono (1971)
mentions that in S. carolinensis propagules with three horns are of common occurrence.
These so-called three-horned propagules are in fact asymmetrically branched two-
horned propagules, in which one of the arms branches again immediately after
formation (Fig. 6.23). These apparently trifurcate propagules thus show a branching
mode similar to that in S. solitaria (see Kitayama 1994). In S. solitaria, however, the
two secondary arms are only formed after the secondary segment of the primary arm
(Keum et al. 2001), while in S. carolinensis they branch directly from the first subapical
cell of the primary arm (Figs 6.19 and 6.23). In S. carolinensis the second branching
is occasionally trifurcate. Based on these observations we suggest that Lu and Tseng
(1980) have probably confused the figuresof S. fusca and S. carolinensis, their figure 6
showing drawings of S. carolinensis instead of S. fusca (Fig. 6.24) and their figure 7
showing drawings of what might be S. rigidula instead of S. carolinensis (Fig. 6.25).
The S. fusca and S. carolinensis specimens of Lu and Tseng (1980) are reported to be
lost, except for sample AST 76-0846 which has been identified as containing S. tribu-
loides together with unattached propagules of S. carolinensis. The supposed drawing
of S. fusca (Lu and Tseng 1980, fig. 61), which is in fact S. carolinensis, is also used in
Tseng (1983, pl. 102, fig. 3) and in Bing-Sheng (1989, fig. 25) to represent S. fusca.
Moreover, in Tseng (1983) the figures of S. tribuloides and S. novae-hollandiae are
interchanged.

Fig. 6.23. Sphacelaria carolinensis Trono. Propagule from the holotype (BISH, D21947.1) with
an unequal division type. Scale bar represents 100 « m.
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Figs 6.24-25. Redrawn from Lu and Tseng (1980; figs 6f and 7e). Fig. 6.24. Sphacelaria fusca

la.

2a.

3a.

sensu Lu and Tseng (1980), representing S. carolinensis according to the present authors. Fig.
6.25. Sphacelaria carolinensis sensu Lu and Tseng (1980), representing S. rigidula according
to the present authors. Scale bar represents 100 * m.

KEY TO THE CHINESE SPECIES OF THE GENUS
SPHACELARIA

Plants 1-11 mm in height, epilithic in freshwater (or temporarily terrestrial);
obovoid or subglobose propagation cells are directly attached to the filament or
occasionally in clusters on a one-celled stalk; holdfast is not disc-shaped, but
consists of stolons or rhizoids; erect filaments are irregularly branched, secondary
segments are more than twice as long as the diameter of the filament, 2—4 cells
can be observed in lateral surface view .......... S. fluviatilis (incertae sedis)

. Marine plants composed of a polystromatic or monostromatic disc, stolons or

rhizoids, and incompletely pinnate or irregularly branched erect filaments;
longitudinal segmentation is of the radial type; propagules are present; secondary
transverse cell walls are usually scarce ......... (subgenus Propagulifera) 2.

Propagules are tribuliform and with or without obvious horns; divisions of
propagule subapical segments are predominantly of the equal (perpendicular) type
............................................ (section Tribuloides) 3.
. Propagules with cylindrical or slender tapering stalk and arms; divisions of the
propagule subapical segments are predominantly of the unequal (diagonal) type
............................................ (section Furcigerae) 5.

Propagules tribuliform, often with obvious horns; second divisions of the subapical
primary segments are oblique to the first division, resulting in the formation of
lateral apicalcells ...................... (series Tribuloides) S. tribuloides
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b.

4a.

Sa.

6a.

7a.

Tribuliform propagules without obvious horns; second divisions of the subapical
primary segments are perpendicular to the first division, while the lateral apical
cells only are formed after a third division ........... (series Humeratae) 4.

Branching of the plants is pinnate or partly pinnate. Secondary transverse cell
walls can be observed in the filaments. Cells that establish the shoulders of the
propagules are usually formed by a partitioning oblique to the cell wall that was
formed during second division of the subapical primary segment S. californica

. Branching of the plants is irregular. No secondary transverse cell walls occur in

the filaments. Cells that establish the shoulders of the propagules are usually formed
by a partitioning perpendicular to the wall that was formed during the second
division of the subapical primary segment. This partitioning is often followed by
more divisions of the uppercell ..................... S. novae-hollandiae

Stalks of most propagules are obviously tapering from waist towards base;
propagules with 2 (occasionally 3) branched or unbranched usually tapering arms

. Stalks of most propagules have more or less the same width along the entire 1ength

propagules with 2, 3 or 4 branched or unbranched cylindrical arms ........ 7.

Diameters of the erect filaments are 18—26 ¢ m; 2—3 cells per segment can be
observed in lateral surface view; length of the propagules is 140—-210 ¢ m, the
propagules have 2 arms that often branch asymmetrically . . ... S. carolinensis

. Diameters of the erect filaments are 30—70 * m; 2—5 cells per segment can be

observed in lateral surface view; propagules with 2 (occasionally 3) long
(sometimes short) tapering arms, the width of the waist differs between propagules
and can vary from 40 to 75 ¢ m; length of the propagules is 160—370 * m (most
usual size range is 205-260°m) .. ..... ... S. tsengii

Branching of the propagules is bifurcate, trifurcate or quadrifurcate; subapical
cell divisions are in most cases of the unequal (diagonal) type, but also often of

the equal (perpendicular) type ........ ... .. .. ... ... S. rigidula

. Propagules with 2 symmetrically branching (always bifurcate) slender arms. The
arms may taperslightly ......... ... .. ... ... ... .. .. ... S. divaricata
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ONSLOWIACEAE FAM. NOV. (PHAEOPHYCEAE)!

We propose the separation of Onslowia and Verosphacela from the Choristocarpaceae
and from the Sphacelariales based on comparisons of DNA sequences of 7bcL and ntrRNA
genes and morphological considerations. The new family Onslowiaceae is created to
include these two genera. The families Choristocarpaceae and Onslowiaceae are
considered incertae sedis.

The brown algal order Sphacelariales Migula 1909 traditionally includes three families,
viz. the monotypic Cladostephaceae Oltmanns 1922, the Sphacelariaceae Decaisne
emend. Oltmanns 1922 (two genera), and the Stypocaulaceae Oltmanns 1922 (five
genera). Members of the Sphacelariales are characterised by growth from a prominent
apical cell, heterotrichy and temporary darkening of cell walls when placed in sodium
hypochlorite (‘eau de Javel’, bleaching liquid) (Reinke 1890). The chemical reactions
that cause the cell walls to turn black in bleach are not known, but have exclusively
been demonstrated in sphacelarialean species (Prud’homme van Reine 1978). The
prominent apical cells divide transversely to form primary segments which sub-
sequently divide in the same manner to form secondary segments.

Fritsch (1945) added a fourth family to the Sphacelariales, namely the Choristo-
carpaceae Kjellman 1891, which included only one species according to Fritsch:
Choristocarpus tenellus (Kiitzing) G. Zanardini 1860. Kiitzing (1849, 1855) (as Ecto-
carpus tenellus) and Zanardini (1860) both described this species as having a
dichotomous branching mode. However, none of the drawings in later publications
showed dichotomous branching in C. tenellus, so that reexamination of the type
specimen is desirable. Kjellman (1891) had previously included Discosporangium
mesarthrocarpum (Meneghini) Hauck 1885 in the Choristocarpaceae, while Schmidt
(1937) had used this species as basis for the monotypic Discosporangiales and the
Discosporangiaceae. However, Fritsch (1945) considered the taxonomic position of
D. mesarthrocarpum to be obscure and did not include it in the Choristocarpaceae.

Searles (in Searles and Leister 1980) described a new genus and species Onslowia
endophytica and placed it in the Sphacelariaceae rather than in the Choristocarpaceae.
Prud’homme van Reine (1982) removed the Choristocarpaceae and O. endophytica
from the Sphacelariales because they do not show transverse division of subapical
cells, nor do their cell walls blacken in bleach. Wynne (1982), however, continued to
include the Choristocarpaceae and O. endophytica in the Sphacelariales. Henry (1987b)

U Also published as:
S.G.A. Draisma & W.F. Prud’homme van Reine 2001. Onslowiaceae fam. nov. (Phacophyceae).
Journal of Phycology 37: 647-649.
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described a new species Onslowia bahamensis and a new monotypic genus with the
species Verosphacela ebrachia and placed them together with O. endophytica in the
Choristocarpaceae. Henry (1987b) also mentioned a probable additional species of
Choristocarpaceae that has been illustrated as Sphacelaria papilioniformis, sp. nov.
ined. without a description by Coppejans (1977, 1983). To Henry the systematic
position of D. mesarthrocarpum again remained obscure. Nevertheless, from 1987
onward, most taxonomists have treated D. mesarthrocarpum as a member of the
Choristocarpaceae, order Sphacelariales (e.g. Womersley 1987, Ribera ef al. 1992,
Haroun et al. 1993, Schneider and Searles 1998). Although skeptical, Prud’homme
van Reine (1993) included the Choristocarpaceae (comprising the genera Choristo-
carpus, Discosporangium, Onslowia and Verosphacela) in the Sphacelariales in his
review of the Sphacelariales of the world. This was mainly because no other place in
the classification system of brown algae could be suggested with the result that he
referred to the Sphacelariales sensu stricto (s.s.) and sensu lato (s.l.); the former
excluding the Choristocarpaceae and the latter including it. De Reviers and Rousseau
(1999) suggested that DNA sequences were needed in order to place enigmatic taxa
such as the Choristocarpaceae and thus considered the family incertae sedis.

In a recent molecular phylogenetic study of the Phaeophyceae, Draisma ez al. (2001
/ Chapter 2) showed that the order Sphacelariales s./. is paraphyletic. Using DNA
sequences of both the large subunit of the chloroplast encoded RUBISCO-gene (rbcL)
and partial small and large subunit of the nuclear RNA genes, they analysed all available
sequences plus newly generated ones of the Phaeophyceae. Eight species of Spha-
celariales were included representing all 4 families and 8 of the 12 genera. Results of
that analysis revealed three clades in the rbcL-based tree. These included a clade
containing the Sphacelariales s.s., a clade containing Onslowia endophytica and
Verosphacela ebrachia, and a clade containing Choristocarpus tenellus by itself. The
third clade is located at the base of the rooted phacophycean tree. The orders Dictyotales
and Syringodermatales occurred in positions among the three clades of spha-
celarialeans. In the rDNA-based tree C. fenellus was not separated from the Sphace-
lariales s.s., but O. endophytica and V. ebrachia together unambiguously formed a
distinct clade. These results provide unequivocal evidence that the genera Onslowia
and Verosphacela do not belong to the Choristocarpaceae and neither do they belong
to the Sphacelariales s.s. The molecular study of Draisma et al. (2001 /Ch. 2) did not
include Onslowia bahamensis and Discosporangium mesarthrocarpum. In our opinion
it is likely that D. mesarthrocarpum will form a fourth clade, based on the totally
different structure of its plurilocular zoidangia. Until it can be demonstrated that
Discosporangium and Choristocarpus do not form a monophyletic group, both genera
are retained provisionally in the same family. Choristocarpus tenellus does not fit to
the description of the Discosporangiales sensu Schmidt (1937), because no disk-shaped
plurilocular zoidangia have been reported for C. tenellus. Here we propose a new
family Onslowiaceae to include the genera Onslowia and Verosphacela, because the
study by Draisma et a/. (2001 / Ch. 2) showed that these genera are not monophyletic
with the Choristocarpaceae. The Choristocarpaceae and Onslowiaceae remain incertae
sedis until additional DNA sequences resolve their currently obscure systematic
positions.
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The Onslowiaceae differs from the Choristocarpaceae by the occasional occurrence
of longitudinal cell walls in the filaments, whereas the filaments of Choristocarpus
and Discosporangium are strictly uniseriate (Fig. 7.1). Furthermore, the propagules
of C. tenellus do have a large conspicuous apical cell, whereas the propagules of the
Onslowiaceae lack a large conspicuous apical cell (Fig. 7.1). Propagules have never
been reported for D. mesarthrocarpum. The occurrence of longitudinal cell walls and
propagules without a single conspicuous apical cell, suggests that Sphacelaria
papilioniformis sp. nov. ined. as drawn by Coppejans (1977, 1983) might belong to
the Onslowiaceae.

