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Résumé — Les spécimens fertiles de Phymatolithon calcareum, ne sont que trés rarement
mentionnés le long des cotes européennes de I’ Atlantique. Deux spécimens ont récemment
été récoltés dans un banc de maerl infralittoral de la pointe de Bretagne, sous la forme de
plantes encrofitantes et épilithiques. Sur la base de leur morphologie les spécimens ont été
identifiés comme appartenant a ’espece P. calcareum. Cette identification a été confirmée
par sur la base du critere moléculaire par 'obtention de séquences de COI-SP identiques
pour ces deux spécimens et le néotype de P. calcareum ainsi que des spécimens stériles en
provenance de bancs de maérl européens. Les structures reproductrices étaient vides mais
elles ont été interprétées comme étant des conceptacles femelles matures. En comparaison
avec les deux précédentes mentions de spécimens sexués de P. calcareum en Atlantique
européen, les conceptacles uniporés observés dans la présente étude sont plus larges et ont
été collectés a une saison différente. A notre connaissance, cette étude constitue le premier
lien entre l'identification de P. calcareum sur la base de criteres morphologiques de
Iappareil reproducteur et sur la base de criteres moléculaires (DNA barcodes).

COI-5P / algues corallines encroiitantes / Cotes européennes / Reproduction / Systématique

Abstract — Fertile gametangial plants of Phymatolithon calcareum, which are seldom
reported in the Atlantic European coasts, were collected as encrusting, epilithic plants in a
subtidal maerl bed in Brittany (France). Based on their morphological features, the plants
were identified as P. calcareum. This identification was further confirmed by DNA barcodes
using as a reference COI-5P sequences obtained from the neotype together with recent
collections from the Atlantic European maerl beds. The reproductive structures were empty
but they were regarded as mature female conceptacles. Compared to the two previous
records of gametangial plants of P. calcareum for the Atlantic European waters, the
uniporate conceptacles observed in this study are larger, and were collected at a different
time of the year. To our knowledge, this is the first time that the occurrence of gametangial
plants of P. calcareum is corroborated with molecular tools (DNA barcodes).
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INTRODUCTION

Maerl beds are deposits of unattached, non-geniculate coralline red algae
with a variable branching density that provides a wide range of ecological niches
(Birkett et al., 1998, BIOMAERL Team, 2003). In the North East Atlantic, they
are known from Arctic regions in Iceland and Svalbard Archipelago (Adey, 1968;
Gunnarsson, 1977; Teichert et al., 2012) to subtropical and tropical archipelagos in
the Macaronesia (Foslie, 1908; Cabioc’h, 1974; Afonso-Carrillo & Gil-Rodriguez,
1982). This latitudinal gradient entails changes in the species composition of maerl
beds and the replacement of the maerl-forming species (Grall, 2003; Hall-Spencer
et al., 2010), being Phymatolithon calcareum (Pallas) Adey et McKibbin one of the
species most commonly cited in the Atlantic European maerl beds (Hall-Spencer
et al., 2010).

Although thallus fragmentation is suggested as the major mechanism of
propagation where extensive unattached populations occur (Bosence, 1976;
Johansen, 1981), fertile unattached plants have also been found in European
maerl beds. Multiporate sporangial conceptacles of P. calcareum have been
observed by several authors on unattached specimens in maerl beds of the
Atlantic European coast (Lemoine, 1910; Suneson, 1958; Cabioc’h, 1969; Adey &
McKibbin, 1970; Woelkerling & Irvine, 1986; Irvine & Chamberlain, 1994; Pefia
& Barbara, 2004, 2008). In comparison, uniporate gametangial conceptacles were
reported only very rarely on small encrusting plants attached to gravel and dead
maerl in a subtidal bed in Brittany (Mendoza & Cabioc’h, 1998). Previously,
Suneson (1958) reported the occurrence of female conceptacles containing ripe
carposporangia in material collected from this region, but the author did not
provide further details. By contrast, fertile gametangial and sporangial plants of
P. calcareum are common in the Mediterranean maerl beds (Bressan & Babbini,
2003). In Alaska, uniporate male conceptacles have been reported in unattached
plants of P. calcareum (Konar et al., 2006).

Identifying coralline species based on morphology is challenging due to
the high morphological plasticity of the group (Steneck, 1986). In unattached
coralline plants, morphological variation can be extreme even within a single
species, and it is likely related to local hydrodynamic conditions (Bosence, 1976;
Steller & Foster, 1995; Schaeffer et al., 2002; Basso et al., 2009; Pena & Barbara,
2009). Fortunately, recent assessments of species diversity has benefited from the
recent advent of DNA barcodes to the taxonomist’s toolbox. This technique uses
sequences of a fragment of the mitochondrial cytochrome c oxidase subunit
1 gene (COI-5P) for species recognition. DNA barcodes are now well established
in many red algal groups (e.g. Saunders, 2005; Le Gall & Saunders, 2010) and they
have been successfully applied to the identification of coralline species and to the
detection of cryptic taxa (Walker et al, 2009; Bittner et al., 2011; Hind &
Saunders, 2013). In the particular case of maerl-forming species, DNA barcodes
are used in an on-going Barcode of Life Database (BOLD, http:/
www.boldsystems.org/) project called MAERL (maerl-NE Atlantic) that focuses
on the assessment of the diversity of maerl species along the Atlantic European
coasts (Pardo et al.,, 2012). The project promoted extensive collections of maerl
and associated encrusting corallines by SCUBA diving and dredging in maerl beds
scattered along the study area. As part of the project, COI-5P sequences were
produced for new collections of P. calcareum from maerl beds of Brittany, Britain,
Ireland, and Galicia; these collections included material from the neotype locality
(Falmouth, UK, Woelkerling & Irvine, 1986). Moreover, our identification of
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P. calcareum is supported by molecular information obtained from the neotype
material deposited in the Natural History Museum (BM, London).

As part of one collection from a Breton subtidal maerl bed, we found
uniporate conceptacles in two epilithic, encrusting branched plants. Both
specimens were preliminary identified as P. calcareum based on their
morphological features. However the scarcity of records with sexual uniporate
conceptacles for this species in Atlantic maerl beds (Mendoza & Cabioc’h, 1998)
advised that a deeper examination was required to provide further evidence in
support of the species recognition. The aforementioned availability of COI-5P
sequences for this species offered and excellent opportunity to obtain this
corroboration.

MATERIAL AND METHODS

Samples were collected by dredging in the maerl bed of Molene
archipelago (Finistere, Brittany, France) in May 2011 at 3-7 m depth (Fig 1,
Table 1). Fertile encrusting attached specimens of Phymatolithon calcareum with
uniporate conceptacles were selected for anatomical and molecular examination
(CPVP-943 and CPVP-955, Table 1). They were air-dried or oven-dried (50° C),
and preserved in zipper bags with silica gel. For the anatomical study, selected
branches of the two specimens with uniporate conceptacles were examined under
scanning electron microscope (SEM, model JEOL JSM 6400, Universidade da
Coruiia, Spain). The specimens were deposited in the herbarium SANT Algae

Fig 1. Location of the maerl bed in Molene Archipelago (Finistere, Brittany) and collection area
(black area marked with asterisk). Resource: IFREMER.
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Table 1. Sample information for the collections included in the DNA barcode analyses. GenBank
accession numbers are provided for the specimens. Bold typeface: neotype of Phymatolithon
calcareum and holotype of Mesophyllum sphaericum.

Genbank
Species Collection details Voucher accession
number
Phymatolithon St. Mawes Bank, Falmouth Harbour, Cornwall, UK, 11/12/1983. BM000712373 KF808323
calcareum Coll: W.F. Farnham. Neotype material.
P. calcareum St. Mawes Bank, Falmouth Harbour, Cornwall, UK, -18 m, CPVP-47 KC861604

02/06/2010. Coll: J.M. Hall-Spencer.
P. calcareum Milford Haven, Wales, UK, -4 m, 14/07/2011. Coll: F. Bunker CPVP-1188 KC861558

P. calcareum Zara Shoal, Strangford Lough, Northern Ireland, 10 m, CPVP-1243 KC861534
25/07/2011. Coll: L. Kregting, D. Pritchard

P. calcareum Gleesk Pier, Co. Kerry, Ireland, =10 m, June 2008. CPVP-778 KC861561
Coll: M. Moriarty.

P. calcareum Carraroe, Co. Galway, Ireland, =5 m, 21/10/2010. CPVP-781 K(C861616
Coll: N. Nolan, J. Hernandez

P. calcareum Guerheon, Baie de Morlaix, Brittany, —-11 m, 10/05/2011. CPVP-906 KC861608
Coll: T. Wilfried, Y. Fontana

P. calcareum Molene Archipelago, Finistere, Brittany, —10 m, 10/03/2011. CPVP-858 KC861553
Coll: V. Pena

P. calcareum Molene Archipelago, Finistere, Brittany, =10 m, 10/05/2011. CPVP-955 KC861591
Coll: J. Grall, V. Peiia. Uniporate conceptacles.

P. calcareum Molene Archipelago, Finistere, Brittany, —10 m, 10/05/2011. CPVP-943  KC861529
Coll: J. Grall, V. Pefia. Uniporate conceptacles.

P. calcareum Le Dragon, Trevignon, Brittany, —15 m, 13/05/2011. CPVP-916 KC861589
Coll: T. Wilfried, Y. Fontana.

P. calcareum Ensenada de Bornalle, Ria de Muros-Noia, Galicia, 11 m, CPVP-560 KC861592
31/03/2011. Coll: I. Barbara, C. Pardo, R. Barreiro, V. Peiia.

P. calcareum Nido do Corvo, Ria de Arousa, Galicia, -6 m, 23/11/2010. CPVP-164 KC861567
Coll: 1. Barbara, C. Pardo, R. Barreiro, V. Pefia.

P. calcareum Punta Barbafeita, Ria de Arousa, Galicia, =5 m, 23/06/2011. CPVP-1067 KC861581
Coll: I. Barbara, F. Bunker, V. Peiia.

P. calcareum Isla Benencia, Ria de Arousa, Galicia, -3 m, 23/06/2011. CPVP-1108 KC861572
Coll: I. Barbara, F. Bunker, V. Pena.

P. calcareum Isla de Ons, Ria de Pontevedra, Galicia, —13 m, 07/04/2011. CPVP-607 KC861551

Coll: I. Barbara, R. Barreiro, V. Pefa.

P. calcareum Playa de Tulla, Ria de Pontevedra, Galicia, -9 m, 07/04/2011. CPVP-628 KC861586
Coll: I. Barbara, R. Barreiro, V. Pefia.

P. calcareum Islas Cies, Ria de Vigo, Galicia, =11 m, 03/04/2011. CPVP-655 KC861569
Coll: I. Barbara, R. Barreiro, V. Peiia.

P. calcareum Baliza Tofifio, Ria de Vigo, Galicia, —11 m, 03/04/2011. CPVP-753 KC861546
Coll: I. Barbara, R. Barreiro, V. Pefa.

Uncultured Atlantic France, Bittner ez al. (2010). LBC0001  GQ917247

Corallinales

Lithothamnion  Baie de Douarnenez, Finistere, Brittany, —10 m, 08/03/2011. CPVP-802 KC861447

corallioides Coll: J. Grall.

Lithothamnion  English Harbour Eastern Cove, Newfoundland and Labrador.  GWS007542 HM918812
glaciale Kjellman Unpublished.

Mesophyllum Isla Benencia, Ria de Arousa, Galicia, -3 m, 14/10/2008. CPVP-776. K(C861526
sphaericum Coll: I. Barbara, V. Peiia. Holotype material. SANT-Algae

21804
Mesophyllum Hawaii, Pacific Ocean, Sherwood et al. (2010). ARS02835 HQA422717
erubescens

(Foslie) Me.
Lemoine
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(Universidade de Santiago de Compostela, Spain). For the molecular study,
the specimens were cleaned under stereomicroscope and clean surfaces were
ground with a drill bit of 2 mm in dlameter Genomic DNA was extracted using
Qiagen DNeasy Blood and Tissue Kit® (Qiagen Iberia, S.L., Spain) following
manufacturer’s recommendations. A fragment of the 5’ end of the COI gene
(COI-5P) was PCR-amplified with the primers GazF1 and GazR1 (Saunders,
2005). PCR amplification followed Saunders & McDevit (2012). PCR products
were purified with exonuclease I and shrimp alkaline phosphatase —ExoSAP-
(Fermentas, Thermo Fisher Scientific, Spain) and sequenced at Macrogen

(Macrogen Europe, the Netherlands). Forward and reverse sequences were
assembled and aligned with the assistance of CodonCode Aligner® (CodonCode
Corporation, USA) and Geneious 6.1.2. (Biomatters Ltd, New Zealand).
Sequences were submitted to the on-going BOLD project MAERL (http://
www.boldsystems.org/) and GenBank (Table 1). They were compared with 17
COI-5P sequences of P. calcareum obtained from the neotype (BM Box 1626,
Woelkerling & Irvine 1986) as well as from recent collections from the neotype
locality (Falmouth, Cornwall, UK) and from other Atlantic maerl beds of
Britain, Ireland, Galicia and Brittany (Table 1). Collections from Brittany
included the locality where the gametophytes were previously recorded
(Guerheon, Brittany, Mendoza & Cabioc’h 1998, Table 1). COI-5P sequences
were also obtained for two other maerl species Lithothamnion corallioides
(P.L.Crouan et HM.Crouan) P.L.Crouan et H.M.Crouan and Mesophyllum
sphaericum Pefia, Barbara, Adey, Riosmena-Rodriguez et Choi, the latter were
produced from the holotype material (Pena et al., 2011, Table 1). DNA barcodes
of P. calcareum were compared to public records in Genbank and BOLD.
Available COI-5P sequences from Genbank and BOLD for the subfamily
Melobesioideae were included in the analyses as outgroup (Table 1). Distance
analyses for the total of 24 COI-5P sequences were performed using neighbor-
joining algorithm (Jukes-Cantor method) with default settings in Mega v. 5.02
(Tamura et al., 2011).

RESULTS

The DNA barcodes produced for these gametophytes were 100%
identical to COI-5P sequences obtained from neotype material for Phymatolithon
calcareum (possessing multiporate sporangial conceptacles, Woelkerling & Irvine,
1986) and from recent collections of this taxon along Atlantic European
maerl beds (Fig. 2). In the NJ tree, P. calcareum clearly separated from other
Melobesioideae (Lithothamnion and Mesophyllum). Genbank and BOLD
searches revealed that only one accession matched our DNA barcodes for
P. calcareum; the matching sequence was produced by a collection from the
Atlantic coast of France labeled as Uncultured Corallinales (accession number
GQ917247, Bittner et al., 2010, Table 1).

The gametophytes of Phymatolithon calcareum were encrusting thalli
with short branches, up to 5 cm of diameter, growing on pebbles associated to the
maerl bed (Figs 3-4). The uniporate conceptacles examined here were raised,
appearing as white circles scattered on the thallus surface (Figs 5-6). The
anatomical examination by SEM revealed branches with abundant uniporate
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Fig 2. Neighbor-joining tree for DNA barcodes (COI-5P) of Phymatolithon calcareum (detailed
in Table 1). The outgroup contained other members of the subfamily Melobesioideae from our
on-going project and from Genbank: Lithothamnion (L. corallioides, L. glaciale), and
Mesophyllum (M. sphaericum, M. erubescens). Evolutionary distances of the branches were
computed using the Jukes-Cantor method. Scale bar refers to base subtitutions per site.

conceptacles raised, conical to hemispherical, 250-300 um external diameter in
surface view, with a pore of 15-17 um of diameter (Figs 7-9). In transverse section
(Fig. 10), the uniporate conceptacles were empty and were located within the
cortex. The conceptacle chambers were elliptical-ovoid, 226-260 pm diameter by
85-140 um height. The pore canal was 130 um long, tapering from 83 pm at the
base to 23 um wide at the surface, with lining filaments oriented to the canal.
Although we only found empty chambers, they were interpreted as mature
female conceptacles given their shape and large size. The epithallial cells were
domed, the subepithallial cells were short and cells fusions were abundant
between adjacent cortical cells (Fig. 11). The epithallial cells surface was
Phymatolithon-type with thickened calcareous ridges surrounding central
concavities (Fig. 12).
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Figs 3-6. Gametangial plants of Phymatolithon calcareum. 3-4. Encrusting branched plants
growing on pebbles (CPVP-955, and CPVP-943, respectively). 5. Uniporate female conceptacles
scattered along the thallus surface. 6. Uniporate female conceptacles raised, on branches.

DISCUSSION

Our study illustrates the usefulness and accuracy of DNA barcodes for
assessing the diversity of maerl-forming species. In agreement with the literature,
our results indicate that Phymatolithon calcareum is a common component of
maerl beds in Brittany, Ireland, Britain and Galicia (Lemoine, 1910; Cabioc’h
1969; Bosence, 1976, Adey & McKibbin, 1970; Irvine & Chamberlain, 1994; Pefa
& Barbara, 2004, 2008). Our molecular results, which include the neotype of
P. calcareum (Woelkerling & Irvine, 1986), confirm that the encrusting, epilithic
plants found in an Atlantic European bed were gametophytes of P. calcareum.
The anatomical examination of the gametophytes showed raised conceptacles
with empty chambers that were interpreted as mature female conceptacles,
although previous authors described the uniporate female conceptacles as not
prominent, with only the canal pore slightly protruding and smaller dimensions
(120-150 pum of diameter by 60-110 ym in height with a canal pore 50 pm long,
Mendoza & Cabioc’h, 1998; Bressan & Babbini, 2003). However, the vegetative
features observed in our specimens matched the diagnostic characters described
for P. calcareum in the literature (Cabioc’h, 1966; Adey & McKibbin, 1970;
Chamberlain 1990; Irvine & Chamberlain, 1994).
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10 pm 10 pm

