Mediterranean Marine Science

Indexed in WoS (Web of Science, ISI Thomson) and SCOPUS
The journal is available on line at http://www.medit-mar-sc.net
DOI: http://dx.doi.org/10.12681/mms.1107

Research Article

First record of the calcified genus Dichotomaria Lamarck (Nemaliales, Rhodophyta)
in the Mediterranean Sea

R. HOFFMAN/, S.-L. LIU% Y. LIPKIN' and M. STERNBERG'

! Department of Molecular Biology and Ecology of Plants, Tel-Aviv University, Tel-Aviv 69978, Israel
2 Department of Life Science, Tunghai University, Taichung 40704, Taiwan

Corresponding author: razyho@hotmail.com

Handling Editor: Athanasios Athanasiadis

Received: 22 October 2014; Accepted: 11 March 2015; Published on line: 23 April 2015

Abstract

Global climate change is causing the Mediterranean coastal area of Israel to gradually acquire tropical characteristics. Ris-
ing sea surface temperatures in the eastern Mediterranean basin have facilitated the introduction, settlement and establishment
of hundreds of alien species (Zenetos et al. 2012). The vast majority of these exotic species are of Indo-Pacific origin. We report
the occurrence of the genus Dichotomaria in the eastern Mediterranean on the basis of specimens identified as Dichotomaria cf.
obtusata (J. Ellis & Solander) Lamarck. Tetrasporophytes with sporangial initials were identified morphologically and confirmed
molecularly using plastid rbcL sequences. We also discuss possible paths of introduction of this and other alien species into the

Levantine Sea.
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Introduction

Over twenty alien species of seaweeds have been re-
ported thus far from the Israeli Mediterranean (IM) coast.
Amongst those recorded during the first decade of the
twenty-first century, Codium arabicum Kiitzing, Codium
parvulum (Bory ex Audouin) P.C. Silva, Galaxaura ru-
gosa (J. Ellis et Solander) J.V. Lamouroux and Stypopo-
dium schimperi (Kiitzing) M. Verlaque et Boudouresque
showed a prominent occurrence along the Mediterranean
shores of Israel. Their presence was obvious from enor-
mous drift events that cast ashore thousands of tons of al-
gal biomass indicating large subtidal blooms of these in-
vasive seaweeds (Hoffman et al., 2011; Hoffman, 2013).
The increasing presence of invasive non-native species
threatens the local marine biota and has the potential for
disrupting ecosystem function (Hoffman, 2013).

Galaxauraceae is a red algal family of calcified
seaweeds that has a primarily tropical and subtropical
distribution, with few members in temperate seas. The
family comprises four genera: Actinotrichia Decaisne,
Dichotomaria Lamarck, Galaxaura J.V. Lamouroux
and Tricleocarpa J.M. Huisman & M.A. Borowitzka,
with over 50 species currently accepted (Guiry & Guiry,
2014). Dichotomaria was reestablished as distinct from
Galaxaura by Huisman et al. (2004) on the basis of mor-
phological and molecular evidence, and this segregation
was further supported by new morphological characters
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(Wang et al., 2005). Within Galaxauraceae, Dichotomar-
ia is characterized by having + isomorphic gametophytic
and tetrasporophytic phases, a pericarp enclosing the
cystocarp, a multinucleate fusion cell formed by goni-
moblast cells, and cruciately divided tetrasporangia pro-
duced on stalk cells (Wang et al., 2005; Kurihara & Huis-
man, 2006; Wiriyadamrikul et al., 2014).

During an algal survey that took place in late June
2014 on an islet made of Kurkar (a rocky substratum of
calcite-cemented sandstone) at Sdot-Yam, near the old
port of Caesarea (built by Herod the Great about 13-25
B.C.), three specimens of Dichotomaria sp. were found
and collected from a natural intertidal habitat.

Materials and Methods

Study area

Following the finding of the species at Sdot-Yam, algal
surveys were carried out along the entire IM coastline, dur-
ing the summer of 2014. These surveys were conducted in
the intertidal zone as well as the shallow subtidal, to a depth
of 8 m. Specimens were collected from natural habitats as
well as from algal drifts, placed in plastic bags, and labelled
with location and collection data. Herbarium specimens
were stored as dried or preserved in 70% alcohol.

Dichotomaria specimens were observed exclusively at
two sites (Fig. 1). Specimens were found growing attached
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Fig. I: Distribution (black dots) of Dichotomaria cf. obtusata.
along the Israeli Mediterranean coastline.

to vertical walls located inside a pothole at 1m depth, on
a small islet made of Kurkar at Sdot-Yam (32.4912°N,
34.8866°E). Specimens were also collected at the city of
Haifa (32.8324°N, 34.9725°E) ca. 40 km north of the first
site. Most specimens collected at Haifa were found scattered
in the summer algal drift, however, one was found growing
attached to a flat limestone foundation at about 4 m depth.

Morphological studies

The following specimens were examined: Sdot-Yam:
sterile thalli, 27.vi.2014-(III), coll. R. Hoffiman (TAU un-
numbered; Hoffman s.n.); sterile thalli, 27.vi.2014-(1V),
coll. R. Hoffman (TAU unnumbered; Hoffman s.n.); Hai-
fa: thallus with sporangial initials, 20.vii.2014-(I1I), coll.
R. Hoffman (TAU unnumbered; Hoffman s.n.).

