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Cladophora rhodolithicola sp. nov., a small green macroalgal epiphyte on rhodoliths, is described from the Atlantic coasts of
the British Isles, France and Spain, based on morphological and molecular evidence. Molecular phylogenetic analyses reveal
that the rhodolith epiphyte is closely related to C. pygmaea, a dwarf species that also grows on maerl and small stones and
whose systematic position was previously uncertain. The fact that both species, along with two other distinct Cladophora
species (C. echinus and C. battersii), are resolved among species traditionally assigned to the Cladophora section Longi-
articulatae, has implications for our understanding of the evolution of the genus. The section Longi-articulatae is one of the
most distinctive groups in Cladophora, being characterized by coarse thalli with conspicuous basal cells, strict acropetal growth
and the lack of intercalary rhizoids. Here we show that deviant character states such as reduced and irregular growth, and
intercalary rhizoids have evolved independently several times within this clade.

Key words: Cladophora rhodolithicola, Cladophorophyceae, green algae, maerl, marine, phylogeny, rhodolith beds,
Siphonocladales, systematics, Ulvophyceae

Introduction seaweeds in maerl beds is dominated by red algae,
but also numerous green algae, including species
of Bryopsis, Cladophora, Codium, Derbesia and
Ulva grow as epiphytes on rhodoliths (Birkett
et al., 1998; BIOMAERL Team, 1999; Pefia &
Barbara, 2008).

Cladophora is a large and common green macro-
algal genus with a worldwide distribution in
marine as well as freshwater habitats. Plants have
simple thallus architecture, composed of branched,
uniseriate filaments of multinucleate cells. The
taxonomy of the genus is problematic. Molecular
phylogenetic studies have shown that the circum-
scription of Cladophora, as well as the included
morphological sections and species are in need of
revision. The genus is polyphyletic with represen-
tatives in three different clades (Cladophorales-,
Siphonocladales- and Aegagropila-clade), but nomen-
clatural changes have not yet been proposed
(Bakker et al., 1994; Hanyuda et al., 2002,
Leliaert et al., 2003). At the species level, taxo-
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Rhodolith or maerl beds are composed of high con-
centrations of free-living, non-geniculate coralline
red algae and are found worldwide in arctic, tem-
perate and tropical marine waters (Foster, 2001;
Wilson et al., 2004). Maerl beds, which vary
in size from tens to thousands of square metres,
harbour high biodiversity and have significantly
higher habitat heterogeneity than common
adjacent substrata including gravel, sand, and
impacted dead maerl beds (Bordehore et al., 2003;
BIOMAERL Team, 2003; Kamenos et al., 2003;
Steller et al., 2003; Hall-Spencer et al., 2006). This
high diversity is partly a result of the branched
twig-like thalli of the coralline red algae that lock
together into a network, providing ecological
niches for a diverse range of associated macroalgae
and invertebrates, some of which may be confined
to the maerl habitat (Hily et al., 1992; Birkett et al.,
1998; Grall et al. 2006). The diversity of associated
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Examples include cryptic species in C. vagabunda
(Linnaeus) van den Hoek (Bakker et al., 1995a)
and C. coelothrix Kiitzing (Leliaert et al., 2007a),
and C. albida (Nees) Kiitzing and C. sericea
(Hudson) Kiitzing forming a morphologically
diverse species complex (Bakker et al., 1995b).
Although the exact number of species along the
Atlantic coasts of Europe is uncertain, 18 mor-
phospecies are currently recognized based on dif-
ferences in habit, mode of attachment,
organization of branch systems (acropetal with
cell divisions largely confined to the apical cells,
or irregular with many intercalary cell division),
number of branches per node, insertion of the
branches (apical with a slightly inclined cross wall
or lateral with a steeply inclined cross wall), cell
shape and dimensions, and thickness of the cell
walls (van den Hoek, 1963; Leliaert & Boedeker,
2007). Along the Atlantic European coast, several
Cladophora species have been reported on maerl,
including C. albida, C. battersii van den Hoek, C.
hutchinsiae  (Dillwyn) Kiitzing, C. laetevirens
(Dillwyn) Kiitzing, C. lehmanniana (Lindenberg)
Kiitzing, C. pellucida (Hudson) Kiitzing, C. pyg-
maea Reinke, C. retroflexa (Bonnemaison ex P.L.
Crouan & H.M. Crouan) van den Hoek, C. rupes-
tris (Linnaeus) Kiitzing and C. sericea (Donze,
1968; Cabioch, 1969; Blunden ef al., 1977; Birkett
et al., 1998; BIOMAERL Team, 1999; Mannino
et al., 2002; Barbara et al., 2004; Pena &
Barbara, 2008).

A small, distinct Cladophora has been commonly
found in maerl beds of the British Isles (Maggs,
1983; Birkett et al., 1998; Bunker & Camplin,
2006), and the Atlantic coast of Spain (Pefia &
Barbara, 2006). These subtidal plants have been
referred to as small growth forms of Cladophora
rupestris (Linnaeus) Kiitzing, which normally
forms large, rope-like tufts on intertidal rocks.
The conspecificity with C. rupestris is questionable
from a morphological as well as ecological perspec-
tive. In this paper we aim to determine the identity
of the enigmatic rhodolith epiphyte and examine
its systematic position using morphological and
molecular data.

Material and methods

Specimens of Cladophora were collected from maerl beds
in Wales, France and Spain, and voucher specimens
from Ireland (Maggs, 1983) were received on loan
from GALW (Tables 1, 2). Specimens were preserved
in 5% formalin in seawater or kept alive in
seawater for culturing purpose (Table 1). Unialgal
cultures could not be established because clean, cut off
apical cells failed to grow and died after 1 or 2 weeks.
Instead, the Cladophora plants grew successfully (but
slowly) on the rhodoliths in the presence of other
epiphytic or associated algae. Algal cultures were
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grown in 1/8x modified Provasoli enriched seawater
(West & McBride, 1999) at 17°C, under a 12-h:12-h
light-dark cycle with a photon flux rate of
c. 10pmolm2s™'. Stronger enrichment solutions,
higher temperatures and levels of irradiation resulted
in the thalli being overgrown by epiphytic algae.
Specimens were examined with an Olympus BXS51
bright field light microscope and an Olympus SZX10
stereo microscope (Olympus Co., Tokyo, Japan).
Photographs were taken with an Olympus E410 digital
camera mounted on the light or stereo microscope.
Additional specimens that were examined morphologi-
cally include cultures of C. pygmaea and C. echinus
(Biasoletto) Kiitzing, and other specimens of the
Cladophora section Longi-articulatae (Table 1).
Specimens for the molecular analyses were collected
from two maerl beds, one in the British Isles (Milford
Haven, UK), the other in north-western Spain (Ria de
Vigo, Galicia). Additional taxa from which sequences
were generated, or obtained from GenBank, are listed
in Tables 1 and S1 (see supplementary material, avail-
able at: http://www.informaworld.com/mpp/uploads/
leliaert_et_al_supplementary-material.pdf). Molecular
phylogenetic analyses were based on small subunit
(SSU), partial large subunit (LSU) rDNA and partial
rDNA ITSI1-5.8S-ITS2 sequences. Clean portions of
the living or silica-dried plants were isolated for
DNA extraction. The minute plants of C. pygmaea
were carefully isolated from small stones under
a stereo microscope with fine tweezers. DNA of
C. dotyana, C. echinus, C. herpestica, C. pellucidoidea
and C. sakaii was extracted from unialgal cultures.
DNA extraction, PCR amplification and sequencing
were performed as described in Leliaert et al. (2007a, b).
The LSU sequences were included in a preliminary
neighbor-joining analysis in PAUPx* 4.0b10 (Swofford,
2002) with more than 200 cladophoralean sequences
(Boedeker, unpublished data). Based on this result, clo-
sely related taxa of the maerl epiphytes along with repre-
sentatives of the main cladophoralean clades were
selected for subsequent phylogenetic analyses. Three
data sets were considered. The first one was assembled
to assess the phylogenetic relationship of the rhodolith
epiphytes within the Cladophorophyceae
(Cladophorales/Siphonocladales). This data set con-
sisted of an alignment of 46 partial LSU rDNA
sequences with Cladophora horii van den Hoek &
M. Chihara selected as the outgroup taxon based on
Leliaert et al. (2003). This dataset will further be referred
to as the LSU alignment. In order to determine the
phylogenetic position of Cladophora battersii, for
which we were able to sequence only the first 999
base pairs of the SSU rDNA, a second dataset of 34
SSU sequences was assembled (Table S1, avail-
able at: http://www.informaworld.com/mpp/uploads/
leliaert_et_al_supplementary-material.pdf). Based on
the results of the phylogenetic analysis inferred from
the LSU alignment, a third dataset was assembled and
analysed to examine the phylogenetic position of the
putative new species on maerl among related species
(from hereon referred to as the Longi-articulatae (LA)
clade) with more confidence. This dataset consisted of
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Table 2. Additional specimens of Cladophora rhodolithicola that were examined morphologically.

Locality Habitat

Collector(s), collection date and voucher
information

France: Bretagne: Finistére: Moléne: Banc
des Pourceaux

Ireland: Galway Bay: Carraroe

Ireland: Galway Bay: Carraroe

Ireland: Galway Bay: Finavarra (south shore
of bay)

Spain: A Coruiia: Ria de Arousa: A Pobra do

On maerl, 4-11m deep
On maerl, c. 3m deep
On maerl, ¢. 3m deep

On maerl, c. 10m deep

On maerl, 8 m deep

—

. Grall, 1 Mar 2005, SANT-Algae 19590

. Maggs, 27 Jun 1980, GALW
. Maggs, 27 Aug 1980, GALW
. Maggs, 1 Jul 1980, GALW

oNeNe

V. Pefia & 1. Barbara, 28 Apr 2004, SANT-

Caraminal: Isla Ratas Algae 19571

Spain: A Corufa: Ria de Arousa: Riveira: Sur On maerl, 1 m deep V. Peiia & 1. Barbara, 22 Nov 2005, SANT-
de Aguino Algae 19580

Spain: A Coruna: Ria de Muros y Noia: On maerl, 9m deep V. Penia & 1. Barbara, 1 Jun 2006, SANT-
Ensenada Bornalle Algae 19584

Spain: Asturias: Serantes: Playa del Sarello On sand covered Lithophyllum, low P. Diaz & 1. Barbara, 2 Jun 2006, SANT-

intertidal Algae 17817

Spain: Pontevedra: Ria de Pontevedra: Bueu: On maerl, 10m deep V. Peiia & 1. Barbara, 18 Feb 2005, SANT-
Playa de la Tulla Algae 19582

Spain: Pontevedra: Ria de Pontevedra: On maerl, 6m deep V. Peia & 1. Barbara, 10 May 2005, SANT-
Marin: NW Isla de Tambo Algae 19583

Spain: Pontevedra: Ria de Vigo: Cangas: On maerl, 15m deep V. Pefia & 1. Barbara, 7 Jun 2006, SANT-
Ensenada Limens Algae 19587

Spain: Pontevedra: Ria de Vigo: Cangas: On maerl, 4m deep V. Pena & I. Barbara, 10 Dec 2005, SANT-
Oeste Con de Pego Algae 17049

Spain: Pontevedra: Ria de Vigo: Cangas: On maerl, 4m deep V. Penia & 1. Barbara, 14 Mar 2006, SANT-
Oeste Con de Pego Algae 19586

UK: Wales: Pembrokeshire: Milford Haven On maerl and pebbles, subtidal C. Maggs, summer 2006, L 0793569

a concatenated alignment of SSU and partial LSU
rDNA sequences from 21 representatives of the LA
clade, including the putative new Cladophora species,
C. pygmaea and C. echinus. This dataset will further
be referred to as the SSU-LSU alignment. An incongru-
ence length difference test (Farris et al., 1995), imple-
mented in PAUP, indicated that the SSU and LSU
data were not significantly heterogeneous (p=0.99),
justifying a combined data approach. Sequences were
aligned using ClustalW (Thompson et al., 1994) with
default settings implemented in BioEdit (Hall, 1999),
and inspected visually.

The three datasets were analysed with maximum like-
lihood (ML) and Bayesian inference (BI). ML analyses
were performed with PhyML v2.4.4 (Guindon &
Gascuel, 2003). BI was performed using MrBayes
v3.1.2 (Ronquist & Huelsenbeck, 2003). The LSU data-
set was analysed under a Jukes—Cantor model, following
Leliaert et al. (2003). The SSU and SSU-LSU alignment
were analysed under a general time-reversible model
with a proportion of invariable sites and gamma distri-
bution split into four categories (GTR+I1+QG), as deter-
mined by the Akaike Information Criterion in PAUP/
Modeltest 3.6 (Swofford, 2002; Posada & Crandall,
1998). BI analyses consisted of two parallel runs of
each four incrementally heated chains, and 3 million
generations with sampling every 1000 generations.
A burn-in sample of 1000 trees was removed before con-
structing the majority rule consensus tree. For the ML
trees, the reliability of each internal branch was evalu-
ated based on 1000 bootstrap replicates.

Phylogenetic analyses were conducted on datasets with
or without outgroup taxa. The root position of the LA
clade was determined by using one of four different

outgroups (C. aokii, C. coelothrix, C. rupestris or C. vaga-
bunda) or the four combined. Additionally, the root pla-
cement was determined under a relaxed molecular clock
(where the root of the tree is placed along its oldest
branch, at exactly the same distance from each terminal
taxon) with an uncorrelated log-normal model in BEAST
v1.4.6 (Drummond & Rambaut, 2007).

The ITS sequences of C. pygmaea and the putative
new species were used to check for conspecifity and
assess sequence divergence. Uncorrected pairwise dis-
tances (p-distance) were calculated in PAUP.

Character evolution was traced along the LA-ML tree
using parsimony reconstruction in Mesquite VvI.11
(Maddison & Maddison, 2006).

Results
Morphology

Plants form medium to dark green, stiff tufts up to 1
(rarely 2) cm high (Figs 1, 2, 10, 15, and Fig. SI,
available online at: http://www.informaworld.com/
mpp/uploads/leliaert_et_al_supplementary-material.
pdf) and are composed of irregularly branched, uni-
seriate filaments. Thalli are attached to rhodoliths
at a single point by branched rhizoids developing
from a basal cell (Fig. 6), or at multiple points by
tightly clumped rhizoids produced by stolonoid
cells (Figs 3,4). In addition, the plants can attach
by rhizoids developing from the proximal pole of
cells in any part of the thallus, including apical
cells (Figs 5, 9, 11). The plants thus consist of
both erect and creeping parts. Growth of the thallus
is accomplished by apical and intercalary cell
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Figs 1-9. Holotype of Cladophora rhodolithicola from a subtidal maerl bed in Milford Haven, Wales (F. Bunker, 6 Nov 2007,
GENT). Fig. 1. Habit of thalli growing on rhodoliths. Figs 2-3. Creeping stolonoid filaments giving rise to erect branches.
Fig. 4. Detail of stolonoid filaments with rhizoids produced from the base of the cells. Fig. 5. Unbranched, aseptate rhizoid
produced from the proximal pole of an intercalary cell. Fig. 6. Thallus composed of irregularly organized branch systems;
rhizoids produced at the basal pole of the basal cell. Fig. 7. Irregularly organized branch systems. Fig. 8. Cells near the base
with distinct bulges at the proximal poles. Fig. 9. Unbranched, aseptate rhizoids produced from the proximal poles of an

intercalary and apical cell.

divisions, followed by cell elongation. New cells
produce lateral branches at their apical poles,
resulting in rows of branches, younger ones inter-
calated between older ones (Figs 6, 7, 15, 16). Older
cells may produce a second, third and sometimes
fourth or fifth branch (Figs 6, 18). Some filaments
undergo successive intercalary cell division with
delayed branch formation, resulting in unbranched
portions of filaments of up to 20 cells (Fig. 7).
Young branches are inserted at the apical cell pole
by an oblique wall cutting it off from the parent cell;
the position of the wall becoming nearly horizontal
in older branches, resulting in pseudodi-, tri- or

poly-chotomously branching main axes (Figs 6,
12, 17, 18). Angle of ramification is very variable,
generally 5-40°, sometimes 90° or more in basal
branches. Apical cells are cylindrical to slightly
tapering with rounded tips (Fig. 19), 37-65 pm in
diameter (average 45um), up to 175 (=200) um
long, 1-4 times as long as broad. Cells of the term-
inal branch systems are generally cylindrical, some-
times slightly clavate or barrel-shaped, 50-95pum
in diameter (average 75um), up to 350 um long,
length/width ratio highly variable, 2-5 in regions
with few cell divisions, 0.5-1.5 in filaments with
numerous intercalary divisions. Basal cells are
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Figs 10-14. Cladophora rhodolithicola from subtidal maerl beds of Galway Bay, Ireland (Figs 10-11: Finavarra, C. Maggs,
1 Jul 1980, GALW; Figs 12-14: Carraroe, C. Maggs, 27 Aug 1980, GALW) C. Maggs, Jun—Aug 1980, GALW). Fig. 10.
Creeping filaments giving rise to erect branches. Fig. 11. Creeping filaments with intercalary rhizoids. Fig. 12. Reproductive
plant with terminal chains of swollen cells, which become zoidangia. Fig. 13. Intercalary cell divisions prior to zoidangia

formation. Fig. 14. Detail of zoidangia.

cylindrical to club-shaped, often with a distinct
basal bulge (Figs 4, 8), sometimes curved, 110-160
(-210) pm in diameter, up to 1100 pm long, 3.5-8
times as long as broad. Cell walls are relatively thick
and striate, 4-8 um thick in the apical cells, 20—
40 um thick in the basal cells. Chloroplasts are poly-
gonal or round, 8-12pum in diameter, with
a relatively large pyrenoid, ¢. 6 um in diameter,
forming a more or less closed parietal layer
(Fig. 20). Cells lack crystalline cell inclusions.
In reproductive plants, the terminal filaments
undergo numerous intercalary cell divisions
(Fig. 13) resulting in long chains of swollen,
barrel-shaped cells, which become zoidangia (90—
140 pm in diameter, 1-1.2 times as long as broad),

each releasing its zoids through a single lateral pore
halfway along the cell (Figs 12, 14).

Plants were cultured for 5 months. Within this
period only limited growth was observed: filaments
increased ¢. 3-7mm in length. Cell divisions were
mainly intercalary, resulting in long, unbranched
filaments of 25 cells or more. In some plants the
cells of these filaments became distinctly barrel-
shaped but did not form zoidangia.

Habitat, seasonality and geographical distribution

Plants have been found as epiphytes on rhodoliths
from maerl beds in the British Isles (Wales and
Ireland), France (Brittany) and Spain (Galicia).
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Figs 15-20. Cladophora rhodolithicola from a subtidal maerl bed of Ria de Vigo, Spain (V. Pefia & 1. Barbara, 12 Sep 2007,
GENT). Fig 15. Thallus composed of irregularly organized branch systems. Fig. 16. Terminal filaments composed of sub-
cylindrical cells. Figs 17, 18. Details of branches; young branches inserted at the apical cell pole by an oblique wall cutting it
off from the parent cell, the position of the wall becoming nearly horizontal in older branches, resulting in
pseudodichotomies or polychotomies. Fig. 19. Cylindrical apical cell with rounded tip. Fig. 20. Polygonal chloroplasts forming

a closed parietal layer.

The geographical distribution is possibly much
wider given that the species has likely been con-
fused with C. rupestris, which it vaguely resembles.
The Galician specimens were recorded throughout
the year in different subtidal maerl beds at 1-15m
depth. In Asturias (Spain) a specimen was found
in the low intertidal on a single occasion, growing
on sand-covered crustose coralline red algae.
Specimens from Brittany were collected from
a maerl bed at 4-15m depth in March 2005. The
plants from Wales were growing in shallow subti-
dal maerl beds (c. 4m depth) on Phymatolithon
calcareum (Pallas) W.H. Adey & D.L. McKibbin
and Lithothamnion corallioides (P.L. Crouan &
H.M. Crouan, 1867) P.L. Crouan & H.M.
Crouan. During a study of an impacted maerl
bed in Milford Haven it has been observed that
C. rhodolithicola grew on both live and dead rho-
doliths and occasionally on adjacent shell frag-
ments (Bunker, unpublished data). A single

specimen was also found, together with C. pyg-
maea, on a small pebble that was lying amongst
the rhodoliths. Observations made at two maerl
bed sites in Galway Bay (Ireland) in 1981-1982
(Finavarra, c. 10m depth and Carraroe, c. 3m
depth) showed that this species (reported as
‘Cladophora rupestris’) grew throughout the year
and only reproduced in September (Maggs, 1983).

Molecular phylogeny and ancestral state
reconstruction

The LSU alignment of 46 sequences was 626 sites
in total, including 259 phylogenetic informative
characters. The phylogenetic tree obtained from
the ML analysis is shown in Fig. 21. Two main
clades (Cladophorales and Siphonocladales clade)
were recovered with high support. The new species,
Cladophora rhodolithicola, is most closely related to
C. pygmaea, a minute species collected in the
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subtidal on small stones. Both species fall within
a clade of Cladophora species that are characterized
by coarse thalli with strict acropetal growth, tradi-
tionally placed in the Cladophora section Longi-
articulatae. Two other anomalous taxa within
this LA clade are the cushion-forming species C.
herpestica (Montagne) Kiitzing (with reduced
branching, formerly placed in Cladophoropsis)
and C. echinus (with irregular growth, previously
allied with the section or genus Aegagropila). The
identity of two other cladophoralean plants that
were collected on rhodoliths in Wales, C. laetevi-
rens and Chaetomorpha aerea (Dillwyn) Kiitzing,
was confirmed by our molecular data. A second
dataset of 32 SSU rDNA sequences was analysed
to determine the phylogenetic position of C. bat-
tersii. This alignment was 1681 sites in total, 252
of which were phylogenetic informative. The
ML tree is shown in Fig. S2, available online
at:  http://www.informaworld.com/mpp/uploads/
leliaert_et_al supplementary-material.pdf).
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Cladophora battersii was recovered in the LA clade,
but the exact position within this clade could not
be determined with confidence.

The SSU-LSU alignment of 21 representatives
of the LA clade was 2251 sites in total (SSU:
1661, LSU: 590 positions), including 206 phyloge-
netic informative characters (SSU: 87 and LSU:
119). Phylogenetic trees constructed with ML and
BI methods gave nearly identical topologies.
Inclusion of the outgroup sequences in the phylo-

genetic analyses did not affect in-group
topology but in-group only analyses were better
resolved. Three of the four outgroups

(C. vagabunda, C. aokii and C. coelothrix) and the
four outgroups combined rooted the tree on the
branch separating C. rhodolithicola, C. pygmaea,
C. mirabilis and C. dotyana from the rest of the
clade. This root placement was also obtained
with molecular clock rooting. On the other hand,
outgroup rooting with C. rupestris placed the root
on the branch towards C. pygmaea, resulting in
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Fig. 21. Maximum likelihood (ML) tree of the Cladophorales/Siphonocladales inferred from large subunit rDNA sequences,
showing the phylogenetic position of Cladophora rhodolithicola. ML bootstrap values and Bayesian inference (BI) posterior
probabilities are indicated above and below branches, respectively. The nodes that received full support in both BI and ML
analyses are denoted by asterisks.



Cladophora rhodolithicola sp. nov.

a highly asymmetrical tree with low overall branch
support. The phylogram obtained from the ML
analysis of ingroup sequences, rooted manually
along the branch as determined by the first set of
outgroups and molecular clock rooting is shown in
Fig. 22. The sequences of C. rhodolithicola, which
were nearly identical, grouped in a single clade,
preceded by a  relatively long,  well
supported branch. The close relationship of C. rho-
dolithicola and C. pygmaea is strongly supported.
Uncorrected pairwise distances between the two

Cladophora pygmaea Denmark

Cladophora pygmaea Wales (F718)
Cladophora pygmaea Wales (J94)
Cladophora rhodolithicola wales (F716)
Cladophora rhodolithicola wales (F530)
Cladophora rhodolithicola spain (F715)

asl— Cladophora mirabilis South Africa

700| 49 Cladophora dotyana South Africa
50 « | Cladophora dotyana philippines
63| | Cladophora dotyana Australia
92 | Cladophora dotyana Fii

. | Cladophora pellucida France
Cladophora pellucida Madeira
52 I— Cladophora pellucidoidea Tenerife
Cladophora echinus Algeria
Cladophora radiosa South Africa
Cladophora sakai Japan
Cladophora ohkuboana oman
Cladophora feredayi New Zealand
100 gg| Cladophora herpestica china
Cladophora herpestica Japan

Fig 22. Maximum likelihood (ML) tree of the
Longi-articulatae clade inferred from a concatenated data-
set of small subunit and large subunit rDNA ingroup
sequences, rooted along the branch as determined by out-
group rooting (see text) and molecular clock rooting.
Arrow indicates alternative root placement when
Cladophora rupestris is used as outgroup. ML bootstrap
values and Bayesian inference (BI) posterior probabilities
are indicated above and below branches, respectively. The
nodes that received full support in both BI and ML ana-
lyses are denoted by asterisks.
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species ranged between 0.02 and 0.03, correspond-
ing with 17 fixed base pair differences in the LSU
and four differences in the SSU. Cladophora echi-
nus is placed on a relatively long branch, sister to
a clade containing C. pellucida and C. pellucidoi-
dea. The specimens of C. herpestica fall within
a clade of closely related taxa (C. feredayi
Harvey, C. ohkuboana Holmes, C. radiosa (Suhr)
Kiitzing and C. sakaii Abbott).

The rDNA ITSI1-5.8S-ITS2 sequences of
C. rhodolithicola were 782 bases long (ITS1: 410
bases, 5.8S: 157 bases, ITS2: 215 bases). The
sequences from Wales and Spain differed from
each other in three positions, two of which were
situated in the ITSI region and one in the 5.8S
rDNA. Close examination of the electrophero-
grams at these variable positions showed distinct
underlying peaks matching the corresponding base
of the other sequence, suggesting that the observed
differences from direct cycle sequencing might be
attributable to intra-genomic variation. The rDNA
ITS1-5.8S-1TS2 sequence of C. pygmaea was 725
bases long (ITS1: 350 bases, 5.8S bases: 157, ITS2:
218 bases) and differed from the sequences of
C. rhodolithicola in 206 positions, corresponding
with an uncorrected pairwise distance of 0.29. Of
the base-pair differences, 121 were situated in the
ITSI region (p-distance of 0.35), 83 in the ITS2
region (p-distance 0.40), and two in the 5.8S.

The evolution of three morphological characters
was traced along the LA phylogeny via parsimony
reconstruction (Fig. 23). Two types of thallus orga-
nisation were distinguished in the LA clade. Most
taxa showed a strict acropetal organisation, where
growth of the thallus is by division of the apical cells
and subsequent elongation and enlargement of the
cells. These cells produce branches, which gradually
increase in age and length from the apex towards the
base. Irregular thallus organization, caused by

i
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Fig. 23. Ancestral state reconstruction along the Longi-articulatae phylogram (see Fig. 17).
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intercalary cell divisions, was only found in C. echi-
nus, C. pygmaea, C. rhodolithicola. Ancestral state
reconstruction showed that acropetal growth is ple-
siomorphic in the LA clade and that irregular
growth evolved independently on two occasions
(Fig. 23a). Many species of the LA-clade are char-
acterized by long and conspicuous basal cells (that
are distinctly larger than the apical cells),
a character state that emerges as ancestral in the
LA clade, and which has been gradually lost
twice, once in the clade of C. rhodolithicola and C.
pygmaea and once in C. echinus (Fig. 23b).
Intercalary and/or apical rhizoids appear to have
evolved independently three times, in C. rhodolithi-
cola, C. echinus and C. herpestica (Fig. 23c).

Discussion

The taxonomy of the genus Cladophora worldwide
is problematic, but European representatives have
been relatively well documented (Soderstrom,
1963; van den Hoek, 1963; Noailles, 1995;
Leliaert & Boedeker, 2007). Currently, about 18
marine morphospecies are recognised along the
Atlantic coasts of Europe. Morphologically, our
rhodolith epiphyte does not correspond with any
previously described species of the European flora.
Furthermore, a literature survey of Cladophora
species worldwide yielded no matches. The inabil-
ity to match our plants with a described taxon is
confirmed by molecular data. Our phylogenetic
analyses show that the maerl epiphytes from
Wales and Spain group in a single clade, clearly
separated from its sister species, C. pygmaea, by
a long well supported branch, suggestive of
a single phylogenetic species. The conspecificity
of the plants from Wales and Spain is implied
based on near identical ITS sequences. We there-
fore propose formal recognition of a new species of
Cladophora.

Cladophora rhodolithicola Leliaert sp. nov

DiagNosis: Thallus atroviridis, usque ad 2 cm altus,
erectus vel repens, filamentibus irregulariter ramifi-
catis consistens, rhizoidibus ex cellulis basalibus
orientibus, vel rhizoidibus ex basibus cellularum in
partibus omnibus thalli (cellulis apicalibus quoque)
orientibus ad substratum affixus. Thalli augmentum
apicalium atque intercalarium cellularum divisione.
Cellulae unum, duos vel usque ad quinque ramos
generantes;  filamenti nonnulli (usque ad 25
cellulas longi) non ramificati. Cellulae apicales cylin-
dricae vel paulo conicae, nonnumquam doliiformes,
40-65 (=80) um latae, usque ad 175 (—200) pum
longae. Cellulae basales cylindricae vel paulo clava-
tae, saepe protuberationem basalem ostendentes,
nonnunquam arcuatae, 110-160 (-210) um latae,
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usque ad 1100 um longae. Cellularum parietes cras-
sae et striatae, 5 um circiter crassae in cellulis apica-
libus, 25—40 pum crassae in basalibus cellulis.
Chloroplasti stratum parietalem paene continuum

formantes. Thalli epiphytici super rhodolitos in

zona  sublitorale. GenBank numeri  holotypi:
FM205053 (SSU rDNA), FM205044 (LSU
rDNA), FM205055 (rDNA ITS1-5.8S-1TS2).
Plants dark green, up to 2cm high, erect or
creeping, composed of irregularly branched fila-
ments, attached to the substratum by rhizoids
that develop from basal cells, or by rhizoids arising
from the basal parts of cells in any part of the
thallus (including the apical cells). Growth of the
thallus by apical and intercalary cell divisions.
Cells producing one, two, or up to five branches;
some unbranched filaments (up to 25 cells long).
Apical cells cylindrical to slightly tapering with
obtuse tips, sometimes barrel shaped, 40-65 (-80)
um wide, up to 175 (-200) um long. Basal cells
cylindrical to slightly clavate, often with
a distinct basal bulge, sometimes curved, 110-160
(-210) um wide, up to 1100 um long. Zoids pro-
duced in long terminal chains of barrel-shaped zoi-
dangia. Cell walls thick and striate, c¢. 5 um thick in
the apical cells, 25-40 um thick in the basal cells.
Chloroplasts forming an almost uninterrupted par-
ietal layer. Thalli epiphytic on rhodoliths in the
subtidal region. Genbank numbers of holotype:
FM205053 (SSU rDNA), FM205044 (LSU
rDNA), FM205055 (rDNA ITS1-5.8S-ITS2).

Hovrotype: Collected as an epiphyte on rhodo-
liths from Milford Haven, Pembrokeshire, Wales,
British Isles, by Francis Bunker, 6 November 2007,
subtidal (—4m). Formalin preserved specimen
deposited in the Herbarium of Ghent University,
Belgium (GENT). Culture maintained in the
Phycology Research Group, Ghent University,
Belgium.

Isorype: Natural History Museum, London, UK
(BM).

EtymoLroGy: The specific epithet refers to the biotic
substratum (rhodoliths) on which the species typi-
cally grows.

Despite the simple thallus architecture of
Cladophora representatives, 12 architectural types
have been distinguished, representing the sections
of Cladophora as conceived by van den Hoek
(1963, 1982). Molecular phylogenetic studies have
shown that most of these morphological sections
are untenable (Bakker e al., 1994; Hanyuda et al.,
2002; Leliaert et al, 2003, 2007a). One
notable exception is the Cladophora section Longi-
articulatae (sensu van den Hoek & Chihara, 2000),
which forms a morphologically well-defined clade,
except that C. herpestica, a species with reduced
branch formation that was previously placed in
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Cladophoropsis, also belongs to this clade (Hanyuda
et al., 2002; Leliaert et al., 2003; Leliaert &
Coppejans, 2006). Species in this section are char-
acterized by large, coarse plants (some, like C. mir-
abilis, grow up to 1 m long) composed of acropetally
organized branch systems. Growth is almost exclu-
sively by division of conspicuous apical cells, fol-
lowed by considerable cell elongation and
enlargement, resulting in long and conspicuous
basal cells; plants are attached by branched rhizoids
developing from a basal stipe cell. The members of
this clade not only differ morphologically from the
rest of the Cladophorales but there is also
a pronounced tendency to occupy subtidal habitats,
where they experience less fluctuation in environ-
mental conditions, possibly resulting in low intras-
pecific morphological variability as compared to
some intertidal Cladophora species.

The position of C. rhodolithicola in the LA clade
is unexpected from a morphological point of view.
Unlike other members of the clade, C. rhodolithicola
forms small thalli (about 1cm high) that mainly
grow by intercalary cell divisions, resulting in irre-
gular branch systems. Attachment in the new spe-
cies is by branched rhizoids sprouting from basal,
often stolonoid cells and by unbranched, aseptate
rhizoids developing from the proximal pole of inter-
calary and apical cells, a character shared with C.
herpestica and C. echinus, two other anomalous spe-
cies of the LA clade. Species of the section LA gen-
erally attach at a single point by rhizoids developing
from the basal pole of a large stipe cell. It should be
noted that some species, including C. blomquistii
van den Hoek (1982), C. sakaii and C. minisakaii
van den Hoek & Chihara (2000), and C. fere-
dayoides Kraft & A. Millar (Kraft, 2000) also occa-
sionally form rhizoids at the basal pole of cells, but
these are always situated in the basal region of the
thallus. It should be noted that many other taxa,
from different clades of the Cladophorales/
Siphonocladales, produce similar intercalary
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rhizoids (Leliaert et al., 2003, 2007a). Despite
these differences, C. rhodolithicola  shares
a number of morphological features with other
LA representatives: thick cell walls, resulting in
stiff thalli; chloroplasts forming a more or less
closed parietal layer, giving the plants a dark
green colour; coarse and club-shaped basal cells.
The distinct basal bulges of the basal cells are
shared by C. dotyana (Leliaert & Coppejans, 2003).

Cladophora pygmaea is here revealed as the sister
species of C. rhodolithicola. The former species is
only known from scattered localities in north-
western Europe and north America, and forms
minute thalli, barely visible to the naked eye (Figs
24-26) (Waern, 1940; Soderstrom, 1963; van den
Hoek, 1963, 1982; Wilce, 1970; Irvine et al., 1975;
Maggs & Guiry, 1981; Maggs, 1983; Leliaert &
Boedeker, 2007). Like Cladophora rhodolithicola,
C. pygmaea grows in maerl beds at depths of
2-30m or more, but it is also commonly found
attached to small stones, pieces of shell and in cre-
vices in the sublittoral. Based on morphological
characters the systematic position of C. pygmaea
was uncertain. Its special nature was recognised
by Reinke (1889) and van den Hoek (1963)
who placed it in a separate subgenus or section
Chamaethamnion, based on the diminutive size of
the thallus, the special mode of attachment by
a discoid holdfast (Fig. 26), and the typical repro-
ductive cells (Fig. 27). Cladophora rhodolithicola
and C. pygmaea share a number of morphological
features, including intercalary growth, apically
inserted branches and the formation of terminal
chains of barrel-shaped zooidangia, each opening
by a pore halfway along the cell (Jonsson &
Chesnoy, 1991; van den Hoek, 1963; Maggs &
Guiry, 1981).

Cladophora echinus is here revealed as another
unusual member of the LA clade. This southern
European species has been reported from calcified
habitats in the Mediterranean Sea, growing on the

Figs 24-26. Cladophora pygmaea from Milford Haven, Wales (F. Bunker, 6 Nov 2007, F718, GENT). Fig. 14. Habit of thalli
growing on a small stone. Figs 25, 26. Thalli with irregular branch-systems and a basal, discoid holdfast.
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coralline alga Lithothamnion (Zederbauer, 1902) or
on Serpula-tubes (Friedmann, 1955). The thalli are
cushion-like when attached, but can also form
unattached  spherical balls (‘aegagropilas’).
Branch systems are irregularly organized with fre-
quent intercalary cell divisions (Fig. 28). As in
C. rhodolithicola, rhizoids are frequently produced
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Fig. 27. Cladophora pygmaea from Carraroe, Galway Bay,
Ireland (C. Maggs, 26 Feb 1980, GALW). Fertile thallus
with terminal chains of barrel-shaped zoidangia.
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from the proximal pole of intercalary cells, but in
C. echinus rhizoids also develop from the distal
pole of apical cells (Figs 29,30). Cladophora
echinus is morphologically very similar to the fresh-
water, ball-forming Aegagropila linnaei Kiitzing,
commonly known as Marimo. Both species,
together with the marine species C. aegagropiloidea
van den Hoek & Womersley, C. catenata
(Linnaeus) Kiitzing and C. corallicola Bergesen
were placed in the Cladophora section Aegagropila
by van den Hoek (1963) and were believed to be
related to Basicladia and Wittrockiella (van den
Hoek, 1984). Molecular phylogenetic studies have
confirmed the close relationship of A. linnaei to
Wittrockiella and  Basicladia, which form
a distinct lineage, sister to the Cladophorales and
Siphonocladales clades (Hanyuda et al., 2002). On
the other hand, C. catenata was found to be closely
related to Anadyomene and Microdictyon in the
Siphonocladales clade (Leliaert et al., 2007a). No
molecular data are yet available for C. corallicola,
a rare Caribbean species growing in deep waters
on dead corals and shells (Borgesen, 1913; van
den Hoek, 1982), and C. aegagropiloidea, which is
only known from its type from Kangaroo Island,
South Australia.

The position of C. battersii in the LA clade is
also surprising from a morphological perspective.

Figs 28-31. Culture of Cladophora echinus from Algiers, Algeria (R. Delepine, summer 1960, no. 60/55, UTEX LB 1480). Figs
28-30. Thalli composed of entangling, irregularly branched filaments. Unbranched, aseptate rhizoids produced at the prox-
imal pole of intercalary cells and at the apex of terminal cells. Fig. 31. Cubical crystalline cell inclusions.
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This rare European species grows unattached in
quiet bays and lagoons, or hooked around
Zostera thizomes, where it forms aegagropiloid
aggregates composed of irregularly organized
branch systems (van den Hoek, 1963; Leliaert &
Boedeker, 2007). The systematic position of the
species has been uncertain. Hamel (1929) allied it
with C. liebetruthii Grunow (Cladophora section
Boodleoides) because of its spongy, ball-forming
morphology, while Crouan & Crouan (1867) and
van den Hoek (1963) considered it to be related to
C. albida (section Glomeratae) based on its irregu-
lar growth and lack of intercalary rhizoids.

The fact that five ‘morphological strangers’ (C.
battersii, C. echinus, C. herpestica, C. pygmaea and,
C. rhodolithicola) are found in the Cladophora sec-
tion Longi-articulatae means that this, formerly
well defined taxonomic entity, cannot be retained.
This reinforces the notion that a revised classifica-
tion of the Cladophorales/Siphonocladales, based
primarily on molecular data is inevitable, because
several morphological characters traditionally
employed to circumscribe the orders, families,
genera and sections have evolved independently
on many occasions (Bakker et al., 1994; Hanyuda
et al., 2002; Leliaert et al., 2003, 2007a). Parallel
or convergent evolution of various morpholo-
gical characters is also seen within the
section Longi-articulatae. Ancestral character
state reconstruction revealed that the ancestor of
the LA clade probably had a strict acropetal thal-
lus organization with conspicuous basal cells, and
lacked intercalary rhizoids. The aberrant morphol-
ogies of C. rhodolithicola, C. pygmaea, C. echinus
and C. herpestica appear to have been derived inde-
pendently from this ancestral morphology.

Rhodolith beds provide habitat for a high diver-
sity and abundance of marine species (Foster,
2001). Surveys in the British Isles have found over
400 species of associated animals (Scott & Moore,
1996) and around 180 species of macroalgae
(Farnham & Jephson, 1977; Blunden et al., 1981;
Maggs, 1983; Birkett et al., 1998; BIOMAERL
Team, 1999; De Grave & Whittaker, 1999; De
Grave et al., 2000). Similar levels of seaweed diver-
sity have been found in Brittany (Cabioch, 1969;
Blunden et al., 1977, 1981; Hily et al., 1992;
BIOMAERL Team, 1999) and in the Atlantic
Spanish maerl beds where more than 230 species
have been recorded (Miranda, 1934; Donze, 1968;
Seoane-Camba & Campo-Sancho, 1968; Barbara
et al. 2004; Pena & Barbara, 2006, 2008). Most of
these seaweed species are not confined to rhodolith
beds as their only habitat. Some of these species,
like Halymenia latifolia P.L. Crouan & H.M.
Crouan ex Kitzing and Scinaia interrupta
(A.P. de Candolle) M.J. Wynne, might prefer cal-
careous habitats, which provide a suitable
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substratum in which their shell-boring micro-
thalli can grow (Maggs & Guiry, 1982). Other rho-
dolith epiphytes, such as Halarachnion ligulatum
(Woodward) Kiitzing and Atractophora hypnoides
P.L. Crouan & H.M. Crouan, may have
a preference for mobile substrata because of the
poor competitive ability of the crustose tetraspor-
ophytic phase of their life cycle (Birkett er al.,
1998). The heteromorphic life history of some
other species may also be a distinct advantage on
mobile substrata because the boring or crustose
phase can survive periods of physical or biological
stress (Lubchenco & Cubit, 1980; Maggs & Guiry,
1987; Barbara et al., 2004). Only a few seaweeds,
such as Gelidiella calcicola Maggs & Guiry,
Gelidium maggsiae Rico & Guiry and Cruoria
cruoriaeformis (P.L. Crouan & H.M. Crouan)
Denizot have been found to be entirely restricted
to maerl habitats (Maggs & Guiry, 1987, 1989;
Maggs, 1990; Rico & Guiry, 1997). Cladophora rho-
dolithicola represents another species that has
a high preference for maerl biotopes. The life
cycle of sexually reproducing cladophoralean
representatives is diplohaplontic and isomorphic
(no micro-thalli occur), therefore eliminating the
possibility that calcareous substrata are a pre-
requisite for completion of the life cycle in this
species. It should be noted that some other clado-
phoralean species are restricted to calcareous sub-
strata. These include the marine species Cladophora
conchopheria Sakai, which is only found on the
shells of the gastropod Lunella coronata (van den
Hoek & Chihara, 2000), the freshwater species
Arnoldiella conchophila V. Miller, which grows on
shells of the bivalves Anodonta and Unio and on
other calcareous substrata, such as dolomite and
limestone (Downing, 1970), and the terrestrial spe-
cies Cladophorella calcicola Fritsch, which is only
found on limestone (Fritsch, 1944). Based on our
culture observations, C. rhodolithicola is probably
slow-growing in nature. The species may therefore
prefer mobile substrata which allow it to escape
intense competition for space and light that char-
acterizes adjacent stable rocky substrata.
Like  many  other  rhodolith  epiphytes
(e.g. Gelidiella calcicola and Gelidium maggsiae),
C. rhodolithicola forms creeping, stolonoid axes,
attached at intervals by rhizoidal holdfasts. In C.
rhodolithicola, cells of the erect filaments also fre-
quently form rhizoids which can re-attach. This
sprawling nature enables the thalli to grow
around the rhodoliths, giving them a survival
advantage on such mobile substrata. Jacquotte
(1962) and Cabioch (1969) discussed the impor-
tance of various creeping species in stabilizing
maerl beds by the formation of stolons and second-
ary attachments. Although not observed in nature,
a stabilizing effect was also demonstrated in our
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cultures of C. rhodolithicola where plants attached
to adjacent rhodoliths by rhizoids produced from
the apical parts of the filaments, thereby forming
a network of Cladophora filaments and rhodoliths.

Acknowledgements

We gratefully acknowledge Caroline Vlaeminck for
generating the sequence data. We sincerely thank
Ignacio Barbara, Pilar Diaz Tapia, Jacques Grall,
Christine Maggs, Ruth Nielsen, Diane and Mark
Littler, Eric Coppejans, Tom Schils, Willem
Prud’homme van Reine, Jeanine Olsen and Wytze
Stam for collecting specimens or providing cultures.
Michael Guiry is acknowledged for tracing and send-
ing voucher specimens from Galway Bay. We thank
Fabio Rindi for help with the Latin diagnosis,
Christine Maggs, Ignacio Barbara and Pilar Diaz
Tapia for useful suggestions, and Yvonne
Chamberlain for provisional identifications of the
rhodoliths from Milford Haven. Phylogenetic
analyses were performed by the KERMIT comput-
ing cluster (Ghent University) and the Computational
Biology  Service  Unit (Cornell  University
and  Microsoft  Corporation). This research
was funded by the Research Foundation — Flanders
(FWO) (grant 3G014205). Samples from Spain were
collected in the framework of the projects
PGIDITO3PXIB10301PR (Xunta de Galicia) and
CGL2006-03576/BOS (Ministerio de Educacion y
Ciencia, FEDER). FL and HV are indebted to the
FWO for postdoctoral fellowship grants.

References

BakkEer, F.T., OLsen, J.L. & Stam, W.T. (19954). Evolution of
nuclear rDNA ITS sequences in the Cladophora albida/sericea
clade (Chlorophyta). J. Mol. Evol., 40: 640-651.

BAKKER, F.T., OLseN, J.L. & Stam, W.T. (1995b). Global phylo-
geography in the cosmopolitan species Cladophora vagabunda
(Chlorophyta) based on nuclear rDNA internal transcribed
spacer sequences. Eur. J. Phycol., 30: 197-298.

Bakker, F.T., Orsen, J.L., Stam, W.T. & vaN peEN Hoek, C.
(1994). The Cladophora complex (Chlorophyta): new views
based on 18S rRNA gene sequences. Mol. Phylogen. Evol., 3:
365-382.

BARBARA, 1., CREMADES, J. & VEIGA, A.J. (2004). Floristic study of
a maérl and gravel subtidal bed in the “Ria de Arousa” (Galicia,
Spain). Bot. Complutensis, 28: 27-37.

BIOMAERL Team (1999). Final Report, BIOMAERL Project.
University Marine Biological Station Millport, UK.

BIOMAERL Team (2003). Conservation and management of
northeast Atlantic and Mediterranean maerl beds. Aquat.
Conserv. Mar. Freshw. Ecosyst., 13: 565-576.

BirkeTT, D.A., MaGGs, C.A. & Dring, M.J. (1998). Maerl
(volume V). An overview of Dynamic and Sensitivity
Characteristics for Conservation Management of Marine SACs.
Scottish Association for Marine Science (UK Marine SACs
Project), Argyll, UK.

BLUNDEN, G., FarRNHAM, W.F., JepusoN, N., BarweLL, C.J.,
Fenn, R.H. & Prunkert, B.A. (1981). The composition of
maérl beds of economic interest in Northern Brittany,
Cornwall and Ireland. Proc. Xth Int. Seaweed Symp, XX:
651-656.

168

BLuNDEN, G., FarnHam, W.F., Jepuson, N., Fenn, RH. &
Prunkerr, B.A.  (1977). The composition of maérl
from the Glenan Islands of Southern Brittany. Bot. Mar., 20:
121-125.

BorDEHORE, C., RamMos-EspLA, A.A. & RiosMENA-RODRIGUEZ, R.
(2003). Comparative study of two maérl beds with different otter
trawling history, SE Iberian Peninsula. Aquat. Conserv. Mar.
Freshw. Ecosyst., 13: 543-554.

BorGESEN, F. (1913). The marine algae of the Danish West Indies.
Part 1. Chlorophyceae. Dansk Bot. Ark., 1(4): 1-158.

BUNKER, F. & CampLiN, M.D. (2006). A Study of the Milford Haven
Maerl Bed in 2007 Using Drop Down Video and Diving.
MarineSeen, Pembroke, UK.

CABIOCH, J. (1969). Les fonds de maerl de la baie de Morlaix et leur
peuplement végétal. Cah. Biol. Mar., 10: 139-161.

CrouaN, P.L. & CrouaN, HM. (1867). Florule du Finistere.
Friedrich Klincksieck, Paris, France.

DEeE Grave, S., Fazakerrey, H., KeLLy, L., Guiry, M.D.,
RyaN, M. & WaLsHE, J. (2000). A study of selected maérl beds
in Irish waters and their potential for sustainable extraction.
Mar. Resource Ser., Irel, 10: 1-44.

DE Grave, S. & WHITAKER, A. (1999). A census of maérl
beds in Irish waters. Aquat. Conserv. Mar. Freshw. Ecosyst.,
9: 303-311.

Donze, M. (1968). The algal vegetation of the Ria de Arosa (NW
Spain). Blumea, 16: 159-192.

Downing, R.C. (1970). Shoreline algae of western Lake Erie. Ohio
J. Sci., 70: 257-276.

DrummonDp, AJ. & Ramautr, A. (2007). BEAST:
Bayesian evolutionary analysis by sampling trees. BMC Evol.
Biol., 7: 214.