Di . Sphacelaria papilioniformis
. iscosporangium mesarthrocarpum
Choristocarpus tenellus

Onslowia endophytica . . Verosphacela ebrachia
Onslowia bahamensis

Fig. 7.1. Diagrammatic representation of filaments of the species treated in this study showing
branching, cell divisions and propagules, based on original drawings from Falkenberg (1878;
Discosporangium mesarthrocarpum), Hauck (1885; Choristocarpus tenellus and D.
mesarthrocarpum), Kuckuck (1895; C. tenellus), Fritsch (1945; C. tenellus and D. mesar-
throcarpum), Searles and Leister (1980; Onslowia endophytica), Coppejans (1983; C. tenellus,
D. mesarthrocarpum and Sphacelaria papilioniformis), Henry (1987a; O. endophytica, 1987b;
Onslowia bahamensis and Verosphacela ebrachia), Womersley (1987; D. mesarthrocarpum),
and Schneider and Searles (1998; D. mesarthrocarpum). Arrowheads indicate apical cells.

h, hair; p, propagule; ps, plurilocular zoidangium.
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Onslowiaceae fam. nov.

Phaeophyceae marinae irregulariter ramosae filamentosae vitae rota isomorpha
diplohaplontica epi- vel endophyticae, e cellulis apicalibus crescentes, cellulae sub-
apicales sine divisione transversali, cellulae in filamentis semel vel bis parietibus
longitudinalibus dividere possunt, propagulae sine cellula apicali grandi conspicua.
Irregular branched, filamentous, marine brown algae with an isomorphic diplo-
haplontic life cycle, growing epiphytic or endophytic. Growth by apical cells, but
without transverse division of subapical cells. Cells in the filaments may each divide
once or twice by longitudinal walls. Propagules without a large conspicuous apical
cell.
Type genus: Onslowia Searles in Searles and Leister, J. Phycol. 16: 37. 1980.
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THE PHAEOPHYCEAN rbcL-PHYLOGENY
REVISITED !

INTRODUCTION

Almost simultaneously with the publication of Draisma ef al. (2001/Chapter 2),
Rousseau et al. (2001) published a parallel phylogeny of the Phacophyceae based on
the 3’-end of the small subunit (SSU or 18S) and the 5’-end of the large subunit (LSU
or 26S) of the nuclear ribosomal cistron, in which all orders were represented. Taxa
included by Rousseau et al. (2001) that were not included in the rDNA study of Chapter
2 were Ralfsiales, Sporochnales, Tilopteridales, and the genus Bachelotia (incertae
sedis). However, they did not include the Choristocarpaceae and Onslowiaceae (both
incertae sedis). Both studies supported the Dictyotales as the most basal brown algal
order, followed by the Sphacelariales and Syringodermatales, and then a crown radi-
ation of the remaining orders. Rousseau ef al. (2001) also presented a phylogeny
including seven brown algae based on the complete rDNA-LSU, but this did not
result in a better resolved tree. The rbcL-based phylogeny of Draisma et al. (2001/
Ch. 2), however, did give additional support for the sister-group relationship of the
Ectocarpales and Laminariales. From this, one could expect that an analysis of 7bcL
sequences with a broader taxon sampling is able to assess more sister-group relation-
ships within the crown radiation.

Since the publication of Draisma ez al. (2001/Ch. 2), more than 60 additional
phaeophycean rbcL sequences have been released through the EMBL/GenBank/DDBJ
databases. These include 14 species of Scytosiphonales (currently included in the
Ectocarpales) published by Kogame ef al. (1999); sequences for Desmarestiales,
Sporochnales, Tilopteridales, and all families of the Laminariales sensu lato (s.l.)
published by Kawai and Sasaki (2000), Kawai ef al. (2001a), and Sasaki ez al. (2001);
and several species belonging to the Ectocarpales s./. and Scytothamnales, and the
enigmatic genera Asterocladon and Asteronema (Peters and Ramirez 2001).

This chapter provides an update of the rbcL-based phylogeny using all currently
available rbcL sequences and using members of the sister-classes Tribophyceae and
Phaeothamniophyceae as outgroups. Kawai ef al. (2001b) have recently proposed a
new heterokont class Schizocladiophyceae and suggested that its single species, the

1 The tbcL-phylogeny is incorporated in a review on the recent advances in the phylogenetic
research in brown algae which will be published in a special volume of European Journal of
Phycology sponsored by the British Phycological Society fo celebrate its jubilee. Submitted as:
A.F. Peters, R.L. Fletcher & S.G.A. Draisma. Evolution and taxonomy in the Phaecophyceae:
effects of the molecular age on brown algal systematics.
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new marine filamentous alga Schizocladia ischiensis, has a closer phylogenetic affinity
with the Phaeophyceae than any other known taxa. However, Schizocladiophyceae
and S. ischiensis have not yet been validly published and the rbcL sequence has not
yet been released, which made it impossible to include this new species in the present
update.

THE UPDATED rbcL-PHYLOGENY

The updated alignment of »bcL sequences includes 145 sequences of which 15 are
outgroups from the heterokont classes Tribophyceae (n» =9) and Phacothamniophyceae
(n=06). All taxa are presented in Figure 8.1 along with their EMBL/GenBank/DDBJ
accession numbers. Taxonomic authorities are not given (except for taxa that are
discussed in the text), but can be traced back with the help of the accession numbers.
The new rbcL alignment covered 1399 nucleotides (nt) of the 1467 nt long phaeophy-
cean rbcL-gene. Of the 1399 characters, 792 were variable and 623 were phylo-
genetically informative. There are still no »bcL sequences available for three orders,
i.e., Ascoseirales, Cutleriales, and Ralfsiales (nomen nudum).

Maximum parsimony (MP) analysis of all three codon positions was performed
using PAUP * version 4.0b4a (Swofford 1998) under a heuristic search, using the tree
bi-section reconnection branch-swapping algorithm, with 100 random sequence ad-
ditions. A maximum likelihood analysis was not possible due to the large size of the
data set. Bootstrapping (Felsenstein 1985) was performed in PAUP * using 5 random
sequence additions, 500 replicates, and maxtrees was set at 200. MP analysis resulted
in 2,046 most parsimonious trees (MPTs) of 5,763 steps (consistency index = 0.23;
retention index = 0.71; rescaled consistency index = 0.16). One of the MPTs is shown
in Figure 8.1 and has the same topology as the 50% majority-rule consensus tree The
family and ordinal affiliations of taxa follow the current classification. Most MPTs
differed from each other within the crown of the Ectocarpales (i.c., Chordariaceac).
Branches that collapsed in the strict consensus tree are marked in Figure 8.1.

CONCLUSIONS

The updated rbcL-based tree of the Phacophyceae (Fig. 8.1) contained more clades
with bootstrap support than the rDNA-based tree in Rousseau ez al. (2001). The close
relationship of the Laminariales, Ectocarpales, and Asterocladon + Asteronema rhodo-
chortonoides (Bargesen) Miiller e Parodi was not supported in their IDNA phylogeny.
The rDNA data also failed to support the close relationship of the Fucales, Tilopteri-
dales, Halosiphonaceae, and Phyllariaceae. Despite the poorer resolution of the rDNA
data, the new rbcL phylogeny is consistent with the rDNA study of Rousseau et al.
(2001), i.e., there are no contradicting sister-group relationships with bootstrap support.
Their study also revealed the paraphyly of Asteronema: A. rhodochortonoides is closely
related with Asterocladon, and A. ferruginea (Harvey) Delépine et Asensi with the
Scytothamnales.
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Choristocarpus tenellus (Kiitzing) Zanardini is the most basal brown alga followed
by the Dictyotales. The sister-group relationships between the next three clades to
branch-off, i.e., the Sphacelariales, Syringodermatales, and Onslowiaceae, were not
resolved. The branching order in the crown of the Phaeophyceae tree was also not
resolved (Fig. 8.1B). However, additional support that the Desmarestiales, Scyto-
thamnales, and Sporochnales are the most basal orders within this crown, comes from
the RUBISCO-spacer (see Box 8.1). A close relationship between the Desmarestiales
and Sporochnales was expected (see also Fig. 1.1) and supports earlier work by Clayton
(1981) that considered them as a single order.

Results of the newest analysis are basically confirmatory and do not indicate any
significant shifts in ordinal-level sister- groups. Perhaps the most significant conclusion
is that in order of resolving power rbcL still performs the best, followed by the rDNA-
LSU and the rDNA-SSU. A partition homogeneity test (see Chapter 2) was not per-
formed between rbcL and the IDNA-SSU and -LSU so it is not known whether or not
a combined analysis would enhance the results further. Given the nearly complete
taxon sampling at the ordinal level, it is doubtful that major sister-group relationships
will change. However, within orders, notably the Dictyotales, Syringodermatales, Spo-
rochnales, and Fucales, much more extensive taxon sampling is still highly desirable.
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Fig. 8.1. RbcL phylogeny of the Phaecophyceae. One of 2,046 MPTs (length = 5,763) with the same topo-
logy as the 50% majority-rule consensus tree. Figure A (opposite page) is the basal part of the tree
including outgroup taxa (Tribophyceae and Phaeothamniophyceae) and Figure B (above) is the crown
part of the tree. EMBL accession numbers are given in brackets for each taxon. Branch lengths are
proportional to the number of changes (please note that the scales of Figures A and B differ slightly).
The nodes that collapse in the strict consensus tree are indicated with white diamonds (¢ ). The under-
lying backbone tree (grey) is the 50% bootstrap tree. Actual bootstrap percentages (above branches)
within the Phaeophyceae are only given at the ordinal and the family level, because of space limitation,
with the exception of the Sphacelariales where the status of the families is currently unclear (Draisma et
al. 2002). Sargas. = Sargassaceae; Scytothamn. = Scytothamnaceae.
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Box 8.1

A SPACER ODDITY

Although rbcL was able to resolve many relationships within the brown algae, the
base of the crown clade (Fig. 8.1B) is still unresolved. Unfortunately, the RUBISCO-
spacer is not a suitable marker for ordinal level comparisons due to its extensive
length variation which makes it unalignable (Draisma et al. 2002/Ch. 3). However,
inspection of RUBISCO-spacer sequences might still reveal some synapomorphies.
Therefore, the EMBL database was screened for RUBISCO-spacer sequences of
heterokont algae. The RUBISCO-spacer could only be aligned among different
heterokont algae at the conservative 3’-end.

The partial RUBISCO-spacer alignment is summarised in Figure Box 8.1. As
shown, seven of the ten crown orders have three extra nucleotides at the 3’-end.
Although a tempting synapomorphy, the absence of the 3-bps in the Desmarestiales,
Scytothamnales and Sporochnales is ambiguous. It may suggest that these three
lineages are the basal taxa of the crown or simply that there was a secondary loss.
Earlier speculations by Draisma ez al. (2002/Ch. 3) that suggested a correlation between
spacer length and evolutionary position are unfounded based on comparison with
unpublished tribophycean sequences. The RUBISCO-spacer length of the basal
tribophycean Vaucheria sp. is 115 nt and in other members of the Tribophyceae it
ranges roughly from 100-200 nt (R.A. Andersen personal communication).
RUBISCO-spacer lengths may, however, have increased independently in the Phaeo-
phyceae and Tribophyceae.

Explanation of the superscripts in Figure Box 8.1 on the opposite page.

a2 Some unpublished RUBISCO-spacer sequences were included in this alignment. These un-
published sequences were obtained as described in Draisma ez al. (2001/Ch. 2) and the EMBL
accession numbers are AJ287907 (Ascophyllum nodosum), AJ287901 (Desmarestia aculeata
[partial]), AJ287902 (Desmarestia ligulata), AJ287903 (Desmarestia viridis), AJ287909
(Eisenia arborea), AJ287904 (Himantothallus grandifolius), A1287910 (Macrocystis pyrifera),
AJ287911 (Nereocystis luetkeana), AJ287912 (Pelagophycus porra), and A1 287908 (Sargassum
muticum [partial]). Collection data and taxonomic authorities can be found in Draisma et al.
(2001/Ch. 2) where identical species names represent the same individuals as listed here.

b Asteronema rhodochortonoides.

¢ Including Asteronema ferruginea.
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(Box 8.1 continued)

PHAEOPHYCEAE
Laminariales s.s. (n=28)
Ectocarpales (n=19)

A. rhodochortonoides (n=1)b
Halosiphonaceae (n=2)
Phyllariaceae (n=13)
Tilopteridales (n=3)
Fucales (n=35)
Desmarestiales (n=7)
Scytothamnales (n=3) °
Sporochnales (n=2)
Syringodermatales (n=1)
Onslowiaceae (n=2)
Sphacelariales (n=25)
Dictyotales (n=2)

Choristocarpaceae (n=1)

BACILLARIOPHYCEAE
pennate diatoms (n=3)

centric diatoms (7=3)

BOLIDOPHYCEAE

Bolidomonas (n=3)

PELAGOPHYCEAE
Aureococcus (n=3)

Aureoumbra (n=14)

RAPHIDOPHYCEAE

Heterosigma (n=1)

aTTTATCTTT-AAGGAATatTTGAATAGTG
ATTTATCTCC-AAGGAATATTTGAATAGTG
ATTTATCTCC-AAGGACTATTTGAAGAGTA
ATTTATCTTC-AAGGGATATTTGAATAGCG
AYTTATATCT-AAGAAATATTTGAATAGTT
ATYTATCTCC-TAAGAATATTTGAATAGTG
ATTTAYATTAAATAMAATAMTTGAAGAGTR
ATATATCTTC-AAGGAGTATTTGAATA--—
ATTTMTATYY-ARRGRATATTTGAATA-——
ATTTATCTTT-AAGGAATATTTGAATA--- |
ATATATTTAT—AAGGGATATTCGATTA——;ﬁ
ATRTaTWTTA-AAGGARTAWYTRAAYW--—
WWWWAAWTWT -AAGGAWWWSTTAAATA--—
TTWTWACTTT-AWGGAGYAtTTRAARY-—-

TAATATAATT-AAGGAGTATTTGAATA-—-

AAAAAAATTA-AAGGAGTATTTGAATA--—
ATAHAMATWW-AAGGAGTATTTGAATA-——

ATTAMTWATT-AAGGAGTATTtGAATA---

TAATAAACTT-AAGGAGTA-TTGAAGA---
AAATAAAAAC-AAGGAGTA-TTGAAGA---

CTATATAATA-TAGGAGCATTTGAATA---

crown
taxa

basal
taxa

Fig. Box 8.1. Alignment of partial RUBISCO-spacer sequences 2 (3’-end) of heterokont algae.
Sequences shown are majority-rule (>80%) consensus sequences. [UPAC-IUB codes were
applied when there was no 80% majority for a nucleotide . Dashes (-) indicate gaps to restore
alignment. Nucleotide symbols in small case indicate that there was a base in some taxa and a
gap in other taxa. » = number of taxa; crown taxa = taxa situated in the crown part of the rbcL-

tree (Fig. 8.1B); basal taxa = taxa situated in the basal part of the rbcL-tree (Fig. 8.1A).
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GENERAL DISCUSSION

TOWARDS A NEW CLASSIFICATION OF THE
PHAEOPHYCEAE

From cladogram to classification

So far, phycological systematists have been reluctant to propose major nomenclatural
changes in the classification of the brown algae based on their molecular phylogenies
because of inadequate taxon sampling and concern for instability. However, de Reviers
and Rousseau (1999; table 9, pp. 170—171) have made a first attempt by recognising
13 orders subdivided into 52 families of which three remained undescribed. They
only recognised monophyletic groups based on DNA sequence data and retained tradi-
tional groups for which no sequence data were available. Taxa that could not be included
in one of the 13 traditional orders were placed in the category incertae sedis (i.e.,
without an ordinal affiliation). This category comprised ten families of which five
remained undescribed. De Reviers and Rousseau (1999) did not propose the creation
of new orders to accommodate these unclassified families. New circumscriptions since
de Reviers and Rousseau (1999) include the Akkesiphycaceae Kawai e Sasaki (2000),
Halosiphonaceae Christensen ex Kawai ef Sasaki (2000), and Onslowiaceae Draisma
et Prud’homme van Reine (2001/Ch. 7). Peters and Ramirez (2001) proposed to reduce
the number of families in the Ectocarpales (s./.) from 23 (de Reviers and Rousseau
1999) to five.

I concur with the need for a new classification of the brown algae in which only
monophyletic groups are recognised. Although formal nomenclatural changes will
not be proposed in this thesis, Table 9.1 summarises the needed changes based on the
rbecL analysis update in Figure 8.1 (Chapter 8) and the results of previous molecular
and morphological studies. Brown algal groups that are not monophyletic or not
included in Figure 8.1 are discussed below.

The Choristocarpaceae, the Onslowiaceae, and their former ‘residence’ within
the Sphacelariales

Until recently, the members of the Onslowiaceae were included in the Choristocarpa-
ceae and this family was included in the Sphacelariales (Draisma and Prud’homme
van Reine 2001). However, results of the »bcL phylogeny suggest that the families
Choristocarpaceae and Onslowiaceae do not belong to the Sphacelariales and should
actually be given ordinal status. Currently, the Choristocarpaceae also include Disco-
sporangium mesarthrocarpum (Meneghini) Hauck, although many authors consider
it only distantly related to Choristocarpus tenellus (Prud’homme van Reine 1993,
Draisma and Prud’homme van Reine 2001/Ch. 7). It could be proposed that the mono-
typic genus Discosporangium be removed from the Choristocarpaceae based on the
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Table 9.1. Scheme for a new ordinal and familial classification of the Phacophyceae.

Orders

Families

Ascoseirales Petrov (1963, 1964) emend. Moe
et Henry 1982

A new order has to be created for the propo-
sed new families (right).

A new order has to be created for Bachelotia.

A new order has to be created for Choristocar-
paceae.

Cutleriales Bessey 1907
Desmarestiales Setchell ez Gardner 1925

Dictyotales Bory 1828

Discosporangiales O.C. Smith 1937

Ectocarpales Bessey 1907 (incl. Chordariales
Setchell e Gardner 1925, Dictyosiphonales
Setchell e Gardner 1925, Punctariales Kylin
1933, and Scytosiphonales Feldmann 1949)

Fucales Kylin 1917 (incl. Durvillaeales Petrov
1965, and Notheiales Womersley 1987)

A new order has to be created for Halosiphona-
ceae.

Laminariales Migula 1908

A new order has to be created for Onslowia-
ceae.

A new order has to be created for Phyllariaceae.

Ascoseiraceae Skottsberg 1907

A new family has to be created for Asterocla-
don.

A new family and a new genus have to be created
for Asteronema rhodochortonoides and Astero-
nema breviarticulatum.

A new family has to be created for Bachelotia.

Choristocarpaceae Kjellman 1891

Cutleriaceae Hauck 1883—1885

Arthrocladiaceae Chauvin 1842
Desmarestiaceae (Thuret) Kjellman 1880

Dictyotaceae Lamouroux ex Dumortier 1822
Dictyotopsidaceae Allender 1980
Scoresbyellaceae Womersley 1987

Discosporangiaceae O.C. Smith 1937

Acinetosporaceae Hamel ex J. Feldmann 1937

Adenocystaceae Rousseau, de Reviers, Leclerc,
Asensi et Delépine 2000

Chordariaceae Greville 1830

Ectocarpaceae C. Agardh 1828

Scytosiphonaceae Farlow 1881

A new family has to be created for Bifurcariopsis®

Durvillaeaceae (Oltmanns) De Toni 1891

Fucaceae Adanson 1763

Himanthaliaceae (Kjellman) De Toni 1891

Hormosiraceae Fritsch 1945

Notheiaceae O.C. Schmidt 1938

Sargassaceae Kiitzing emend. De Toni 1895
(incl. Cystoseiraceae De Toni 1891)

Seirococcaceae Nizamuddin 1987

A new family has to be created for Xiphophora"

Halosiphonaceae T. Christensen (1962) ex Ka-
wali et Sasaki 2000

Akkesiphycaceae Kawai e Sasaki 2000

Chordaceae Dumortier 1822

Laminariaceae Bory 1827 (incl. Alariaceae Set-
chell er Gardner 1925, and Lessoniaceae
Setchell e Gardner 1925)

Pseudochordaceae Kawai et Kurogi 1985

Onslowiaceae Draisma e Prud’homme van
Reine 2001

Phyllariaceae Hamel ex Petrov 1974

(continued)
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(Table 9.1 continued)
Ralfsiales Y. Nakamura (1972). A Latin descrip- Ralfsiaceae Farlow 1881 (incl. Lithodermata-

tion has to be written. ceae Hauck 1883, Nemodermataceae J. Feld-
mann 1937, and Stragulariaceae Stromfelt
1886)
Scytothamnales A.F. Peters e M.N. Clayton ~ Scytothamnaceae Setchell ez Gardner 1925
1998 Splachnidiaceae Mitchell ez Whitting 1892
A new family has to be created for Asteronema.
Sphacelariales Migula 1908 ® Sphacelariaceae Decaisne 1842
Stypocaulaceae Oltmanns 1922
Sporochnales Sauvageau 1926 Sporochnaceae Greville 1830
Syringodermatales E. C. Henry 1984 Syringodermataceae E.C. Henry 1984
Tilopteridales Bessey 1907 Tilopteridaceae Kjellman 1890
Incertae sedis Heterochordariaceae Setchell ez Gardner 1925

a  According to de Reviers and Rousseau (1999).
b The two families may have to be merged into one; Sphacelariaceae (Draisma ef al. 2002/Ch. 3).

different morphology of its plurilocular zoidangia. At present, however, there are still
no DNA sequence data available to support this (Draisma and Prud’homme van Reine
2001/Ch. 7). For Discosporangium the family name Discosporangiaceae and the order
name Discosporangiales are available (Schmidt 1937).

The familial subdivision of the Sphacelariales is currently under discussion and it
will probably be reduced to a single family (Draisma et al. 2002/Ch. 3). The study by
Draisma et al. (2001/Ch. 3) and Figure 8.1 support different basal sphacelarialean
clades. In any case, the monotypic Cladostephaceae (including Cladostephus spongi-
osus [Hudson] C. Agardh) can be merged with the Sphacelariaceaec. Whether or not
the Stypocaulaceae will stand the test of time remains to be seen. Considering the
amount of genetic variation within the Sphacelariales (compared to that in other orders)
and the relatively basal position of the Sphacelariales within the Phacophyceae, it is
also justifiable to recognise two or more newly defined families. For example, the
subgenus Propagulifera could be given family status.

The kelps

The Laminariales (kelps) are clearly polyphyletic. The Halosiphonaceae and the Phyl-
lariaceae should be removed from the Laminariales and each family should be placed
in anew order. Together with the Tilopteridales, the Halosiphonaceae and Phyllariaceae
form a monophyletic group. The distributional range of the members of these three
clades is restricted to relatively cold water regions of the north Atlantic and Mediter-
ranean (Sasaki et al. 2001).

Although de Reviers and Rousseau (1999) and Rousseau et al. (2001) suggested
that the Laminariales s.s. should be restricted to the ALL-complex (i.e., Alariaceae,
Laminariaceae, and Lessoniaceae), the tree in Figure 8.1 supports inclusion of the
Akkesiphycaceae, the Chordaceae, and the Pseudochordaceae. The families of the
ALL-complex are themselves not monophyletic as has already been demonstrated by
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Druehl et al. (1997), Boo et al. (1999a, b), Boo and Yoon (2000), and Yoon e? al.
(2001). In the latter two publications it is suggested that the ALL-complex be down-
graded to family status or that eight independent families are erected, however, no
decision is being made. By merging the Alariaceae and the Lessoniaceae into the
Laminariaceae, the intra-familial genetic variation is comparable to that of other fami-
lies.

Taxa with a stellate chloroplast arrangement

Asterocladon lobatum D.G. Miiller, E.R. Parodi et A.F. Peters, Asteronema australe
R. Delépine et A. Asensi, Asteronema breviarticulatum (J. Agardh) L.C. Ouriques e?
Z.L. Bouzon, Asteronema ferruginea (Harvey) R. Delépine et A. Asensi, Asteronema
rhodochortonoides (Borgesen) D.G. Miiller et E.R. Parodi, Bachelotia antillarum
(Grunow) Gerloff, Scytothamnus australis (J. Agardh) Hooker ef Harvey, Scyfothamnus
fasciculatus (Hooker et Harvey) Cotton, Scytothamnus hirsutus Skottsberg, Splach-
nidium rugosum (Linnaeus) Greville, and Stereocladon rugulosus (Bory de Saint-
Vincent) Hariot are all characterised by a stellate chloroplast configuration with a
central pyrenoid, a phenomenon unknown in any other brown alga (Miiller et al.
1998). The latter three genera belong to the Scytothamnales and their cells contain
one single deeply lobed chloroplast embracing a central pyrenoid (Peters and Clayton
1998). The former three genera contain several ribbon-shaped or elongate disk-shaped
chloroplasts, each with a terminal or a lateral pyrenoid (Magne 1976, Delépine et al.
1976, Ouriques and Bouzon 2000). These pyrenoids form a compact body in the centre
of the cell, in which the individual components are separated by narrow cytoplasmatic
gaps (Miiller and Parodi 1994).

Most authors consider Bachelotia antillarum only distantly related to the other
taxa with stellate chloroplast arrangements (Delépine et al. 1976, Asensi et al. 1977,
Miiller and Parodi 1994). The initial growth of the erect filaments of B. antillarum is
apical, but later growth is localised to a permanent intercalary region, which addition-
ally produces intercalary reproductive structures (Blomquist 1958, Price 1973). In
Asterocladon, Asteronema, and the Scytothamnales reproductive structures are ses-
sile or stalked and growth is predominantly apical, except in A. breviarticulatum where
growth only occurs by means of an intercalary meristem (Ouriques and Bouzon 2000).

The tree in Figure 8.1 clearly shows that Asteronema is polyphyletic. Asteronema
ferruginea is closely related to the Scytothamnales and Asteronema rhodochortonoides
is sister to Asterocladon lobatum. Together the latter two species are sister to the
Ectocarpales. This is also supported by the 3’-end of the RUBISCO-spacer (Box 8.1,
Ch. 8). The type species of Asteronema is A. australe, which is morphologically very
similar to A. ferruginea. In fact, Delépine and Asensi (1975), Womersley (1987), and
Ricker (1987) suspected that these two species might be identical and represent a
single species. Therefore, the name Asteronema is reserved for A. australe and A.
ferruginea and the genus Asteronema should be included in the Scytothamnales under
a new family name. An increased length of the RUBISCO-spacer may be a synapo-
morphy of the Scytothamnales including 4. ferruginea (Peters and Ramirez 2001).
Besides the Scytothamnales, RUBISCO-spacers longer than 300 base pairs have only
been observed in species belonging to the Sphacelariales (Draisma ez al. 2002/Ch. 3).
The pyrenoids of Asteronema australe and the traditional Scytothamnales are traversed
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by tubular invaginations of chloroplast endoplasmatic reticulum (Delépine ez al. 1976,
Asensi ef al. 1977, Miiller and Parodi 1994, Peters and Clayton 1998). This could be
another synapomorphy of the Scytothamnales in a new classification. No invaginations
were observed in Asteronema rhodochortonoides, A. breviarticulatum, and Bachelotia
antillarum (Asensi et al. 1977, Miiller and Parodi 1994, Ouriques and Bouzon 2000).
Whether Asteronema ferruginea and Asterocladon have invaginations remains to be
examined (Miiller ez al. 1998). Miiller ez al. (1998) did not mention the occurrence of
invaginations in Asterocladon, but these could not be observed on their electron micro-
graphs. Asensi et al. (1977) also reported the presence of a pyrenoid with invaginations
in Petroderma maculiforme (Wollny) Kuckuck (Ralfsiales) which makes this species
of interest for future molecular studies. Whereas the single plastid of the traditional
Scytothamnales is axial, in P maculiforme it is parietal.

Asteronema rhodochortonoides differs from A. australe and A. ferruginea in the
absence of unilocular sporangia (Miiller and Parodi 1994, Kogame ef al. 2001). Uni-
locular sporangia have neither been observed in Asterocladon lobatum and Asteronema
breviarticulatum (Miiller et al. 1998, Ouriques and Bouzon 2000). Absence of unilocu-
lar sporangia and absence of pyrenoid invaginations suggest that A. breviarticulatum
is more closely related to A. rhodochortonoides than to A. australe and A. ferruginea.
For A. rhodochortonoides and A. breviarticulatum a new genus name and possibly a
new family name should be created. This new family should be included in a new
order together with Asterocladon, for which a new family name should be created.
Members of the Scytothamnales (including Asteronema australe and A. ferruginea)
are restricted to the cold waters of the Southern Hemisphere with the exception of
Scytothamnus fasciculatus which is also present in the cold-temperate north-east Pacific
(Miiller et al. 1998). Asterocladon, Asteronema rhodochortonoides and A. breviarti-
culatum show a tropical to warm-temperate distribution (Miiller ez al. 1998, Ouriques
and Bouzon 2000, Kogame ef al. 2001).

For Bachelotia antillarum, a monotypic new family and a monotypic new order
could be proposed as well, based on its unique morphology and its separate position
in the rDNA-based phylogenetic tree (Rousseau e al. 2001) and in the rbcL-based
phylogeny presented by Siemer (1998). The rbcL sequence of B. antillarum has not
yet been released and thus could not be included in the phylogeny of Figure 8.1.
However, in the rbcL study by Siemer (1998) this species formed a lineage by itself.
In that study members of the Tribophyceae were used as outgroup, whereas the brown
algae of the ingroup represented the Fucales, Desmarestiales, Tilopteridales, Lamina-
riales, and Ectocarpales (s./.). The latter two orders were sister to each other. Therefore,
it can be concluded that B. antillarum is not closely related to Asterocladon and A.
rhodochortonoides which were not included in the study by Siemer (1998), but are
sister to the Ectocarpales in the tree of Figure 8.1.

Orders not represented in the updated rbcL-phylogeny

Representatives of the Ascoseirales, Cutleriales, and Ralfsiales were not included in
the present update, because rbcL sequences are not available. These orders are distinct
from other brown algal orders based on morphology and the rDNA phylogeny of
Rousseau et al. (2001). In that phylogeny the Ascoseirales, represented by its single
species Ascoseira mirabilis Skottsberg, formed a distinct lineage and so did the Cut-
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leriales, represented by Cutleria multifida (J.E. Smith) Greville. However, the status
of the Ralfsiales remains complicated.

The order Ralfsiales was established on the basis of the genus Ralfsia by Nakamura
(1972), who failed to provide a Latin description. It has not yet been nomenclaturally
validated, but is currently in use (Silva and de Reviers 2000). Nakamura (1972) re-
cognised three families in the order, i.e., Lithodermataceae, Nemodermataceae, and
Ralfsiaceae, separating them on the basis of the position of the reproductive organs.
De Reviers and Rousseau (1999) only recognised the Ralfsiaceae in the Ralfsiales
and placed the monotypic Heterochordariaceae (containing Analipus japonicus [Har-
vey] Wynne) incertae sedis. They considered it the best solution to place the algae
with a single plate-like plastid without a pyrenoid in the Ralfsiales sensu Nakamura,
since it was clear that these algae could no longer be placed in the Ectocarpales and as
no clear relationships with other brown algae are known. In the rDNA-based study by
Rousseau et al. (2001), the Ralfsiales were represented by Nemoderma tingitanum
Schousboe in Bornet and it formed a separate lineage. However, N. tingitanum contains
several scattered discoid plastids with several pyrenoids (Parente ef al. 2000) and
without pyrenoids according to Kawai (1992). De Reviers and Rousseau (1999) did
not place N. tingitanum incertae sedis, but retained it in the Ralfsiaceae, order Ralfsi-
ales. Rousseau et al. (2001) treated N. tingitanum as belonging to Ralfsiaceae, but did
not discuss its systematic position.

At this moment the Ralfsiales are best retained, although the ordinal delimitation
is still not clear. RbcL sequences of the type genus Ralfsia are needed before validating
Nakamura’s Ralfsiales. It remains to be seen whether or not the Heterochordariaceae
should be included in the order and whether or not the Nemodermataceae should be
re-instated.

Calling the class to order

A new phylogenetic classification of the brown algae, based on the recognition of
monophyletic groups would comprise twenty orders. A scheme for a new classification
is shown in Table 9.1. It is recommended not to take final action until rbcL sequences
of Bachelotia antillarum (B.L. Siemer), the outgroup taxon Schizocladia ischiensis
(H. Kawai) and those of a few more taxa have been formally analysed. Attempts to
sequence rbcL of Ascoseira mirabilis Skottsberg and Ralfsia sp. are currently being
made (B. de Reviers personal communication), as well as of some freshwater taxa
(pers. comm. A.F. Peters, H. Kawai, J. Wehr). It is not likely that »bcL sequences of
many other taxa will soon be determined. However, this will not hinder the proposal
of'a new classification of the Phacophyceae including circumscriptions of new orders
and families.

An important point in the newly proposed classification is that while being phylo-
genetic, it also fits the traditional Linnaean hierarchy and follows the rules of the
International Code of Botanical Nomenclature (Greuter 2000). Recently, a phylo-
genetic code of biological nomenclature has been proposed called PhyloCode (Forey
2001). The PhyloCode is not yet operational but can be downloaded from the web at
www.ohio.edu/PhyloCode. It is designed to provide rules for the naming of clades
across all of biology. Phylogenetic nomenclature starts from the premise that there
should be congruence between phylogenetic hypotheses and nomenclature. It is
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designed so that it can be used concurrently with the existing codes based on Linnaean
nomenclature. When the PhyloCode becomes more widely accepted, it can be applied
to the Phaeophyceae. An advantage of the PhyloCode is that taxa do not necessarily
have to be based on apomorphies (character-defined), but can also be node-based or
stem-based (taxon-defined).

PHAEOPHYCEAN PHYLOGENETIC HISTORY IN THE FUTURE

More taxa and more genes

Challenges in the coming decade will be on lower taxonomic ranks and broader taxo-
nomic sampling within these ranks. These efforts will help to break up some of the
long branches leading to poorly sampled groups (Dictyotales, Fucales, Sporochnales,
Syringodermatales). However, even with the most comprehensive taxon sampling,
rbcL alone will not be informative enough to resolve all brown algal inter-ordinal
relationships. Additional molecular markers are needed. A mitochondrial (mt) encoded
gene is of interest because the reliability of a phylogenetic hypothesis increases when
trees that are based on genes from different organelles are congruent. These mtDNA
sequences could be analysed independently from the chloroplast and nuclear markers
that have been used so far. At present, however, it is not clear which additional mt
genes might be suitable.

Of the brown algal mitochondrial genes sequenced so far (atp6, atp8, cox1, cox3,
Irn [coding for 23S rRNA], nad3, nad6, nad7, nadll,rpi31, rps10, rps14, srn[coding
for 16S rRNA], trnK, trnP, trnY), most is known about the coxI gene which codes for
cytochrome c oxydase subunit I (Ehara ez al. 1998, 1999). Complete and partial brown
algal coxI sequences are available for 4 species of Ectocarpales, 3 species of Lamina-
riales and for 6 tribophycean outgroups. I compared 12 coxI sequences (1059 nt) with
12 rbcL sequences (1399 nt) from species representing the same genera and in 7 cases
including the same species. Pair-wise distances for phacophycean coxI were more
than twice as high as pairwise distances between phaeophycean rbcL (Table 9.2).
This is remarkable, because plant mitochondrial genes are generally considered to
evolve about three times slower than plant chloroplast genes (Page and Holmes 1998).
The fraction of informative sites for respectively the coxI and the rbcL alignment
including the outgroup (excluding outgroup in brackets) is 38% (16%) and 24% (9%)
for all three codon positions, 14% (4%) and 9% (3%) for first+ second codon positions
only, and 84% (40%) and 54% (22%) for third codon positions only. In contrast to the
rbcL alignment, however, MP bootstrap resampling (not shown) of the coxI analysis
could not recover the monophyly of the Ectocarpales and Laminariales, despite the
higher number of informative sites in coxI (398 against 337 in »bcL). In the outgroup
only one clade had bootstrap support in the coxI analysis against four in the rbcL
analysis. A Partition Homogeneity Test (PHT) (see Chapter 2) indicated that the two
alignments were incongruent and should not be combined in one analysis. PHTs of
only the first and second codon positions and of the amino acid translation, on the
other hand, indicated congruence between coxI and rbcL. The level of homoplasy
(saturation) at third codon positions is probably too high in coxI. Therefore, I do not
recommend this gene for phylogeny reconstruction of the Phaeophyceae, although
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cox] might do better when more basal brown algal taxa are included in the analysis.
CoxI sequences of outgroup taxa might simply be too distant from those of the most
advanced brown algae Laminariales and Ectocarpales.

Another promising approach to ordinal level phylogeny is the use of complete
mitochondrial genome sequences. At present complete chondriomes have been deter-
mined for Pylaiella littoralis (58,507 nt; acc. nr. AJ277126) (Oudot-Le Secq et al.
2001) and for Laminaria digitata (Hudson) J. V. Lamouroux (38,007 nt; M.-P. Oudot-
Le Secq pers. comm.). Sequencing of chondriomes for Ectocarpus, Sphacelaria,
Fucus, and Dictyota are currently in progress (J.L. Olsen, W.T. Stam pers. comm.).
Inclusion of the chondriomes of other heterokonts is also of interest. These are available
for the bicosoecid Cafeteria roenbergensis (43,159 nt; acc. nr. AF193903), the oomy-
cete Phytophtora infestans (36,753 nt; U17009), and the chrysophyceans Chrysodi-
dymus synuroideus (34,119 nt; AF222718) and Ochromonas danica (41,035 nt;
AF287134).

Age of the Phaeophyceae based on molecular clocks

Issues around molecular clocks and their calibration remain contentious (reviewed in
Hillis ef al. 1996). Nevertheless, estimates continue to be made for those organisms
possessing a good fossil record. Medlin ef al. (1997) estimated the earliest probable
origin of the Phacophyceae at 155 million years (Ma) ago on the basis of small subunit
rRNA gene sequence divergences. They calibrated their molecular clock by regressing
branch lengths from diatoms (with a fossil record) from a linearised Neighbor-Joining
tree against first appearance dates and subsequently extrapolated these regressions to
the brown algal lineage. Extrapolation of regressions to provide speculative starting
points for age estimations implies that relative rates of base substitution in the brown
algae must be comparable to those of the diatoms. Because substitution rate is assumed
to be correlated with many physiological and life history factors such as generation
time, temperature, metabolic rates, differences in DNA repair efficiency, size, free
radical formation (Martin and Palumbi 1993, Kooistra and Medlin 1996), comparisons
between these disparate lineages is dubious. The only calcified phacophyceans are
found in the genus Padina (Dictyotales), but no fossils are known. The oldest putative
brown algal fossils belong to the Laminariales and Fucales and date only to very
recent Miocene deposits (ca. 7-16 Ma ago) (Parker and Dawson 1965, van den Hoek
et al. 1995). Earlier attempts to calibrate a molecular clock for the Laminariales sug-
gested a divergence time at about 15—22 Ma ago (Druehl and Saunders 1992, Saunders
and Druehl 1992). At a lower taxonomic level, Stam et al. (1988) suggested that
radiation within the genus Laminaria occurred 15—20 Ma ago, on the basis of single-
copy DNA-DNA hybridisations.

The phaeophycean taxa in the study by Medlin et al. (1997) all belonged to the
brown algal crown clade (Fig. 8.1B, Ch. 8). Inclusion of taxa belonging to the basal
Phaeophyceae (Fig. 8.1A) might result in a somewhat older estimation. Calibration
of an rbcL clock is currently also possible. Mann ez al. (2001) reported the construction
of a data-base with rbcL sequences from >100 diatom taxa. Re-estimations based on
more genes is desirable, because Medlin ef al. (1997) came to different estimates of
emergence time of the diatoms based on nuclear (18S rRNA) and plastid (16S rRNA,
tufA, rbcL) DNA sequences, varying from 135—-249 Ma. The great disparity of esti-
mates demonstrates the unreliability of currently available molecular clock estimates.
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FUTURE STUDIES WITHIN THE SPHACELARIALES

Phylogeny of Sphacelariales

The rbcL-based phylogenies in Draisma et al. (2002; fig. 2/Ch. 3; Fig. 3.2) and in
Figure 8.1 are, currently, the best estimates of Sphacelariales phylogeny available. In
both Figures 3.2 and 8.1, resolution at the base of the order is poor. According to these
trees, either the Stypocaulaceae, Sphacelaria caespitula, Sphacelaria radicans, or
the Propagulifera form the most basal clade of Sphacelariales. Inclusion of rbcL
sequences of additional genera and subgenera in the analysis might result in a better
resolved tree with a well-supported basal clade or it may result in even more basal
candidates.

An understanding of sister-group relationships would help to obtain a better resolved
phylogeny of the Sphacelariales. At present, it is not clear whether the Onslowiaceae
and/or Syringodermatales branch-off before or after the Sphacelariales, or that one
or both of them is/are the sister-clade of the Sphacelariales (see Figs 2.1-5, 3.2, and
8.1A). Therefore, not only rbcL sequences of more species of Syringodermatales and
Onslowiaceae are desirable, but also a broader sampling of the Dictyotales (16 genera)
which are certainly basal to the Sphacelariales. These efforts, however, will only be
of use if rbcL displays enough resolving power. At present it is not clear what other
sequences might be suitable. The ribosomal cistron is certainly unsuitable. The genes
themselves are too conservative (Draisma et al. 2001/Ch. 2) and the internal transcribed
spacers (ITSs) are paradoxically too variable (Ch. 4). Even though an analysis of
conservative parts of the ITS sequences (Ch. 4) confirmed the paraphyly of the sub-
genus Sphacelaria as demonstrated by the rbcL analysis (Ch. 3) the utility of ITS is
inadequate. Likewise, explorations within the subgenus Propagulifera and using the
complete RUBISCO-spacer sequences (Ch. 5) revealed paraphyly of the sections of
this subgenus and a cryptic species but is still unlikely to provide enough information
on the larger sampling scale. Until new markers can be explored, it seems best to
remain focused on rbcL for a little longer, while improving taxon sampling.

An area of particular attention is the Southern Hemisphere. Sphacelaria subgenera
Reinkea and Bracteata (the latter with one Northern Hemisphere member) and the
stypocaulacean genera Phloiocaulon and Ptilopogon are of particular interest. Of
course the type species Sphacelaria reticulata is also of major interest, but it is not
likely that this species will be found again (Draisma et al. 2002/Ch. 3). Sphacelaria
reticulata is either extinct or it may represent an aberrant growth form of another
sphacelarialean species (Prud’homme van Reine 1982). RbcL sequences of the fresh-
water species Sphacelaria fluviatilis Jao and Sphacelaria lacustris Schloesser ef Blum
will certainly provide an answer to whether these taxa indeed belong to the Sphacela-
riales or not. Attempts are currently being made to sequence 18S and rbcL of these
two taxa (J. Wehr pers. comm.). Finally, I recommend that 7bcL sequences be deter-
mined for sphacelarialean taxa with a disjunct distribution in Europe and southern
Australia in order to find out whether the representatives of both hemispheres are
indeed conspecific. Taxa of Sphacelariales recorded from the north Atlantic and the
south coast of Australia include Cladostephus spongiosus (Hudson) C. Agardh, Sphace-
laria cirrosa (Roth) C. Agardh, and Sphacella subtilissima Reinke (Prud’homme van
Reine 1993).
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Intra-specific/population studies

Much is to be learned from genetic studies at the intra-specific or population level. A
more extensive taxon sampling of some species should reveal whether cosmopolitan
species really exist. Sphacelaria rigidula represents two cryptic species (type A and
B), both represented in the Atlantic and the Pacific (Chapter 5). Sequences of rbcL
and adjacent spacer, however, did not differ between the Pacific and Atlantic isolates
oftype A. Atlantic and Pacificisolates of Sphacelaria tribuloides also showed identical
rbeL and spacer sequences (Ch. 5). A broader sampling is recommended for this species
and sequencing could include ITS sequences, instead of only the RUBISCO-spacer.
In contrast to S. rigidula (type A) and S. tribuloides, rbcL sequences of Atlantic and
Pacific Halopteris filicina differed conspicuously (Draisma et al. 2002/Ch. 3). A more
extensive sampling of this taxon in both ocean basins might give more insight in the
divergence of species. Genetic variation within Atlantic and Pacific populations could
be determined on the basis of ITS sequences (Ch. 4). The determination of the extent
of sexual reproduction in H. filicina in the field is of interest and what its effect may
be on population structure. The intra-individual ITS variation demonstrated in Chapter
4, might be a result of prolongued periods without sexual reproduction.

The present study does not provide sequence data of morphological variants of
species. Morpho-types of several presently recognised species have been attributed
to distinct species in the past, because the different morphologies were considered to
be the result of phenotypic plasticity (Prud’homme van Reine 1982). DNA sequences
of different morpho-types of a species (e.g., in Sphacelaria cirrosa or Cladostephus
spongiosus) are desirable in order to find out if the lumping of morphological variants
was justified. Culture experiments can also be of help to determine the morphological
plasticity of a species.

In conclusion

Previous brown algal classifications (Kylin 1933, Papenfuss 1951, Scagel 1966, Wynne
and Loiseaux 1976, van den Hoek ef al. 1995) differed in the relative importance that
was arbitrarily assigned to the various characters (i.e., isomorphic/heteromorphic life
cycle, haplostichous/polystichous growth, [an]isogamy/oogamy). This thesis demon-
strates that DNA sequence data are indispensable for phylogenetic reconstruction of a
group like the Phaeophyceae, which represents extreme morphological plasticity.
Likewise, molecular data are indispensable when the phylogenetic relationships of
‘low-morphology’ organisms like the Sphacelariales are explored. On the other hand,
new phylogenies based on molecular data also stimulate research on non-molecular
characters, as incongruities of the old classification become evident. Taxon sampling
for non-molecular characters like pheromones or ultrastructural features, is currently
more fragmentary than for DNA sequences. Therefore, comprehensive studies of non-
molecular characters are still desirable in order to test evolutionary hypotheses infer-
red from the molecular data. Taken together these data sets provide reciprocity that
will allow us to understand structural evolutionary change.
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SUMMARY

The Phaeophyceae or brown algae form a class of multicellular heterokont algae. As
a group they play a key role in structuring subtidal marine communities throughout
temperate and tropical zones. Kelp forests (Laminariales) contain the giants of the
algal world with thalli reaching >60 m. Fucoids (e.g. wracks) play dominant inter- or
subtidal roles by forming large monostands. The class of brown algae includes about
13—-17 orders, including the Sphacelariales. Because of the enormous morphological
diversity, combined with a variety of ultrastructural and cytological characters, the
evolutionary relationships among orders have long been a source of speculation. This
is the basis for the present research. Chapter 1 provides an introduction to the brown
algae and the hierarchical approach adopted in this thesis.

Historically, phycological systematists have hypothesised many phylogenies ranging
from the Ectocarpales being considered most primitive/ancestral based on their simple
filamentous construction, to the Fucales being hypothesised the most advanced/recent
because of their oogamous, diplontic life history. With the advent of formal phylo-
genetic methods in the 1970s and 80s and comparative DNA sequence data in the
1990s, opportunities for more accurate investigation became possible. Previous
molecular phylogenetic studies (Table 2.1) have utilised rDNA 18S sequence data
and an exemplar approach to taxon sampling. In a number of cases, consolidation of
data sets has remained problematic because the sequences were incomplete with dif-
ferent regions missing from different data sets. With the recent availability of automated
sequencing and additional sequences, the time was ripe to completely re-evaluate
phylogenetic relationships within the brown algae including the position and putative
monophyly of the Sphacelariales.

The Sphacelariales are characterised by apical growth, parenchymatous tissues
and a black staining response following the application of household bleach. Filaments
form mats and tufts which may be epilithic or epiphytic. Though a cosmopolitan
group, species diversity seems to be highest along the temperate coasts of western
Europe and southern Australia-New Zealand. Tropical and (Ant)arctic species diversity
seems to be low. The degree to which this reflects sampling bias or a true assessment
is unclear.

The traditional four families are primarily based on differences in branching mode.
The Cladostephaceae are monotypic, the Sphacelariaceae have two genera, the Stypo-
caulaceae have 5 genera, and the Choristocarpaceae have four genera. The Sphacela-
riaceae are the most speciose with >40 species out of a total for the order of >60.
Further taxonomic details are provided in order to set the stage for the new analyses.

Phylogenetic relationships within the Phacophyceae are assessed in Chapter 2 using
nuclear encoded partial 18S + 26S rDNA sequences and chloroplast encoded rbcL
sequences (coding for the large subunit of the RUBISCO-gene). Both the rDNA and
rbcL data showed the Dictyotales, Sphacelariales and Syringodermatales to be the
most basal brown algal orders and the Sphacelariales to be non-monophyletic (Figs
2.2 and 2.4). Furthermore, both data sets confirmed earlier suggestions that the Chorda-
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riales, Dictyosiphonales (incl. Punctariales), and Scytosiphonales should be merged
with the Ectocarpales. The rbcL tree showed additional support for the sister-group
relationship of the Laminariales and the Ectocarpales sensu /lato. See also Chapter 8.

Chapter 3 focuses on phylogenetic relationships within the Sphacelariales sensu
stricto (i.e., a monophyletic group containing the Cladostephaceae, Sphacelariaceae,
and Stypocaulaceae). Both molecular and morphological data were analysed. The
morphological data set included 23 characters, the molecular data set rbcL + partial
RUBISCO-spacer sequences. Taxon sampling at the genus level was 75%, at the
species level £ 30%. The 19 species were all collected from the Northern Hemisphere
with one exception. Analysis of the morphological data set resulted in an almost
completely unresolved tree (Fig. 3.3). The only supported clade consisted of the Spha-
celaria subgenus Propagulifera. Maximum parsimony analysis of rbcL sequences
revealed four basal clades with moderate to high support (Fig. 3.2): (1) Stypocaulaceae,
(2) Sphacelaria radicans, (3) Sphacelaria caespitula, and (4) all other included taxa;
(Sphacella + Sphacelaria subgenus Propagulifera) and (Cladostephaceae + Sphace-
laria nana + Sphacelaria subgenera Battersia and Pseudochaetopteris). The phylo-
genetic relationships between these groups could not be established unambiguously.
There was no enhancement in the resolution of the trees when the RUBISCO-spacer
sequences were analysed on their own or in combination with the rbcL sequences.
Subsequently, morphological characters were mapped onto the rbcL tree in order to
identify diagnostic or phylogenetically informative characters (Fig. 3.5). The presence
of propagules with a lenticular central apical cell or a terminal hair defines the Propa-
gulifera; and a strict acroblastic branching mode and axillary zoidangia define the
Stypocaulaceae. The remaining characters have been gained or lost multiple times.
Four options for a new classification within the order including nomenclatural changes
are discussed (Fig. 3.6). It is concluded that none of the options will lead to greater
clarity either with respect to identification or classification.

In Chapter 4 the suitability of the internal transcribed spacers (ITS1 and ITS2) of
the ribosomal cistron for phylogenetic studies in the Sphacelariales is explored. ITS
sequences were determined for six species, representing all four clades mentioned in
the previous paragraph (Ch. 3). The ITSs were extremely variable and very difficult
to align due to length differences, large indels and long stretches of repeat motifs
(Figs 4.1, 4.2). Furthermore, intra-specific and intra-individual ITS variation was
observed. These results pretty well confirm that ITS sequences will not be suitable for
phylogenetic reconstructions within the Sphacelariales at the generic level. However,
ITS sequences may be suitable for phylogenetic studies in certain species of Sphace-
lariales from the subgeneric to the intra-specific level. If intra-individual variation
can be shown to be less than inter-individual variation some interesting haplotypic
distributions may be revealed that would shed light on how populations disperse or
differentiate.

In Chapter 5 phylogenetic relationships within the most species-rich Sphacelaria
subgenus, i.e., Propagulifera, are investigated. The tropical to temperate Propagulifera
are characterised by the occurrence of propagules: specialised branchlets for vegetative
propagation. The traditional sections Propagulifera, Furcigerae and Tribuloides are
defined on the basis of morphology of the propagules. Results show that these charac-
ters are not reliable. A phylogenetic analysis, using »bcL and complete RUBISCO-
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spacer sequences, revealed both paraphyly and the presence of cryptic species. Three
well-supported clades were recovered (Fig. 5.1). The most basal clade was formed by
S. cirrosa (section Propagulifera) only, which was used as outgroup. A second clade
consisted of S. californica (Tribuloides), which was basal within this clade, and S.
divaricata and S. rigidula (both Furcigerae). The third clade consisted of the basal S.
tribuloides (Tribuloides) and S. yamadae and S. rigidula (both Furcigerae). It is con-
cluded that propagule morphologies have evolved multiple times within the sections
and are, therefore, not phylogenetically informative within the subgenus. Well-sup-
ported genetic differences among the clades within the subgenus reveal cryptic species,
i.e., S. rigidula. In the absence of reliable morphological differences it is recommended
that the sections Furcigerae and Tribuloides either no longer be recognised or that
they be merged into one section.

Chapter 6 reports on a study of a herbarium collection of marine Sphacelaria spe-
cimens collected along the entire Chinese coast, including islands in the South China
Sea. Seven species of Sphacelaria were found, all belonging to the subgenus
Propagulifera: S. rigidula, S. tribuloides, S. novae-hollandiae, S. californica and S.
carolinensis being previously recorded in this region. The two newly recorded species
are S. divaricata and a new species, S. tsengii. Sphacelaria tsengii is characterised by
long propagules with a tapering stalk and two tapering arms (Figs 6.4 to 6.12). The
holotype of S. carolinensis was also re-examined, revealing an asymmetric branching
mode that had not been described before (Fig. 6.23). Finally, a dichotomous identifi-
cation key for the Sphacelaria species of China is given.

In Chapter 7 the separation of the genera Onslowia and Verosphacela from the
Choristocarpaceae and from the Sphacelariales is proposed based on the results of
Chapter 2 and morphological considerations. The new family Onslowiaceae is created
to include these two genera.

Chapter 8 provides an update of the rbcL-based phacophycean phylogeny of Chapter
2, including many new sequences and representing all, but three, brown algal orders.
According to this phylogeny (Fig. 8.1), the Halosiphonaceae and Phyllariaceae do
not belong to the Laminariales. These two families are more closely related to the
Tilopteridales and Fucales. The genus Asteronema is not monophyletic either: 4. rhodo-
chortonoides is sister to Asterocladon and together they are sister to the Ectocarpales
s.l., whereas A. ferruginea is sister to the Scytothamnales.

Phylogenetic hypotheses about brown algae have long been dominated by the
concept that life history pattern and thallus construction are of fundamental importance
for the inference of the evolutionary history. The past years of DNA sequence studies
have shown that this view is incorrect: the classical phaeophycean phylogenetic tree
has been turned upside down. The Dictyotales and Sphacelariales (both until recently
considered advanced groups) are the basal orders and consequently an apical meristem,
an isomorphic life history, and cells with numerous lens-shaped chloroplasts without
pyrenoids should be regarded as ancestral characters in brown algae. The oogamous
diplontic Fucales, previously considered to be either primitive or advanced, branch-
off intermediate. Since molecular studies demonstrated a low degree of genetic diversity
in the brown algae compared to red algae, it has been hypothesised that the brown
algae are a relatively young group originating in the Mesozoic (Triassic-Jurassic-
Cretaceous).
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In Chapter 9 the updated rbcL phylogeny (Fig. 8.1) is used as a basis for a new phy-
logeny-based classification scheme for the Phacophyceae and results from rDNA-
based studies and morphology are included in the discussion. A new classification
(Table 9.1) would comprise 20 orders, including 6 new ones (for Asterocladon +
Asteronema rhodochortonoides + A. breviarticulatum, Bachelotia, Choristocarpaceace,
Halosiphonaceae, Onslowiaceae, and Phyllariaceae).

The following suggestions are made for future research in the Phacophyceae and
the Sphacelariales. At the ordinal level, the ‘brown tree’ needs intensive taxon sampling
in unsampled (Ascoseirales, Cutleriales, Ralfsiales) and poorly sampled (Dictyotales,
Fucales, Sporochnales, Syringodermatales) orders. RbcL provides better resolution
than nuclear ribosomal genes. If a decision between the two must be made, rbcL is
preferred. Additional genes, both nuclear and mitochondrial, need to be sought. Within
the Sphacelariales, the focus needs to shift to better biogeographic coverage, specifi-
cally in the Southern Hemisphere.

In conclusion, this thesis, in combination with previous monographs of the European
(Prud’homme van Reine 1982) and Japanese (Kitayama 1994) Sphacelariaceae and
the Australian Sphacelariales (Womersley 1987), represents one of the most compre-
hensive accounts of any phaeophycean order. This in turn provides a unique opportunity
to investigate phylogeographic patterns and species radiations within particular sub-
lineages. The cosmopolitan abundance of the Sphacelariales and the disjunctions within
the genus Sphacelaria provide interesting cases for investigating recolonisation path-
ways in temperate latitudes and vicariant events in tropical latitudes.



GEARFETTING

De Phaeophyceae of brinwieren foarmje in klasse fan mearsellige wieren hearrend ta
de divyzje Heterokontophyta (goud-brine wieren) wérfan de oare klassen hast inkeld
en allinne iensellich binne. Brinwieren nimme in wichtich plak yn yn’e maryne lib-
bensmienskippen fan’e matige en tropyske kriten. Yn kelpwalden (oarder Laminaria-
les) fynt men de reuzen fan’e wierenwrald dy’t mear as 60 meter grut wurde kinne.
De Fucales (0.0. Beiwier, Gnodzewier, Blaeswier) kinne tige grutte iensoartige fjil-
den foarmje yn’e tijsone of iinder de leechwetterstreek. De klasse fan’e brunwieren is
tnderferdield yn sa’n 13 oant 17 oarders, wérGnder de Sphacelariales. Oer de evolu-
sjonére sibskippen tusken de brinwieroarders is lange tiid spekulearre, fanwegen it
ofgryslike ferskaat oan foarmen yn kombinaasje mei in fariéteit fan ultrastrukturele
en sytologyske skacimerken. Dit is de basis foar dit proefskrift. Haadstik 1 jout in
ynlieding oer de brinwieren en it hiérargyske oanpakken dat yn it indersyk tapast is.

Wierologen hawwe foarhinne in protte branwierfylogenieén (= sibskipbeammen)
ornearre. Guon halden de triedfoarmige Ectocarpales foar de primityfste branwierskift,
wylst oaren ornearen dat de Fucales mei harren diplonte libbenssyklus de susterskift
fan alle oare branwieren binne. Krekter tindersyk waard mooglik mei it opkommen
fan formele fylogenetyske metoades yn’e jieren 70 en 80 (fan’e 20ste ieu) en de moog-
likheid ta it ferlykjen fan DNA-sekwinsjes yn’e jieren 90. Eardere molekulére fylo-
genetyske studzjes (Tabel 2.1) hawwe benammen gebriikmakke fan DNA-sekwinsjes
fan de lytse subienheid (SSU) fan it ribosomale DNA (rDNA) en faak waard eltse
branwieroarder mar troch ien soarte fertsjinwurdige. It kombinearjen fan de gegevens
fan Gnderskate stidzjes waard wol gauris dreger makke trochdat sekwinsjes faak net
folslein wiene en tngelikense stikken DNA briikt binne. Mei de resinte mooglikheid
ta automatysk sekwinsjen en de beskikberens fan meardere sekwinsjes wie de tiid ryp
om de fylogenetyske sibskippen binnen de Phaeophyceae en de posysje fan’e Sphace-
lariales en harren ornearre monofyly (= 6fstamming yn’e mande) opnij te hifkjen.

De Sphacelariales wurde karakterisearre troch waaksdom fan ut in topsel, paren-
gymatysk weefsel (= seldielingen yn alle flakken) en tydlik swartkleurjen as reaksje
op in behanneling mei oanlinge bleekwetter. De planten foarmje matten en tufkes op
stiennen en/of oare wieren. Alhoewol’t se in wraldwiide fersprieding fertoane, is it
ferskaat oan soarten it heechst lans de matige kusten fan west-Europa en it suden fan
Australié en Nij-Seelan. It ferskaat yn’e tropen en by de poalen is nei alle gedachten
leech. Hoefier dit wier sa is of dat it in artefakt is fan in legere meunstertichtens yn
dizze kriten, is net rjocht dudlik.

De tradysjonele yndieling yn fjour famyljes is benammen basearre op ferskillen
yn’e wize fan utspranteljen. De Cladostephaceae bestean it mar ien soarte, de Sphace-
lariaceae bestean ut twa slachten, de Stypocaulaceae hawwe fiif slachten en de Choristo-
carpaceae fjour. De Sphacelariaceae binne it soartenrykst mei mear as 40 soarten op
in gehiel fan mear as 60 foar de hiele oarder. Fierders wurde taksonomyske fine puntsjes
jin as ynlieding op’e nije analyzes.

Fylogenetyske sibskippen binnen de Phacophyceae wurde rekonstruearre yn Haad-
stik 2 gebrikmeitsjend fan yn’e chloroplast koadearre rbcL-sekwinsjes (koadearjend



164 Gearfetting

foar de grutte subienheid [LSU] fan’t RUBISCO-gen) en fan kearnkoadearre dielen
SSU + LSU rDNA-sekwinsjes. Sawol de rDNA- as de rbcL-gegevens toanden oan
dat de Dictyotales, Sphacelariales en Syringodermatales de meast basale brunwier-
oarders binne en dat de Sphacelariales net monofyletysk binne (Figueren 2.2 en 2.4).
Fierders bekréftigen allebeide data-sets eardere studzjes wéryn suggerearre waard
dat de Chordariales, Dictyosiphonales (Punctariales ynbegrepen) en Scytosiphonales
opnommen soene moatte wurde yn’e Ectocarpales sensu lato. Sjoch ek Haadstik 8.

Haadstik 3 is talein op’e fylogenetyske sibskippen binnen de Sphacelariales sensu
stricto (in monofyletyske skift besteande t de Cladostephaceae, Sphacelariaceae en
Stypocaulaceae). Sawol molekulére as ek morfologyske data waarden analisearre. De
morfologyske dataset bestie it 23 skaeimerken, de molekulére dataset uit #bcL-sekwin-
sjes en it 1éste diel fan’e RUBISCO-spacer. Taksonmeunstering op’t slachtenivo wie
75% en op’t soartenivo £ 30%. De 19 soarten binne, ttsein ien, allegearre sammele
op it noardlik healrin. Ut de analyze fan’e morfologyske dataset kaam in hast folslein
tinoploste beam fuort (Fig. 3.3). De iennichste skift dy’t stipe waard wie it Sphacelaria-
underslachte Propagulifera. Maksimum parsimony-analyze fan rbcL-sekwinsjes
leverde fjour basale skiften op (Fig. 3.2): (1) Stypocaulaceae, (2) Sphacelaria radicans,
(3) Sphacelaria caespitula en (4) alle oare analisearre taksa; (Sphacella + Sphacelaria-
underslachte Propagulifera) en (Cladostephaceae + Sphacelaria nana + Sphacelaria-
underslachten Battersia en Pseudochaetopteris). De fylogenetyske sibskippen tusken
dizze fjour skiften koene net mei wissens féststeld wurde. Analyze fan’e dielen fan’e
RUBISCO-spacer-sekwinsjes allinne of yn kombinaasje mei rbcL-sekwinsjes joech
gjin better oploste beammen. Fierders waarden de morfologyske skaeimerken projek-
tearre op’e rbcL-beam om sa diagnostyske of fylogenetysk ynformative skaeimerken
te identifisearjen (Fig. 3.5). It Ginderslachte Propagulifera wurdt definiearre troch it
hawwen fan propagula (spesjaal foar de fegetative fuortplanting foarme tlikjes) mei
in linsfoarmige sintrale topsel of in einhier. De Stypocaulaceae wurde definiearre
troch de konsekwinte akroblastyske (sjoch Fig. 3.1) wize fan ttspranteljen en de posysje
fan fuortplantingsstruktueren yn’e hernes fan sydtiiken. De oare skaecimerken binne
meardere kearen intstien of ferlern gien. Fjour opsjes foar in nije yndieling binnen de
oarder mei tabehearrende nomenklatueryske feroarings wurde bediskusjearre (Fig.
3.6). Netien fan’e opsjes liedt ta mear dudlikens wat de identifikaasje of klassifikaasje
oanbelanget.