Tissues were decalcified in 0.1M HCI solution, and
cellular morphology was examined using a Zeiss Axiop-
lan 2 imaging (Carl Zeiss, Jena, Germany). Digital im-
ages were acquired with an Olympus DP71 microscope
digital camera and an Olympus SP 820UZ digital camera
(Olympus Corp. Tokyo, Japan). We compared the ana-
tomical and cellular features of the Mediterranean speci-
mens of Dichotomaria to those published in the literature
(Littler & Littler, 2000; Wang et al., 2005; Huisman &
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Kurihara, 2006; Kurihara & Huisman, 2006; Wiriyadam-
rikul et al., 2014), and also to Dichotomaria specimens
stored at the national seaweed herbaria of Israel.

The algaebase.org site (Guiry & Guiry, 2014) and the
national seaweed herbaria of Israel (TAU and Hebrew
University in Jerusalem) were checked to confirm the
assumption that this is the first record of the genus Di-
chotomaria in the Mediterranean.

Molecular and phylogenetic analyses

Molecular examination and sequencing of specimen
TAU Sdot-Yam, Hoffiman s.n., 27.vi.2014-(I) took place in
Taiwan. Total DNA was extracted using the ZR Plant/Seed
DNA kit (Zymo Research, CA, USA) following the manu-
facturer's instructions. Gene amplification and sequencing
followed the protocols described in Wang et al. (2005).
Gene-specific primers are listed in Lin et a/. (2001) as fol-
lows: F7+R753, F492+R1150, and F993+RrbcS for rbcL.
Sequencing was done using an ABI3730 DNA Sequencer
(Applied Biosystems, Foster, CA, USA) at the Mission Bio-
technology Company (Taipei, Taiwan). The newly gener-
ated sequence was deposited at GenBank under the acces-
sion KM659128. Additional rbcL sequences were obtained
from GenBank with the accession numbers listed in Wang
et al. (2005), Kurihara et al. (2005), Kurihara & Huisman
(2000), Liu et al. (2013), and Wiriyadamrikul et al. (2014).
Three genera of Galaxauraceae, including Actinotrichia,
Galaxaura, and Tricleocarpa, were used as outgroups. Prior
to the phylogenetic analysis, the nucleotide sequences were
aligned using the software MUSCLE with default settings
(Edgar, 2004). Phylogenetic analysis was conducted using
the software MEGA v.6 (Tamura ef al., 2013) with a maxi-
mum likelihood method. The best-fit nucleotide substitution
model of sequence evolution was selected using MEGA v.
6 as the Tamura 3-parameter model (T93) + G + I due to
the lowest BIC (Bayesian Information Criterion) score. The
parameters were as follows: assumed nucleotide frequen-
ciesA=0.324, T=0.310, C=0.157, G = 0.209; nucleotide
substitution matrix with A-T = 0.041, A-C = 0.021, A-G =
0.081, T-A=0.043, T-C=0.177, T-G = 0.028, C-A=0.043,
C-T=0.349, C-G=0.028, G-A=0.126, G-T = 0.041, G-C
=0.021; proportion of sites assumed to be invariable = 0.56;
and rates for variable sites assumed to follow a gamma dis-
tribution with the shape parameter = 0.88. Statistical support
for each node of the phylogenetic tree was computed us-
ing 1000 replicates of bootstrapping analyses (Felsenstein,
1985) with the maximum likelihood method in MEGA v.6.

Results

Morphological results

Specimens have a slightly calcified, segmented thal-
lus rising from a discoid holdfast, up to 1.5 cm in di-
ameter, forming stiff, terete, erect bushy clusters, up to
7 cm high, pale pink to cream or red in color (Fig. 2a).
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Fig. 2: Tetrasporangial thallus of specimen TAU Sdot Yam,
Hoffman s.n., 27.vi.2014-(III), (a) habit (scale bar = 8 mm) and
(b) Cross-section showing the tristromatic cortex with distinct
stalk-cells (arrows) in the middle portion (scale bar = 50 pm).

Branching is dichotomous. Segments are slightly calci-
fied at joints, covered with scattered microscopic hairs,
fragile, brittle and obtuse at apices, 2—3 mm in diameter
and 4 to 10 mm long. The medulla is mucilage-filled and
largely cell-free, however, dichotomous filaments (12-18
pum in diameter) cross the medullary space.

The cortex is three cells thick throughout the seg-
mented thallus (Fig.2b). Cells in the outermost (epider-
mal) layer are tightly arranged, triangular in transverse
section and polygonal in surface view (Fig. 3) with 4-8
sides (15-25 um long by 20-35 um wide). Cells of the
middle cortical layer are elongated and stalk-like, 8-14
um in diameter (Fig. 2b). Cells of the innermost layer
are broadly oval in transverse section and polygonal in
surface view (50-70 um long by 45-110 um wide).

Specimen 20.vii.2014-(1l1) (TAU, