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North-Atlantic records of Schizymenia dubyi extend
along the eastern shores of the North Atlantic from
Morocco to southern Britain and Ireland, and the
species is also recorded from Iceland. A study was
undertaken to confirm the identity of the specimens
from Iceland that were geographically separate from
the main distribution of S. dubyi and in contrast to
other species of the genus did not have gland cells.
We analyzed rbcL and COI molecular sequence data
from Icelandic specimens and compared the results
with those for Schizymenia specimens available in
GenBank. For both markers, Schizymenia was shown
to be a monophyletic genus. The Icelandic
specimens were clearly genetically distinct from S.
dubyi and formed a well-supported clade with
Schizymenia species from the Northern Pacific.
Based on these results, we have described a new
species, Schizymenia jonssonii, which can be
distinguished by molecular phylogeny, its lack of
gland cells and by being strictly intertidal. Crustose
tetrasporophytes with identical COI and rbcL
sequences were found at the same locations as
foliose plants. Schizymenia apoda is reported for the
first time in the UK, its identity confirmed by rbcL
sequence data. In light of these findings, it is likely
that by further molecular analysis of the genus
Schizymenia in the north-eastern Atlantic and the
Mediterranean, a higher diversity of Schizymenia spp.
will be discovered in this region.

Key index words: COI; Iceland; molecular phylogeny;
phenology; North Atlantic; rbcL; Schizymenia jonssonii

Abbreviations: BP, before present; COI, Cyto-
chrome c oxidase I gene; dNTP, deoxyribonu-
cleotide triphosphate nucleobases

Schizymenia was erected by J. Agardh (1851) to
accommodate several species of foliose red algae.
However, due to difficulties in identifying foliose
red algae, even at genus level, species have often
been misidentified (Abbott 1967, DeCew et al.
1992). Indeed, many of the species earlier referred
to Schizymenia have since been synonymized or trans-
ferred to other genera (Dawson 1961, Lindstrom
1985, 1986, Hansen 1989, Alongi and Cormaci
1993), and are now distributed among more than
10 different genera (Guiry and Guiry 2019). Species
within the genus Schizymenia are very difficult to dis-
tinguish, and DeCew et al. (1992) in their studies
failed to find any significant difference between the
Atlantic species S. dubyi, the type species of the
genus (Kylin 1932), and S. pacifica from the Pacific,
in morphology, anatomy, or life history. These spe-
cies have since been shown to belong to phylogenet-
ically separate clades within the genus (Gabriel
et al. 2011, Saunders et al. 2015).
Currently, there are 10 species recognized for the

genus Schizymenia (Guiry and Guiry 2019). Some of
these are rare and have hardly been recorded since
their original description (Dawson 1961, Abbott
1967, Silva et al. 1996, Guiry and Guiry 2019).
Recent molecular studies have shown the genus
Schizymenia to be more diverse than previously
thought. In the North Pacific, a new species, Schizy-
menia tenuis, was recently described and another
undescribed species “Schizymenia sp._1Cal” recorded,
based on molecular data (Saunders et al. 2015). A
few more, yet undescribed species have also been
found in New Zealand (Adams 1994, D’Archino and
Zuccarello 2013, Nelson and Sutherland 2016).
Species of Schizymenia form a blade that can be

several hundred millimeters long, contain gland
cells, and bear cystocarps in the blade (Kylin 1932).
Three species, Schizymenia dubyi, S. pacifica, and S.
novae-zelandiae, have been shown by cultural studies
to have a life cycle with two dissimilar generations,
an upright foliose gametophyte and a crustose
tetrasporophyte identical to crusts previously known
as Haematocelis (Ardr�e 1977, 1980, Sciuto et al. 1979,
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DeCew et al. 1992, Hawkes in Adams 1994). More
species of the genus have been shown using molecu-
lar evidence to have two dissimilar life history
phases (Saunders et al. 2015). All the species are
found in the subtidal zone, some down to a depth
of 30–55 m (Taylor 1945, Abbott 1967) and some
are also found in the intertidal zone (e.g., Dixon
and Irvine 1977, Saunders et al. 2015).

All known Schizymenia species are found in the Paci-
fic, except S. obliqua, which has only been found in
the Indian Ocean (Abbott 1967, Silva et al. 1996,
Saunders et al. 2015). Two species, S. dubyi and S.
apoda are also known from the Atlantic and the
Indian Oceans (Silva et al. 1996, Gabriel et al. 2011).

In Iceland, Schizymenia was first registered by
Caram and J�onsson (1972) in their Icelandic check-
list as Schizymenia dubyi. Previously, H. J�onsson (1901)
had recorded Dilsea edulis (=D. carnosa) from Iceland.
However, this species has not been recorded in Ice-
land since and examination of H. Jonsson’s speci-
mens, kept in the Botanical Museum in Copenhagen
(C), showed them to be a Schizymenia sp. On a visit in
August 2007 to the collecting site of H. J�onsson in
the intertidal zone at €Ondverðarnes, Schizymenia sp.
was found to be common (K. Gunnarsson, pers.
obs.). The Icelandic specimens of Schizymenia sp. are
structurally and anatomically similar to other Schizy-
menia species in all aspects except for the total lack
of gland cells and that they are only found in the
intertidal zone. “Haematocelis”-like crusts have been
found among the foliose Schizymenia at many sites in
Iceland.

The present-day distribution of Schizymenia in Ice-
land is from the southwest coast, where it is rela-
tively common, becoming sparser along the West
coast and into the middle part of the colder North
coast. It is not found in the coldest, eastern part, of
the coast. A similar pattern is encountered by spe-
cies that have their main distribution area south of
Iceland and their northern limit of distribution
along the Icelandic coast (as e.g., Chondrus crispus,
Corallina officinalis, and Pelvetia canaliculata). These
species are common in the Faeroes, southern Scan-
dinavia, and Scotland, whereas Schizymenia, except
for unconfirmed records (due to a lack of speci-
mens) from northern Scotland, is not found in
these areas (Rueness 1977, Nielsen et al. 1995, Niel-
sen and Gunnarsson 2001, Hardy and Guiry 2003).
The collecting sites for specimens of Schizymenia
closest to Iceland in the North Atlantic are in south-
ern England and southern Ireland.

The disjunct distribution of Schizymenia in the
northern North Atlantic, the lack of gland cells in
the specimens collected in Iceland, and the observa-
tion that they have only been found in the intertidal
zone evoked suspicion that the Schizymenia found in
Iceland might be genetically separated from the
more southern relatives. In this study, we used COI
and rbcL molecular markers to analyze phylogenetic
relations within the genus Schizymenia with the aim

of resolving the identity and affinity of the species
found in Iceland.

MATERIALS AND METHODS

Sampling. Schizymenia plants used in the molecular analysis
were collected at the localities listed in Table S1 in the Sup-
porting Information. A piece of each specimen, c. 1–2 cm2

,

was cut off and placed in silica gel for drying. Voucher speci-
mens were dried on herbarium sheets and deposited in the
herbarium of the Icelandic Institute of Natural History
(ICEL). Herbarium abbreviations follow Thiers (2018).

A sampling location at Stekkjarvikur, Reykjanes peninsula,
southwestern Iceland (64°1.7700 N, 22°14.6160 W), was visited
every month at low water, spring tide from April 2016 to May
2017 to monitor seasonal changes in morphology and repro-
duction in both the foliose and crustose plants of Schizymenia.
Plants were collected to examine the presence of reproductive
structures, and the lengths of the ten largest foliose specimens
were measured. The substratum at the study site is of uneven,
basaltic lava rocks. The mean tidal range at spring tide is c.
3.5 m and the sea surface temperatures vary on average from
1.5°C for March to c. 13.5°C in August (Icelandic Coast Guard
2019, Marine and Freshwater Research Institute 2019).

In the laboratory, the plants were photographed and
hand-sectioned for microscopic observations using a Leitz
RMZ light microscope equipped with a Leitz DFC320 digital
microphotographic camera. Voucher specimens were pre-
pared and deposited at the Natural History Institute in Reyk-
javik (ICEL).

DNA extraction and sequencing. Pieces c. 5–10 mm2 of
silica-dried Schizymenia blades and crusts were ground in a
mortar with chemically pure sand (Merck, Darmstad, Ger-
many) to a fine powder. The powder was rehydrated in CTAB
(cetyltrimethylammonium bromide), Sarkosyl, and proteinase
K (500:50:10) and then DNA was dissolved with SEVAC (chlo-
roform:isoamyl alcohol, 24:1) at 65°C and precipitated with
isopropanol and ethanol. The DNA was then cleaned using
GFx DNA cleaning kit (GE Healthcare, UK) following the
manufacturer’s protocol. To each 1 lL DNA sample, we added
22 lL of PCR mixture contained, 2.5 lL buffer, 1.5 lL MgCl2,
0.5 lL dNTP, 1 lL of each forward and reverse primers, and
0.5 lL Taq (Biotaq DNA Polymerase kit; Bioline Ltd, UK) for
amplification. The plastid-encoded rbcL was amplified using
F57 and R1442 primers (Freshwater and Rueness 1994). The
mitochondrial COI gene was amplified using GAZF1 and
GAZR1 primers (Saunders 2005) and M131F and M13Rx
(Saunders and Moore 2013). PCR amplifications were under-
taken in a Techne thermal cycler (Cole-Parmer Ltd., St. Neots,
UK). For rbcL amplification, we used an initial denaturation
step at 95°C for 2 min, followed by 35 cycles of denaturation
at 95°C for 1 min, annealing at 47°C for 1 min and extension
at 72°C for 2 min, and then a final extension at 72°C for
2 min. For CO1, we used an initial denaturation step at 94°C
for 2 min, followed by five cycles of denaturation at 95°C for
30 s, annealing at 45°C for 30 s and 1 min extension at 72°C
and then 35 cycles starting with denaturation at 94°C for 30 s
and annealing at 46.5°C for 30 s, and an extension at 72°C fin-
ishing by a final extension at 72°C for 1 min (Saunders and
Moore 2013). The amplification success was tested by agarose
gel electrophoresis. The PCR amplifications were undertaken
with 18 samples of foliose Schizymenia (17 from Iceland and 1
from UK) and 3 samples of “Haematocelis”-like crusts. The PCR
products were sent for DNA sequencing at the sequencing lab-
oratory of the Natural History Museum in London on an ABI
3730 XL capillary DNA analyser (Applied Biosystems).

Phylogenetic analysis. The resulting sequences were edited
with BioEdit, version 7.2.6 (Hall 1999). Sequences from
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GenBank of rbcL and COI for Schizymenia spp. were compared
with our sequences and Platoma cyclocolpum and Titanophora
weberae used as outgroup (Saunders et al. 2015). Information
on GenBank accession numbers, origin, date of collection,
etc., of the sequences used to construct the phylogenetic
trees is shown in Table S1.

Phylogenetic analyses were performed with maximum like-
lihood and Bayesian methods. Maximum likelihood (ML)
analyses were done using MEGA5 (Tamura et al. 2011). Sup-
port for ML analysis was assessed both with approximate like-
lihood ratio test and bootstrap values were created with 1,000
resampling replicates for both rbcL and COI data. Bayesian
analysis was conducted with MrBayes v3.2.6 (Ronquist et al.
2011) using a general time reversible model with invariable
sites and gamma distribution (GTR+I+Γ) to describe the
nucleotide sequence evolution, which was assessed as a good
candidate by JModelTest2 with the Akaike Information Crite-
rion (Guindon and Gascuel 2003, Darriba et al. 2012). This
model was used in Bayesian analysis for both rbcL and COI.
Markov chain Monte Carlo analysis was run for 1,000,000 gen-
erations with sampling every 1000 generations. Potential scale
reduction factor scores were used to determine the number
of generations run. The sump and sumt functions of MrBayes
were used to calculate Bayesian posterior probability values.
The first 25% of the samples from the cold chain were dis-
carded as burn-in. Maximum likelihood and bootstrap values
were created using MEGA5 (Tamura et al. 2011).

RESULTS

Taxonomy. Schizymenia jonssonii K.Gunnarsson &
J.Brodie sp. nov. (Fig. 1)

Diagnosis: Gametophytic phase foliose with sur-
face either flattened or with irregular ridges and

depressions. Thallus lacking gland cells. Color dark
red to brownish red. Tetrasporophytic phase crus-
tose, with uneven surface having numerous small
swellings. Can equally be distinguished by its nucleo-
tide sequences of the mitochondrial COI and plas-
tid rbcL genes.
Description: Species consisting of an upright

foliose phase and a “Haematocelis” crustose phase.
Upright fronds have a cylindrical stipe, 1–3 mm long,
and are attached with a discoid or slightly conical
holdfast. Thallus oblong, sometimes lobed or split,
50–350 mm in length, semi-gelatinous; surface either
flattened or with irregular ridges and depressions.
Color dark red to brownish red. Fronds are 250–
600 lm thick (older blades in winter up to 900 lm).
In surface view, cells are rounded, 7–9 lm in diam-

eter. The blade consists of an inner medulla and an
outer cortex (Fig. 2a). In transverse section (TS), the
medulla consists of loosely interwoven, branched fila-
ments of elongated cells, 3–7 lm in diameter, and up
to more than 150 lm long. The cortex consists of cell
rows, typically 6–8 cells (–20) in length in TS with
dichotomous branching. The innermost cortical cells
are spherical, 30 lm in diameter in TS. Cells diminish
in size toward the surface and the outermost cortical
cells are elongate, c. 7.5 9 15 lm in TS. The medul-
lary filaments are connected by pit connections to
the cortical branches but no secondary pit connec-
tions were observed. Gland cells are absent.
Cystocarps are visible as small dark-red spots on

the surface of the fertile blades and are most com-
mon in the distal end but are also occasionally
found in the middle and the lower part of the thal-
lus. Cystocarps are situated in the inner cortex or in
between the medullary filaments, close to the cor-
tex, 130–300 lm across and are without pericarp.
Ostioles are visible as depressions in the surface of
the thallus by the cystocarps (Fig. 2b). Individual
carposporangia are 15–40 lm in diameter. Carpogo-
nia and spermatangia were not observed.
Crusts are dark red in color, irregularly shaped,

1–7 cm across, and cartilaginous. Crusts are up to
2.5 mm thick and layered with darker and lighter
bands seen in cross section. Horizontal basal fila-
ments curve up and give rise to upright, narrower
filaments. Tetrasporangia are zonate, produced in
the surface layer, 50–70 lm 9 15–20 lm (Fig. 2c).
Released tetraspores are spherical, c. 25 lm in diam-
eter (Fig. 2d). Surface of crust is uneven with
numerous small swellings (Fig. 2e). Rhizoids, two to
five cells long, are occasionally found on the under-
side of the crust (Fig. 2f).
Holotype: Gametophyte collected in the lower

intertidal zone at Stekkjarvikur, Reykjanesskagi, Ice-
land (64°1.770 N, 22°14.620 W), April 21, 2016
(Fig. 1). GenBank accession numbers: rbcL =
MN567259, COI = MN567252. Specimen deposited
in the Cryptogamic Herbarium of the Natural His-
tory Museum, London (BM). BM museum number:
BM013844101.

FIG. 1. Holotype specimen of Schizymenia jonssonii sp. nov.
(BM013844101), collected at Stekkjarvikur, SW Iceland on April
21, 2016. Scale = 2 cm.
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Isotype: Crustose tetrasporophyte, collected in the
lower intertidal zone at Stekkjarvikur, Reykjanessk-
agi, Iceland (64°1.770 N, 22°14.620 W), April 21,
2016. GenBank accession numbers: rbcL =
MN567260, COI = MN567253, deposited in the
Cryptogamic Herbarium of the Natural History
Museum, London (BM). BM Museum number:
BM013844102.

Etymology: The species is named in honor of the
Icelandic phycologist Sigurður J�onsson, for his con-
tribution to the knowledge of Icelandic macroalgae
and phycology in general.

Paratypes: Gametophytes collected at S€olvafl�a, Vest-
mannaeyjar, August 12, 1999 (Voucher =ICEL586),
Stekkjarvikur, Reykjanesskagi, April 21, 2016 (Voucher
=ICEL13226), €Ondverðarnes, August 8, 2007 (Vou-
cher =ICEL6225), Flatey, Breidifj€ordur, June 17, 1977
(Voucher =ICEL856), Sk�alav�ık, July 3, 2008 (Voucher
=ICEL7748) and Laugatangi, Hr�ısey, June 14, 2006
(Voucher =ICEL5343). All paratype specimens are

deposited in the algal herbarium of the Icelandic
Institute of Natural History (ICEL).
Type Locality: Stekkjarvikur, Reykjanesskagi, Ice-

land (64°1.770 N, 22°14.620 W).
Distribution: Schizymenia is found in Vestmannaey-

jar Archipelago off the south coast of Iceland and is
distributed more or less continuously from there,
along the southwest coast. It is then found sporadi-
cally along the west and the northwest coast and at
one locality on the north coast (Fig. 3).
The upright fronds started to appear in February,

most often attached directly to the rock by a small
(2–4 mm diameter), conical holdfast, but sometimes
they grew up from a Haematocelis-like crust. The
fronds increased in size until July when they were at
their maximum size. From May until August, the
fronds were mostly yellow in color (Fig. 4a) and
were often seen with bleached spots. During the
period from June to August, the blades had epi-
phytes and were grazed by numerous gastropods. In
September, the blades started to erode and many of
the plants died. Only a very few, small plants were
observed from December to February. Cystocarps
were first observed in September and last seen in
March in some of the small blades that had over-
wintered from the previous year.
Crusts were cartilaginous, with a firm, uneven sur-

face and often with dark red swellings, 1–5 cm in
diameter (Fig. 4b). The crusts were loosely attached
to the substratum and were easily detached. During
the winter, the crusts were without overgrowth of
ephemeral algae and could be spotted by eye due to
their slightly lighter color than other red algal
crusts, Hildenbrandia spp. and Haemescharia hennedyi
that were growing in the vicinity. In the summer,
the crusts were overgrown by the red and green
algae Cystoclonium purpureum, Ceramium virgatum,
and Ulva fenestrata (cf Hughey et al. 2019) and diffi-
cult to spot. Crusts were up to 7 cm in diameter.
Tetrasporangia were first seen in December in the

FIG. 2. Schizymenia jonssonii sp. nov. (a) Transverse section
(T.S.) of blade. (b) Cystocarps between the inner cortex and
medulla in T.S. of the blade. Ostioles opening to the surface. (c)
Zonate tetrasporangia just below the surface of a sporophyte
crust. (d) Tetraspores being released. (e) T.S. of a tetrasporo-
phyte with openings between layers. (f) Rhizoids on the under-
side of the tetrasporophyte. Scale (a–d and f) = 50 lm and (e) =
1 mm.

FIG. 3. Distribution of Schizymenia jonssonii sp. nov. (black cir-
cles). Depth contours for 100 and 200 m are shown.
Scale = 100 km.
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inner layers of some older crusts. In January,
tetrasporangia were observed in the surface layer on
many of the crusts but often the sporangia con-
tained only two spores. The portion of sporangia
with four spores increased from January to March
(Fig. 2c). In April, only a few sporangia were
observed, all with two spores. The older crusts were
layered, and often had holes both between layers
and between the crust and the substratum (Fig. 2e).
These holes were inhabited by a variety of inverte-
brates. The crustose plants grew along with the
blade-phase on moderately exposed to exposed
shores and were found throughout the year.

Phylogenetic analysis. 17 rbcL sequences of 1210 bp
and 17 COI sequences of 680 bp were obtained
from specimens of Schizymenia jonssonii collected in
Iceland. An additional rbcL sequence was obtained
for a specimen collected in Plymouth, UK. All the
sequences from the Icelandic samples turned out to
be identical for the respective markers. The ML tree
for rbcL contained 23 Schizymenia sequences of
which 6 were new sequences from Icelandic speci-
mens and one from Plymouth.

Analysis of COI and rbcL sequences of Schizymenia
jonssonii, and Schizymenia sequences available from
GenBank showed a monophyletic tree and two dis-
tinct clades of species (Figs. 5 and 6). The new species
S. jonssonii formed a highly supported cluster with the
Pacific species S. pacifica, S. tenuis and the unde-
scribed species “Schizymenia. sp._1Cal” (Saunders
et al. 2015), and was most closely related to “Schizy-
menia sp._1Cal” with c. 97–98% similarity for the two
markers studied. In the phylogenetic tree, this clade
was distinctly separated from a clade containing the
two other species of Schizymenia found in the Atlantic,
S. dubyi, and S. apoda. The rbcL sequences from two
specimens of unidentified Schizymenia spp. from

Japan, clustered with S. dubyi and S. apoda, but formed
separate branches. The rbcL sequence of a sample of
Schizymenia sp. from Plymouth turned out to be con-
specific with S. apoda from Namibia and the Azores
(Fig. 5). The differences in rbcL and COI sequences
between the two clades ranged from 4.6% to 4.8%
and 5.1% and 6.8%, respectively (Table 1).

DISCUSSION

The results from the present analysis of COI and
rbcL data reveal a new species of Schizymenia in the
Atlantic, S. jonssonii K.Gunnarsson & J.Brodie, which
adds a third species of Schizymenia to the North
Atlantic seaweed flora. This species differs from
other Schizymenia species by being strictly intertidal
and lacking gland cells. It is only distantly related to
the other species of the genus found in the Atlantic
(i.e., S. dubyi and S. apoda) but clusters more closely
with the Pacific species S. tenuis, S. pacifica and the
undescribed species “Schizymenia sp._1Cal” (Saun-
ders et al. 2015).
Analysis of the rbcL marker from a specimen col-

lected in Plymouth proved to be conspecific with
Schizymenia apoda from the Azores and Namibia.
This is the first record of S. apoda in the UK and
the first genetic sequence analysis of the genus
Schizymenia from the UK.
The uncertainty of the identity of the species in

relation to the type specimen of type of the genus,
Schizymenia dubyi, which is from Cherbourg, France,
cannot be resolved until sequence data of the type
specimen is available. We attempted without success
to obtain a sequence from the type specimen of the
genus dated 1826 (material kindly given to us by
the University of Strasbourg Herbarium [STR]) fol-
lowing the method and recommendations given by

FIG. 4. Life history phases of
Schizymenia jonssonii sp. nov.
growing in the lower intertidal in
Stekkjarvikur, SW-Iceland. (a)
Blades – gametophyte phase, July
4, 2016. (b) Crusts –
tetrasporophyte phase, March 1,
2018. Scale = 2 cm.
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Hughey and Gabrielson (2012). Although there is a
DNA sequence from a specimen identified as S.
dubyi for the west of Brittany, the presence of spe-
cies identified as S. apoda nearby makes it possible
that either of the two species or even another spe-
cies will prove to be identical to the type specimen.
This is further confounded by possible introgression
of S. apoda and S. dubyi (Saunders et al. 2015). The
clear genetic separation of the two clades in the
phylogenetic tree (Figs. 5 and 6) and the high
sequence differences between the two clades
(Table 1) makes an argument for considering a revi-
sion of the concept of the genus Schizymenia, includ-
ing the creation of a new genus, but until more
species of the genus have been sequenced and the
phylogenetic position of the type has been estab-
lished, this remains a future goal.

Schizymenia dubyi has been recorded from Mor-
occo (Benhissoune et al. 2003), in the Mediter-
ranean sea (Sciuto et al. 1979, Alongi and Cormaci
1993) and along the Atlantic coasts of Portugal
(Ardr�e 1970), Northern Spain (Rodriguez and Moli-
ner 2010), and France (Gayral 1966) north to the
UK (Hardy and Guiry 2003) as well as Iceland (Gun-
narsson and J�onsson 2002). The Icelandic speci-
mens have now been shown to belong to a separate

species and apart from the S. apoda sequences from
the Azores, only one rbcL sequence is available in
GenBank of Schizymenia from the Atlantic coast of
Europe. Discovering the new species S. jonssonii in Ice-
land and finding S. apoda in the Plymouth area in Bri-
tain emphasizes the need for further molecular
studies on Schizymenia specimens from the area to
establish the identity and distribution of Schizymenia
spp. in the North Atlantic and the Mediterranean Sea.
Both Schizymenia apoda and S. dubyi have been found

at several sites in the Pacific (Hughey and Miller 2009,
Gabriel et al. 2011, Kim et al. 2012, D’Archino and
Zuccarello 2013, Saunders et al. 2015), and S. dubyi
has also been found on the Atlantic coast of Argentina
(Ramirez et al. 2012). In some cases, they are thought
to have been recently introduced (Ramirez et al.
2012, D’Archino and Zuccarello 2013).
As there are still five additional species of Schizy-

menia listed in Algaebase (Guiry and Guiry 2019)
for which there are no sequence data yet, the ques-
tion remains as to whether one of them might be
synonymous with S. jonssonii. Two of them, S. vio-
lacea and S. johnstonii (Setchell and Gardner 1924)
from the Gulf of California are considered to be
synonymous and belong to the genus Grateloupia, as
G. violacea (Dawson 1944, 1961, Gabrielson et al.

FIG. 5. Maximum likelihood
tree for Schizymenia spp. drawn
using COI marker with Platoma
cyclocolpum and Titanophora
weberae as outgroup. GenBank
accession numbers are given for
each sequence. Values at nodes:
ML bootstrap values/Bayesian
posterior probability. Sequences
produced in the present study
are in bold. Scale bar = 0.02
substitutions per site. 1Specimen
has also been sequenced for rbcL
and is shown in Fig. 6.
2Tetrasporophyte. For details on
the specimens, from which the
sequences were obtained, see
supplementary data in Table S1.
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2019). Schizymenia obliqua was found on the island St
Paul in the Indian Ocean and is only known from
its original collection by Grunow (1868, Silva et al.
1996). This species was first described as a variety of
S. erosa, differing “just” in the form of the blade that
also resembled Iridaea curvata (Grunow 1868). Kylin
(1932) found that the original specimen of S. erosa
was a male plant belonging to the genus Iridaea.
Schizymenia ecuadoreana is found in the Galapagos
Islands. It is a deep-water species with distinctive
gland cells (Taylor 1945, Abbott 1967). Schizymenia
binderi is found on the Pacific coast of South Amer-
ica (Papenfuss 1964, Ram�ırez and Santelices 1991)
and also possesses gland cells (Kylin 1932). Consid-
ering the strict subtidal habitat of the two previously

named species, with plants growing to a depth of 55
m (Taylor 1945), distinct gland cells and their distri-
bution in the southern hemisphere, they are unli-
kely to be synonymous with, or the source of the
Schizymenia population in Iceland.
The DNA sequence analysis shows a clear separa-

tion of two phylogenetically distinct species groups
of the genus Schizymenia, one represented by the
species S. dubyi and S. apoda and the other with the
closely related species S. pacifica, S. tenuis, “Schizy-
menia. sp._1Cal,” and the new species S. jonssonii
(Figs. 5 and 6). This indicates a firm and extended
geographical isolation of the two clades, perhaps,
between the Atlantic and the Pacific and that S. jon-
ssonii has arrived in the Atlantic after the

FIG. 6. Maximum likelihood
tree for Schizymenia spp. using
rbcL sequences with Platoma
cyclocolpum and Titanophora
weberae as outgroup. Values at
nodes: ML bootstrap values/
Bayesian posterior probability.
Sequences produced in the
present study are in bold. Scale
bar = 0.01 substitutions per site.
1Specimen has also been
sequenced for COI and is shown
in Fig. 5. 2Tetrasporophyte. For
details on the specimens, from
which the sequences were
obtained, see supplementary data
in Table S1.
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evolutionary separation of the clades and that S.
apoda and S. dubyi are possibly inversely, relatively
recent introductions into the Pacific.

The results raise the question of how old the
introduction and the genetic separation of
Schizymenia jonssonii from its Pacific relatives is
likely to be. Schizymenia jonssonii possibly has an
ancestor of Pacific origin and colonized the
Atlantic after the opening of the Bering Strait,
evolved in the Atlantic and is a relic from the
last glacial maximum (LGM). But it is equally
possible that it is a relatively recent introduction
into the Atlantic. The following two scenarios
could possibly explain the presence of the new
species in Iceland. A: The species passed
through the Bering Strait during ancient warm
periods after 3.5 million years BP and colonized
the North Atlantic. The opening of the Bering
Strait is dated at about 5.5 million years BP
(Gladenkov et al. 2002) while inflow of biota
from the Pacific into the Atlantic possibly started
much later or at about 3.5 million years BP
(Vermeij 1991). The Icelandic coast is thought
to have been completely covered by ice during
the LGM in the North Atlantic, from
26,500 years BP to at least about 14,600 to
12,700 years BP (Ing�olfsson et al. 2010). If the
species is to have survived in the Atlantic for a
more extended period, it would have been
pushed southwards by the glaciation at least to
the English Channel (Sejrup et al. 2005, Carr
et al. 2006) and when the glacier started retreat-
ing it would have moved toward the Arctic in
the wake of the deglaciation. If this was the case,
it would be expected for there to be traces of
the species left behind south of Iceland (e.g., in
the Faroes, southern Scandinavia or the UK).
However, since then it appears to have died out
south of Iceland and in the Pacific (or the spe-
cies is still living cryptically further south in Eur-
ope and/or in the Pacific). B: The species
colonized Iceland from the Pacific after LGM. The
source population in the Pacific died out (or a
cryptic source population still exists in the Pacific).
Only more molecular studies of Schizymenia from
more locations in the North Pacific will help solve
this puzzle.

Until now only Schizymenia dubyi had been
recorded for Britain and Ireland. The finding of S.

apoda in England raises the question of the identity
of Schizymenia in the region. To resolve this prob-
lem, more sequence data are needed from contem-
porary and historical material. This has been proved
to be valuable for the study of algal diversity (this
study and Gunnarsson et al. 2016).
Considering the discovery of the new species in

Iceland, the presence of Schizymenia apoda in Eng-
land, and the extreme difficulty in distinguishing
species within the genus, it is likely that there is
greater diversity of Schizymenia spp. at the local level
in the north-eastern Atlantic.
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