Yn Haadstik 4 is de geskiktheid fan’e internal transcribed spacers (ITS1 en ITS2)
fan’t ribosomale sistron foar fylogenetyske studzjes oan de Sphacelariales tindersocht.
ITS-sekwinsjes binne bepaald foar seis soarten, dy’t de fjour skiften fertsjinwurdigje
dy’t yn’e foarige paragraaf neamd waarden (H. 3). De ITS’ en wiene tige fariabel en
dreech mei inoar yn oerienstimming te bringen (alignen) as gefolch fan lingte-
ferskillen, grutte ynsersjes en/of deleesjes en lange stikken mei repeat motifs (stikjes
herhelle sekwinsje) (Figueren 4.1 en 4.2). Der waard ek yntra-spesifyke en yntra-
yndividuele fariaasje fin. Dizze tkomsten meitsje klear dat ITS-sekwinsjes net geskikt
binne foar fylogenetyske rekonstruksjes fan’e Sphacelariales op’t slachtenivo. ITS-
sekwinsjes binne miskien wol geskikt foar fylogenetyske stidzjes fan bepaalde Sphace-
larialessoarten op’t nivo fan Gnderslachte en it yntra-spesifyke nivo. Bywannear’t
oantoand wurde kin dat yntra-yndividuele fariaasje leger is as de fariaasje tusken
yndividuén, kinne in mannich ynteressante genotypyske ferspriedingen tntbleatse



Gearfetting 165

wurde, itjinge s mear ynsjoch jaan kin oer hoe’t populaasjes harren ferspriede of
differinsjearre.

Yn Haadstik 5 binne fylogenetyske sibskippen binnen it soartenrykste Sphacelaria-
underslachte Propagulifera indersocht. De tropyske oant matige Propagulifera wurde
karakterisearre troch it hawwen fan propagula. De tradysjonele seksjes Propagulifera,
Furcigerae en Tribuloides binne definiearre op basis fan’e morfology fan’e propagula.
De utkomsten toane oan dat dizze skaeimerken net fertroud binne. In fylogenetyske
analyze fan rbcL- en folsleine RUBISCO-spacer-sekwinsjes Gintbleatet sawol parafyly
(gjin monofyly) as kryptyske soarten (d.w.s. morfologysk net te inderskieden). Der
waarden trije goed stype skiften fin (Fig. 5.1). De meast basale skift waard foarme
troch S. cirrosa (seksje Propagulifera) allinne, dy’t briikt waard as bltenskift. In twadde
skift bestie ut S. californica (Tribuloides), dy’t basaal wie binnen dizze skift, S. divari-
cataen S. rigidula (beiden Furcigerae). De tredde skift bestie ut de basale S. tribuloides
(Tribuloides) en fierders S. yamadae en S. rigidula (beiden Furcigerae). Der wurdt
konkludearre dat de ferskillende foarmen fan propagula meardere kearen binnen de
seksjes evoluearre binne en dérom net fylogenetysk ynformatyf binne binnen it
underslachte. Goed stype genetyske ferskillen tusken de skiften binnen it tinderslachte
untbleatsje kryptyske soarten, te witten S. rigidula. Fanwegen de 6fwézigens fan
fertroude morfologyske ferskillen wurdt foarslein om de seksjes Furcigerae en Tribu-
loides net mear te erkennen of om se meiinoar yn ien seksje te pleatsen.

Haadstik 6 berjochtet oer in stiidzje fan in herbariumkolleksje fan maryne Sphace-
laria-eksimplaren dy’t sammele binne lans de hiele Sjineeske kust en atollen yn’e
Sud-Sjineeske See. Der waarden san soarten Sphacelaria fin, allegearre hearrend ta
it Gnderslachte Propagulifera: S. rigidula, S. tribuloides, S. novae-hollandiae, S. cali-
fornica en S. carolinensis binne earder fermeld foar dit gebiet. Twa soarten binne nea
earder fermeld foar Sjina, te witten S. divaricata en in nije soarte, S. tsengii. Sphacelaria
tsengii wurdt karakterisearre troch lange propagula mei in tarinnende stale en twa
tarinnende earms (Figueren 6.4—6.12). It holotype (it eksimplaar op basis wérfan de
soarte beskreaun is) fan S. carolinensis is ek opnij besjoen en de propagula blykten
asymmetrysk ut te spranteljen, itjinge noch nea earder beskreaun wie (Fig. 6.23). Ta
beslut wurdt in dichotome identifikaasjekaai foar de Sphacelaria-soarten fan Sjina
presintearre.

Yn Haadstik 7 wurdt de 6fsplitsing fan de slachten Onslowia en Verosphacela
fan’e Choristocarpaceae en fan’e Sphacelariales foarslein op basis fan’e ukomsten
fan Haadstik 2 en morfologyske omtinkens. De nije famylje Onslowiaceae is oprjochte
foar dizze twa slachten.

Haadstik 8 jout in aktualisearre ferzje fan’e op rbcL basearre brunwierfylogeny
fan Haadstik 2 mei in soad nije sekwinsjes en wéryn alle brunwieroarders, utsein
trije, fertsjinwurdige binne. Neffens dizze fylogeny (Fig. 8.1) hearre de Halosiphona-
ceae en Phyllariaceae net ta de Laminariales. Dizze twa famyljes binne nauwer besibbe
oan’e Tilopteridales en Fucales. It slachte Asteronema is ek net monofyletysk: 4.
rhodochortonoides is besibbe oan it slachte Asterocladon en tegearre binne se de
susterskift fan’e Ectocarpales s./., wylst A. ferruginea besibbe is oan de Scytothamnales.

De hearskjende ideeén oer de fylogeny fan’e brunwieren binne lange tiid dominearre
west troch it idee dat it slach libbenssyklus en de talluskonstruksje fan fundaminteel
belang binne foar it bepalen fan’e evolusjonére sibskippen. Undersyk fan DNA-sekwin-
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sjes yn’e ofrtine jieren hat oantoand dat dit byld net korrekt is: de tradysjonele brun-
wierbeam is op’e kop setten. De Dictyotales en Sphacelariales (beiden oant foar koarten
beskoud as avensearre skiften) binne de meast basale oarders en sadwaande moatte
yn’e brunwieren topselwaaksdom, in isomorfe libbenssyklus en sellen mei machtige
linsfoarmige chloroplasten stinder pyrenoiden beskoud wurde as primitive skaei-
merken. De odgame diplonte Fucales, foarhinne beskoud as itsij primityf, itsij aven-
searre, sprantelje earne healwei de brinwierbeam ut. Om’t molekulére studzjes oan-
toand hawwe dat’t genetysk ferskaat yn branwieren leech is neffens de readwieren,
hat men oannommen dat de brunwieren in relatyf jonge skift binne dy’t ingefear op
itselde stuit as de blomplanten Gntstien is (sa’n 150 miljoen jier lyn).

Yn Haadstik 9 is de aktualisearre rbcL-fylogeny fan Haadstik 8 briikt as basis foar
in nij fylogeny-basearre klassifikaasjeskema foar de Phacophyceae. De resultaten fan
rDNA-studzjes en morfology binne meinommen yn it besprek. In nije klassifikaasje
(Tabel 9.1) soe ut 20 oarders bestean, wérfan seis nije (foar Asterocladon + Asterone-
ma rhodochortonoides + A. breviarticulatum, Bachelotia, Choristocarpaceae, Halo-
siphonaceae, Onslowiaceae, en Phyllariaceac).

De folgjende suggestjes wurde dien foar takomstig tindersyk oan de Phacophyceae
en de Sphacelariales. Op oardernivo is der ferlet fan in wiidweidigere taksonmeun-
stering fan Gnmeunsterde (Ascoseirales, Cutleriales, Ralfsiales) en amper meunster-
de (Dictyotales, Fucales, Sporochnales, Syringodermatales) oarders. RbcL leveret in
bettere resolusje op as de ribosomale genen ut de kearn. Bywannear’t der tusken de
twa keazen wurde moat, fertsjinnet 7bcL de foarkar. Der moat nei ekstra genen socht
wurde, sawoll mitochondriéle as kearngenen. Binnen de Sphacelariales moat it swierte-
punt ferskowe nei in bettere geografyske dekking, benammen op it stdlik healrin.

By eintsjebeslut fertsjinwurdiget dit proefskrift, yn kombinaasje mei eardere mono-
grafyén fan Europeeske (Prud’homme van Reine 1982) en Japanske (Kitayama 1994)
Sphacelariaceae en Australyske Sphacelariales (Womersley 1987), ien fan’e meast
wiidfiemjende ferslachlizzingen fan in branwieroarder. Dit jout wer in unyke gelegen-
heid om fylogeografyske patroanen en soarteradiaasjes binnen bepaalde subskiften te
undersykjen. De wraldwiide fersprieding fan’e Sphacelariales en de disjunksjes binnen
it slachte Sphacelaria jouwe ynteressante mooglikheden om werkolonisaasjepaden
yn matige kriten en fikariansje-barrens yn tropyske kriten te bestudearjen.
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De Phaeophyceae of bruinwieren vormen een klasse van meercellige algen behorende
tot de divisie Heterokontophyta (goud-bruine algen) waarvan de overige klassen bijna
uitsluitend eencellig zijn. Bruinwieren nemen een belangrijke plaats in in de mariene
levensgemeenschappen van de gematigde en tropische streken. In kelpwouden (orde
Laminariales) vindt men de reuzen van de algenwereld welke meer dan 60 meter lang
kunnen worden. De Fucales (0.a. Bessenwier, Knotswier, Blaaswier) kunnen uitge-
strekte eensoortige velden vormen in de getijdezone of onder de laagwaterlijn. De
klasse van de bruinwieren is onderverdeeld in zo’n 13 a 17 orden, waaronder de Sphace-
lariales. Over de evolutionaire verwantschappen tussen de bruinwierorden is lange
tijd gespeculeerd, vanwege de enorme diversiteit aan vormen in combinatie met een
variéteit van ultrastructurele en cytologische kenmerken. Dit is de basis voor dit proef-
schrift. Hoofdstuk 1 verschaft een inleiding over de bruinwieren en de hiérarchische
benadering die in het onderzoek is toegepast.

Algologische systematici hebben voorheen vele bruinwierfylogenieén (= verwant-
schapsbomen) verondersteld. Sommigen beschouwden de draadvormige Ectocarpales
als primitiefste bruinwiergroep, terwijl anderen veronderstelden dat de Fucales met
hun diplonte levencyclus de zustergroep van alle andere bruinwieren zijn. Nauw-
keuriger onderzoek werd mogelijk met de opkomst van formele fylogenetische
methoden in de jaren 70 en 80 (van de 20ste ecuw) en de mogelijkheid tot het verge-
lijken van DNA-sequenties in de jaren 90. Eerdere moleculaire fylogenetische studies
(Tabel 2.1) hebben voornamelijk gebruik gemaakt van DNA-sequenties van de kleine
subeenheid (SSU) van het ribosomaal DNA (rDNA) en vaak werd iedere bruinwier-
orde slechts door één soort vertegenwoordigd. Het combineren van de gegevens van
verschillende studies werd vaak bemoeilijkt doordat sequenties vaak onvolledig waren
en verschillende stukken DNA gebruikt zijn. Met de recentelijke mogelijkheid tot
automatisch sequencen en de beschikbaarheid van meerdere sequenties was de tijd
rijp om de fylogenetische verwantschappen binnen de Phaeophyceae opnieuw te evalu-
eren en de positie van de Sphacelariales en hun veronderstelde monofylie (= geza-
menlijke afstamming) te bepalen.

De Sphacelariales worden gekenmerkt door groei vanuit een topcel, parenchyma-
tisch weefsel (= celdelingen in alle vlakken) en tijdelijke zwartkleuring als reaktie op
een behandeling met verdund bleekwater. De planten vormen matten en toefjes op
stenen en/of andere wieren. Hoewel ze een wereldwijde verspreiding vertonen, is de
diversiteit aan soorten het hoogst langs de gematigde kusten van west-Europa en het
zuiden van Australié¢ en Nieuw-Zeeland. De diversiteit in de tropen en bij de polen is
waarschijnlijk laag. In hoeverre dit werkelijk zo is of een weergave is van een lagere
monsterdichtheid in deze streken, is niet geheel duidelijk.