FarnnaM, W.F. & Jepuson, N.A. (1977). A survey of the maérl
beds of Falmouth (Cornwall). Br. Phycol. J., 12: 119.

Farris, J.S., KALLERSIO, M., KLUGE, A.G. & Burt, C. (1995).
Constructing a significance test for incongruence. Syst. Biol,
44: 570-572.

FostEr, M.S. (2001). Rhodoliths: between rocks and soft places.
J. Phycol., 37: 659-667.

Friebpmann, 1. (1955). On Cladophora kerkennae Hamel and Cl.
echinus (Bias.) Kiitz. Bull. Res. Council Israel, Sect. D, Bot., 5:
59-64.

FritscH, F.E. (1944). Cladophorella calcicola nov. gen. et sp.,
a terrestrial member of the Cladophorales. 4Ann. Bot., N.S.,
8(30/31): 157-171.

Grarr, J.,, LE Lo¢H, F., Guyonner, B. & Riera, P. (2000).
Community structure and food web based on stable isotopes
(d®N and d"*N) analysis of a North Eastern Atlantic maerl
bed. J. Exp. Mar. Biol. Ecol., 338: 1-15.

GuINDON, S. & GascUEL, O. (2003). A simple, fast, and accurate
algorithm to estimate large phylogenies by maximum likelihood.
Syst. Biol., 52: 696-704.

Harr, T.A. (1999). BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/NT.
Nucl. Acids Symp. Ser., 41: 95-98.

HaALL-SPENCER, J., WHITE, N., GiLLEspiE, E., GiLLHAMm, K. &
Focaco, A. (2006). Impact of fish farms on maerl beds in strongly
tidal areas. Mar. Ecol. Prog. Ser., 326: 1-9.

HaMEL, G. (1929). Quelques Cladophora des cotes frangaises. Rev.
Algol., 4: 43-76.

Hanyupa, T., WaAkKANA, 1., Aral, S., Mivan, K., Watano, Y. &
Uepa, K. (2002). Phylogenetic relationships  within
Cladophorales (Ulvophyceae, Chlorophyta) inferred from 18S
rRNA gene sequences, with special reference to Aegagropila lin-
naei. J. Phycol., 38: 564-571.

Hiy, C., PotiN, P. & Froch, J.Y. (1992). Structure of subtidal
algal assemblages on soft-bottom sediments: fauna/flora interac-
tions and role of disburbances in the Bay of Brest, France. Mar.
Ecol. Prog. Ser., 85: 115-130.

IrvINE, D.E.G., Guiry, M.D., TiTTLEY, I. & RuUsseLL, G. (1975).
New and interesting marine algae from the Shetland Islands.
Br. Phycol. J., 10: 57-71.



Cladophora rhodolithicola sp. nov.

JAcQuoTTE, R. (1962). Etude des fonds des maerl de Méditerranée.
Recl. Trav. Stat. Mar. Endoume, 26: 141-235.

Jonsson, S. & CHesNoy, L. (1991). Fluorescent microscopic obser-
vations on nuclei in Cladophora pygmaea (Cladophoraceae,
Siphonocladales). Crypt. Algol., 12: 265-269.

KamEeNos, N.A., Moorg, P.G. & HALL-SPENCER, J.M. (2003).
Substratum heterogeneity of dredged vs. un-dredged maerl
grounds. J. Mar. Biol. Assoc. U.K., 83: 411-413.

KrarT, G.T. (2000). Marine and estuarine benthic green algae
(Chlorophyta) of Lord Howe Island, South-western Pacific.
Aust. Syst. Bot., 13: 509-648.

LeriaerT, F. & BoEeDEkER, C. (2007). Cladophorales. In Green
Seaweeds of Britain and Ireland (BropIE, J., MAGGs, C.A., and
Joun, D.M., editors), 131-183. British Phycological Society,
London, UK.

Leriaert, F. & Corpesans, E. (2003). The marine species of
Cladophora (Chlorophyta) from the South African East Coast.
Nova Hedwig., 76: 45-82.

LeLiaErT, F. & CoprpEIANS, E. (2006). A revision of Cladophoropsis
Borgesen (Siphonocladales, Chlorophyta). Phycologia, 45:
657-679.

LeLiAerT, F., DE CLERCK, O., VERBRUGGEN, H., BOEDEKER, C. &
CorpEjaNs, E. (2007a¢). Molecular phylogeny of the
Siphonocladales (Chlorophyta: Cladophorophyceae). Mol.
Phylogenet. Evol., 44: 1237-1256.

LELIAERT, F., MiLLAR, A.J. K., VLaAEMINCK, C. & CoprpEJANS, E.
(2007h).  Systematics of the green macroalgal genus
Chamaedoris Montagne (Siphonocladales), with an emended
description of the genus Struvea Sonder. Phycologia, 46:
709-725.

LELIAERT, F., Rousseau, F., bE REviers, B. & CopPEJANS, E. (2003).
Phylogeny of the Cladophorophyceae (Chlorophyta) inferred
from partial LSU rRNA gene sequences: is the recognition of
a separate order Siphonocladales justified? Eur. J. Phycol., 38:
233-246.

LuscHENCO, J. & Cusrr, J. (1980). Heteromorphic life histories of
certain marine algae as adaptations to variations in herbivory.
Ecology, 61: 676-687.

MabbisoN, W.P. & Mabpbison, D.R. (2006). Mesquite: a modular
system for evolutionary analysis. Version 1.l11. (Available at
http://mesquiteproject.org).

Macas, C.A. (1983). A Phenological Study of Two Maerl Beds in
Galway Bay, Ireland. PhD thesis, National University of Ireland,
Galway, Ireland.

Maagas, C.A. (1990). Distribution and evolution of non-coralline
crustose red algae in the North Atlantic. In Evolutionary
Biogeography of the Marine Algae of the North Atlantic
(GarBARY, D.J. and SoutH, G.R., editors), 241-264. Springer-
Verlag, Berlin and Heidelberg, Germany.

Maagacs, C.A. & Guiry, M.D. (1981). Le Cladophora pygmaea
Reinke, espeéce nouvelle pour les cotes de France. Trav. Stat.
Biol. Roscoff N.S., 27: 11-13.

Maagas, C.A. & Guiry, M.D. (1982). Notes on Irish marine algae —
5. Preliminary observations on deep water vegetation off West
Donegal. Ir. Nat. J., 20: 357-361.

Magas, C.A. & Guiry, M.D. (1987). Environmental control
of macroalgal phenology. In Plant Life in Aquatic and
Amphibious Habitats (CRAWFORD, R.M.M., editor), 359-373.
British Ecological Society Special Symposium, Blackwell,
Oxford, UK.

Magas, C.A. & Guiry, M.D. (1989). A re-evaluation of the crus-
tose red algal genus Cruoria and the family Cruoriaceae.
Br. Phycol. J., 24: 253-269.

MANNINO, A.M., CASTRIOTA, L., BELTRANO, A.M. & SuNsEiri, G.
(2002). The epiflora of a rhodolith bed from the Island of Ustica
(Southern Tyrrhenian Sea). Flora Medit., 12: 11-28.

MIrANDA, F. (1934). Materiales para una flora marina de las rias
bajas gallegas. Bol. R. Soc. Esp. Hist. Nat. Biol., 34: 165-180.
NoartrLes, M.C. (1995). Les especes de Cladophora (Chlorophyta)
les plus communes des cotes Nord-Finistére, région de Roscoff

en particulier (France). Cah. Biol. Mar., 36: 81-121.

169

PENA, V. & BARBARA, I. (2006). Los fondos marinos de maérl del
Parque Nacional de las Islas Atlanticas (Galicia, Espana): distri-
bucion, abundancia y flora asociada. N.A.C.C. Biol., 15: 7-25.

PENA, V. & BARBARA, 1. (2008). Maérl community in the north-
western Iberian Peninsula: a review of floristic studies and long-
term changes. Aquat. Conserv. Mar. Freshw. Ecosyst., 18:
339-366.

Posaba, D. & Cranparr, K.A. (1998). MODELTEST: testing
the model of DNA substitution. Bioinformatics, 14: 817-818.
REINKE, J. (1889). Algenflora der westlichen Ostsee deutschen
Antheils. Eine systematisch-pflanzengeographische Studie. Ber.

Komm. Wiss. Unters. Dt. Meere Kiel, 6: 1-101.