Figs 7-12. Uniporate female conceptacles of Phymatolithon calcareum and vegetative diagnostic
features (SEM images). 7. Surface of a branch with abundant uniporate conceptacles. 8-9. Surface
view of uniporate female conceptacles raised, hemispherical to conical. 10. Vertical section of
the thallus with empty uniporate female conceptacles showing chambers elliptical to ovoid with
acanal pore. 11. Vertical section of the thallus showing domed epithallial cells (e), short
subepithallial initials (s), and cell fusions between contiguous cortical cells (arrows). 12. Surface
view of the thallus showing epithallial cells Phymatolithon-like with thickened calcareous ridges
surrounding central concavities.

A previous study carried out also in the same Atlantic region (Brittany)
reported uniporate conceptacles only in crustose plants attached to gravel or dead
maerl (Mendoza & Cabioc’h, 1998). Interestingly, however, gametangial plants
have been reported to grow as maerl in the Mediterranean and Alaska (Bressan
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& Babbini, 2003; Konar et al., 2006). A previous study in European waters
detected fertile sexual plants of P. calcareum in September-October (Mendoza &
Cabioc’h, 1998) while our specimens were collected in May. On the other hand,
Konar et al. (2006) found male gametangial plants in summer at much higher
latitude (Alaska). In this regard, the fact that our conceptacles were empty might
indicate that they had released their content some time before collection.
However, the conceptacles were abundant along the surface of the plant rather
than buried within the thallus.

Based on our collections of more than 1000 unattached and encrusting
plants from a range of Atlantic European maerl beds sampled at different times
of the year, the occurrence of uniporate sexual conceptacles in P. calcareum seems
a rather infrequent phenomenon. In Britain, gametangial plants of P. calcareum
remain unreported and it is the only species of this genus with unrecorded sexual
structures in this region (Irvine & Chamberlain, 1994). In comparison, multiporate
sporangial conceptacles were commonly observed on unattached plants
throughout the year and they even occur in the neotype material (Lemoine, 1910;
Suneson, 1958; Cabioc’h, 1969; Adey & McKibbin, 1970; Woelkerling & Irvine,
1986; Irvine & Chamberlain, 1994; Pefia & Barbara, 2004, 2008). The extremely
low frequency of uniporate sexual conceptacles could be indicative that the
gametophytes spend most of their life history as vegetative plants. Alternatively,
their scarcity could be just a consequence of a low ratio of gametophytes in
Atlantic European beds. Cabioc’h (1969) suggested that the rarity of sexual and
asexual reproduction in Breton maerl beds possibly indicated that reproduction
follows a cyclical pattern of at least 6 years with alternate fertile periods between
the main maerl-forming species P. calcareum and Lithothamnion corallioides. On
the other hand, the low occurrence of fertile plants in Brittany and Norway was
interpreted as evidence that recruitment in maerl populations depends primarily
on the breakage of branches of attached plants (Cabioc’h, 1969; Freiwald, 1995).
However, given the absence, or at least scarcity, of encrusting thalli of
P. calcareum reported so far, it seems unlikely that they might be the providers of
unattached plants in most of the Atlantic European beds. According to Irvine &
Chamberlain (1994), encrusting P. calcareum has not ever been recorded in
Britain (Irvine & Chamberlain, 1994). Likewise, other than the collections from
Breton maerl beds reported here, we never detected encrusting P. calcareum in
any other Atlantic European bed. In this regard, our results seem consistent with
the proposal that thallus fragmentation of the maerl itself must be the main
mechanism of propagation in Atlantic beds as previously suggested for unattached
populations in the literature (Bosence, 1976; Johansen, 1981; Steller & Foster,
1995). However, solving the precise recruitment strategy followed by Atlantic
maerl populations surely warrants more detailed investigations.
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