De traditionele indeling in vier families is voornamelijk gebaseerd op verschillen
in de wijze van vertakking. De Cladostephaceae omvatten maar één soort, de Sphace-
lariaceae bestaan uit twee geslachten, de Stypocaulaceae hebben vijf geslachten en de
Choristocarpaceae vier. De Sphacelariaceae zijn het soortenrijkst met meer dan 40
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soorten op een totaal van meer dan 60 voor de hele orde. Verdere taxonomische details
worden verschaft als inleiding van de nieuwe analyses.

Fylogenetische verwantschappen binnen de Phacophyceae worden gereconstrueerd
in Hoofdstuk 2 gebruikmakend van in de chloroplast gecodeerde rbcL-sequenties
(coderend voor de grote subeenheid [LSU] van het RUBISCO-gen) en van kerngeco-
deerde gedeeltelijke SSU + LSU rDNA-sequenties. Zowel de rDNA- als de rbcL-
gegevens toonden aan dat de Dictyotales, Sphacelariales en Syringodermatales de
meest basale bruinwierorden zijn en dat de Sphacelariales niet monofyletisch zijn
(Figuren 2.2 en 2.4). Voorts bevestigden beide data-sets eerdere studies waarin werd
gesuggereerd dat de Chordariales, Dictyosiphonales (incl. Punctariales) en Scyto-
siphonales zouden moeten worden opgenomen in de Ectocarpales sensu lato. Zie ook
Hoofdstuk 8.

Hoofdstuk 3 is gericht op de fylogenetische verwantschappen binnen de Sphacela-
riales sensu stricto (een monofyletische groep bestaande uit de Cladostephaceae,
Sphacelariaceae en Stypocaulaceae). Zowel moleculaire als ook morfologische
gegevens werden geanalyseerd. De morfologische data-set bestond uit 23 kenmerken,
de moleculaire data-set uit rbcL en gedeeltelijke RUBISCO-spacer-sequenties. Taxon-
bemonstering op het geslachtsniveau was 75% en op het soortsniveau £ 30%. De 19
soorten zijn allemaal verzameld op het noordelijke halfrond met uitzondering van
één. Analyse van de morfologische data-set resulteerde in een bijna volledig onopge-
loste boom (Fig. 3.3). De enige groep die ondersteund werd was het Sphacelaria-
ondergeslacht Propagulifera. Maximum parsimonie-analyse van rbcL-sequenties
leverde vier basale groepen op (Fig. 3.2): (1) Stypocaulaceae, (2) Sphacelaria radicans,
(3) Sphacelaria caespitula en (4) alle andere geanalyseerde taxa; (Sphacella +
Sphacelaria-ondergeslacht Propagulifera) en (Cladostephaceae + Sphacelaria nana
+ Sphacelaria-ondergeslachten Battersia en Pseudochaetopteris). De fylogenetische
verwantschappen tussen deze vier groepen konden niet onomstotelijk worden vastge-
steld. Analyse van de gedeeltelijke RUBISCO-spacer-sequenties op zichzelf of in
combinatie met rbcL-sequenties resulteerde niet in beter opgeloste bomen. Vervolgens
werden de morfologische kenmerken geprojecteerd op de rbcLL-boom om zo diagnos-
tische of fylogenetisch informatieve kenmerken te identificeren (Fig. 3.5). Het onder-
geslacht Propagulifera wordt gedefinieerd door het hebben van propagula (speciaal
voor de vegetatieve voortplanting gevormde takjes) met een lensvormige centrale
topcel of een eindhaar. De Stypocaulaceae worden gedefinieerd door de consequente
acroblastische (zie Fig. 3.1) manier van vertakken en de positie van voortplantings-
structuren in de oksels van zijtakken. De overige kenmerken zijn meerdere malen
ontstaan of verloren gegaan. Vier opties voor een nieuwe indeling binnen de orde met
bijbehorende nomenclatorische veranderingen worden bediscussieerd (Fig. 3.6). Geen
van de opties leidt tot meer duidelijkheid wat betreft identificatie of klassifikatie.

In Hoofdstuk 4 is de geschiktheid van de internal transcribed spacers (ITS1 en
ITS2) van het ribosomale cistron voor fylogenetische studies aan de Sphacelariales
onderzocht. ITS-sequenties zijn bepaald voor zes soorten, die de vier groepen vertegen-
woordigen die in de vorige paragraaf genoemd werden (H. 3). De ITS en waren uiterst
variabel en zeer moeilijk met elkaar in overeenstemming te brengen (alignen) als
gevolg van lengte-verschillen, grote inserties en/of deleties en lange stukken met
repeat motifs (stukjes herhaalde sequentie) (Figuren 4.1 en 4.2). Er werd ook intra-
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specifieke en intra-individuele variatie gevonden. Deze resultaten maken duidelijk
dat ITS-sequenties niet geschikt zijn voor fylogenetische reconstructies van de Sphace-
lariales op geslachtsniveau. ITS-sequenties zijn mogelijk wel geschikt voor fylogene-
tische studies van bepaalde Sphacelariales-soorten op het niveau van ondergeslacht
en het intra-specifieke niveau. Indien aangetoond kan worden dat intra-individuele
variatie lager is dan de variatie tussen individuén, kunnen enkele interessante geno-
typische verspreidingen onthuld worden, hetgeen ons meer inzicht kan geven over
hoe populaties zich verspreiden of differentiéren.

In Hoofdstuk 5 zijn fylogentische verwantschappen binnen het soortenrijkste
Sphacelaria-ondergeslacht Propagulifera onderzocht. De tropische tot gematigde
Propagulifera worden gekenmerkt door het hebben van propagula. De traditionele
secties Propagulifera, Furcigerae en Tribuloides zijn gedefinicerd op basis van de
morfologie van de propagula. De resultaten tonen aan dat deze kenmerken niet betrouw-
baar zijn. Een fylogenetische analyse van rbcL- en complete RUBISCO-spacer-
sequenties onthulde zowel parafylie (geen monofylie) als cryptische soorten (d.w.z.
morfologisch niet te onderscheiden). Er werden drie goed ondersteunde groepen gevon-
den (Fig. 5.1). De meest basale groep werd gevormd door S. cirrosa (sectie Propa-
gulifera) alleen, welke gebruikt werd als buitengroep. Een tweede groep bestond uit
S. californica (Tribuloides), welke basaal was binnen deze groep, S. divaricata en S.
rigidula (beide Furcigerae). De derde groep bestond uit de basale S. tribuloides (Tribu-
loides) en verder S. yamadae en S. rigidula (beide Furcigerae). Er wordt geconcludeerd
dat de verschillende vormen van propagula meerdere malen binnen de secties zijn
geévolueerd en daarom niet fylogenetisch informatief zijn binnen het ondergeslacht.
Goed ondersteunde genetische verschillen tussen de groepen binnen het ondergeslacht
onthullen cryptische soorten, te weten S. rigidula. Vanwege de afwezigheid van
betrouwbare morfologische verschillen wordt voorgesteld om de secties Furcigerae
en Tribuloides niet meer te erkennen of om ze samen te laten gaan in één sectie.

Hoofdstuk 6 behelst een studie van een herbariumcollectie van mariene Sphacelaria-
exemplaren die verzameld zijn langs de gehele Chinese kust en atollen in de Zuid-
Chinese Zee. Er werden zeven soorten Sphacelaria gevonden, allen behorend tot het
ondergeslacht Propagulifera: S. rigidula, S. tribuloides, S. novae-hollandiae, S.
californica en S. carolinensis zijn eerder vermeld voor dit gebied. Twee soorten zijn
niet eerder vermeld voor China, te weten S. divaricata en een nieuwe soort, S. tsengii.
Sphacelaria tsengii wordt gekenmerkt door lange propagula met een taps toelopende
steel en twee taps toelopende armen (Figuren 6.4—6.12). Het holotype (het exemplaar
op basis waarvan de soort beschreven is) van S. carolinensis is ook opnieuw bekeken
en de propagula bleken asymmetrisch te vertakken, hetgeen nog niet eerder was
beschreven (Fig. 6.23). Tot slot wordt een dichotome identificatiesleutel voor de
Sphacelaria-soorten van China gepresenteerd.

In Hoofdstuk 7 wordt de afsplitsing van de geslachten Onslowia en Verosphacela
van de Choristocarpaceae en van de Sphacelariales voorgesteld op basis van de resul-
taten van Hoofdstuk 2 en morfologische overwegingen. De niecuwe familie Onslowi-
aceae wordt voorgesteld voor deze twee geslachten.

Hoofdstuk 8 verschaft een geactualiseerde versie van de op rbcL gebaseerde bruin-
wierfylogenie van hoofdstuk 2 met veel nieuwe sequenties en waarin alle bruinwieror-
den, op drie na, vertegenwoordigd zijn. Volgens deze fylogenie (Fig. 8.1) behoren de
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Halosiphonaceae en Phyllariaceae niet tot de Laminariales. Deze twee families zijn
nauwer verwant met de Tilopteridales en Fucales. Het geslacht Asteronema is ook
niet monofyletisch: 4. rhodochortonoides is verwant aan het geslacht Asterocladon
en samen zijn zij de zustergroep van de Ectocarpales s./., terwijl A. ferruginea verwant
is aan de Scytothamnales.

De heersende ideeén over de fylogenie van de bruinwieren zijn lang gedomineerd
door het idee dat het type levenscyclus en de thallusconstructie van fundamenteel
belang zijn voor het bepalen van de evolutionaire verwantschappen. Onderzoek van
DNA-sequenties in de afgelopen jaren heeft aangetoond dat dit beeld niet correct is:
de traditionele bruinwierboom is op zijn kop gezet. De Dictyotales en Sphacelariales
(beide tot voor kort beschouwd als geavanceerde groepen) zijn de meest basale ordes
en derhalve moeten in de bruinwieren topcelgroei, een isomorfe levenscyclus en cellen
met talrijke lensvormige chloroplasten zonder pyrenoiden beschouwd worden als
primitieve kenmerken. De odgame diplonte Fucales, voorheen beschouwd als hetzij
primitief, hetzij geavanceerd, takken ergens halverwege de bruinwierboom af. Omdat
moleculaire studies aangetoond hebben dat de genetische diversiteit in bruinwieren
laag is vergeleken met roodwieren, heeft men aangenomen dat de bruinwieren een
relatief jonge groep zijn die ongeveer tegelijkertijd als de bloemplanten zijn ontstaan
(zo’n 150 miljoen jaar geleden).

In Hoofdstuk 9 is de geactualiseerde rbcL-fylogenie van Hoofdstuk 8 gebruikt als
basis voor een nieuw fylogenie-gebaseerd klassifikatieschema voor de Phaeophyceae.
De resultaten van rDNA-studies en morfologie zijn meegenomen in de discussie. Een
nieuwe klassifikatie (Tabel 9.1) zou 20 orden omvatten, waarvan zes nieuwe (voor
Asterocladon + Asteronema rhodochortonoides en A. breviarticulatum, Bachelotia,
Choristocarpaceae, Halosiphonaceae, Onslowiaceae, en Phyllariaceae).

De volgende suggesties worden gedaan voor toekomstig onderzoek aan de Phaeo-
phyceae en de Sphacelariales. Op orde-niveau is er een uitgebreidere taxonbemon-
stering nodig van onbemonsterde (Ascoseirales, Cutleriales, Ralfsiales) en schamel
bemonsterde (Dictyotales, Fucales, Sporochnales, Syringodermatales) orden. RbcL
levert een betere resolutie op dan de ribosomale genen uit de kern. Indien er tussen de
twee moet worden gekozen, verdient rbcL de voorkeur. Er dient naar extra genen
gezocht te worden, zowel mitochondriéle als kerngenen. Binnen de Sphacelariales
moet het zwaartepunt verschuiven naar een betere geografische dekking, met name
op het zuidelijk halfrond.

Tot besluit vertegenwoordigt dit proefschrift, in combinatie met eerdere monogra-
fieén van Europese (Prud’homme van Reine 1982) en Japanse (Kitayama 1994)
Sphacelariaceae en Australische Sphacelariales (Womersley 1987), één van de meest-
omvattende studies van een bruinwierorde. Dit verschaft weer een unicke gelegen-
heid om fylogeografische patronen en soortsradiaties binnen bepaalde subgroepen te
onderzoeken. De wereldwijde verspreiding van de Sphacelariales en de disjuncties
binnen het geslacht Sphacelaria bieden interessante mogelijkheden om herkolonisa-
tieroutes in gematigde streken en vicariantie-gebeurtenissen in tropische streken te
bestuderen.
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