Rico, J.M. & Guiry, M.D. (1997). Life history and reproduction of
Gelidium maggsiae sp. nov. (Rhodophyta, Gelidiales) from
Ireland. Eur. J. Phycol., 32: 267-2717.

Ronguist, F. & HuUELSENBECK, J.P. (2003). MrBayes 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics, 19:
1572-1574.

ScotT, R. & MoorE, P.G. (1996). The Status and Distribution of
Maerl in Scotland with Regard to the EC Habitats Directive.
A Desk Study Prepared for Scottish Natural Heritage.
University Marine Biological Station, Millport, UK.

SEOANE CamBa, J. & Campo Sancho, J. (1968). Resultados de
una primera exploracion algologica con escafandra
autonoma en la Ria de Vigo. Publ. Tec. Junta Estud. Pesca, T:
333-344.

SODERSTROM, J. (1963). Studies in Cladophora. Bot. Gothoburgensia,
1: 1-147.

STeLLER, D.L., RiosMENA-RoODRIGUEZ, R., Foster, M.S. &
RoBerTs, C.A. (2003). Rhodolith bed diversity in the Gulf of
California: the importance of rhodolith structure and conse-
quences of disturbance. Aquat. Conserv. Mar. Freshw. Ecosyst.,
13: S5-S20.

SworrorD, D.L. (2002). PAUP*. Phylogenetic Analysis Using
Parsimony  (*and ~Other Methods). Version 4. Sinauer
Associates, Sunderland, USA.

Tuowmpson, J.D., Hiceins, D.G. & Gisson, T.J. (1994).
CLUSTAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-speci-
fic gap penalties and weight matrix choice. Nucl. Acids Res., 22:
4673-4680.

vAN DEN HoEek, C. (1963). Revision of the European species of
Cladophora. Brill, Leiden, The Netherlands.

VAN DEN Hoek, C. (1982). A taxonomic revision of the
American species of Cladophora (Chlorophyceae) in the
North Atlantic Ocean and their geographic distribution.
Verh. Kon. Ned. Akad. Wetensch., Afd. Natuurk., Tweede Sect.,
78: 236.

vaN  DEN  Hoek, C. (1984). The systematics of the
Cladophorales. In  Systematics of the Green  Algae
(Irvine, D.E.G. and Jonn, D.M., editors), 157-178.
Academic Press, London, UK.

VAN DEN HoEk, C. & CHIHARA, M. (2000). A taxonomic revision of
the marine species of Cladophora (Chlorophyta) along the coasts
of Japan and the Russian Far-east. Nat. Sci. Mus. Monographs,
19: 242.

WAERN, M. (1940). Cladophora pygmaea und Leptonema
lucifugum an der schwedischen Westkiiste. Acta Phytogeogr.
Suec., 13: 1-6.

WEsT, J.A. & McBripE, D.L. (1999). Long-term and diurnal car-
pospores discharge patterns in the Ceramiaceae, Rhodomelaceae
and Delesseriaceae (Rhodophyta). Hydrobiologia, 298/299:
101-113.

Wirce, R.T. (1970). Cladophora pygmaea Reinke in North
America. J. Phycol., 6: 260-263.

WiLson, S., Brake, C., BErGes, J.A. & Macas, C.A. (2004).
Environmental tolerances of free-living coralline algae (maerl):
implications for European marine conservation. Biol. Conserv.,
120: 283-293.

ZEDERBAUER, E. (1902). Seeknddel’-dhnliche  Ballenbildung
durch Cladophora cornea Kiitz. Verh. Zool. Bot. Wien, 52:
155-159.



Eur. J. Phycol.

Supplementary material

Taylor &Francis
Taylor & Francis Group

Cladophora rhodolithicola sp. nov. (Cladophorales,
Chlorophyta), a diminutive species from European maerl beds

FREDERIK LELIAERT, CHRISTIAN BOEDEKER, VIVIANA PENA, FRANCIS BUNKER,

HEROEN VERBRUGGEN AND OLIVIER DE CLERCK

Table S1. Additional sequences used in the phylogenetic analyses

Species Location SSU rDNA LSU rDNA
Anadyomene stellata (Wulfen) C. Agardh Panama (Caribbean Sea) AF510147

Anadyomene stellata Philippines AJ544746
Boergeseniaforbesii (Harvey) J. Feldmann Japan AF510164

Boergesenia forbesii Tanzania AJ544742
Boodlea composita (Harvey) Brand Tanzania AF510157 AJ544731
Chaetomorpha antennina (Bory de Saint-Vincent) Kiitzing Japan AB062700

Chaetomorpha brachygona Harvey Tanzania AJ544759
Chaetomorpha crassa (C. Agardh) Kiitzing Tanzania AJ544767
Chaetomorpha linum (O.F. Miiller) Kiitzing Japan AB062702

Chaetomorpha moniligera Kjellman Japan AB062703

Chaetomorpha spiralis Okamura Sri Lanka AJ544766
Chamaedoris auriculata Borgesen Socotra AJ544739
Cladophora albida (Nees) Kiitzing France (Atlantic Ocean) 735317

Cladophora aokii Yamada Japan AM498747 AMS503434
Cladophora capensis (C. Agardh) De Toni South Africa (Atlantic Ocean) AJ544763
Cladophora coelothrix Kiitzing Kenya AJ544754
Cladophora dotyana Gilbert Philippines AJ544755
Cladophora dotyana South Africa (Indian Ocean) AJ544756
Cladophora glomerata (Linnaeus) Kitzing Japan AB062706

Cladophora herpestica (Montagne) Kiitzing Japan 735419 AMS503460
Cladophora herpestica Tanzania AJ544751
Cladophora horii van den Hoek & Chihara Japan AB078731

Cladophora horii South Africa (Indian Ocean) AJ544728
Cladophora japonica Yamada Japan AB062707

Cladophora montagneana Kiitzing Tanzania AJ544762
Cladophora ohkuboana Holmes Japan AB062708

Cladophora ordinata (Bergesen) van den Hoek South Africa (Indian Ocean) AJ544757
Cladophora pellucida (Hudson) Kiitzing France (Atlantic Ocean) 735314

Cladophora rupestris (Linnaeus) Kiitzing France (Atlantic Ocean) 735319 AJ544764
Cladophora sericea (Hudson) Kiitzing France (Atlantic Ocean) 735320

Cladophora sibogae Reinbold Tanzania AJ544752
Cladophora vagabunda (Linnaeus) van den Hoek Japan AB062710

Cladophora vagabunda Tanzania AJ544760
Dictyosphaeria cavernosa (Forsskal) Borgesen Seychelles AM498756

Dictyosphaeria cavernosa Tanzania AJ544745
Ernodesmis verticillata (Kiitzing) Borgesen Canary Islands AM498758

Ernodesmis verticillata Costa Rica AJ544743
Microdictyon japonicum Setchell Japan AM498760

Microdictyon kraussii J. Gray South Africa (Indian Ocean) AJ544747
Phyllodictyon orientale (A. Gepp & E. Gepp) Kraft & Wynne Maldives AJ544738
Rhizoclonium riparium (Roth) Harvey Japan AB202076

Rhizoclonium riparium var. implexum (Dillwyn) Rosenvinge France (Atlantic Ocean) AJ544765
Siphonocladus tropicus (P. Crouan & H. Crouan) J. Agardh Canary Islands AM498761

Siphonocladus tropicus Dominican Republic AJ544744
Struvea elegans Borgesen Bahamas AF510149

Struvea elegans Papua New Guinea AJ544737
Valonia aegagropila C. Agardh Japan AM498762

Valonia aegagropila Tanzania AJ544748
Valoniopsis pachynema (G. Martens) Borgesen Australia (Pacific Ocean) AM498765

Valoniopsis pachynema Tanzania AJ544741
Ventricaria ventricosa (J. Agardh) Olsen & J. West Tanzania AJ544750
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Fig. S1. Cladophora rhodolithicola. Habit of in situ plants on rhodoliths in a shallow subtidal maerl bed (—4 m) from Oeste
Con de Pego, Ria de Vigo, Spain (Photo by V. Pefa).
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Fig. S2. Maximum likelihood (ML) tree of the Cladophorales/Siphonocladales inferred from SSU rDNA sequences, showing
the phylogenetic position of Cladophora battersii, C. pygmaea and C. rhodolithicola. ML bootstrap values are indicated above

branches; Bayesian inference posterior probabilities are indicated below branches.
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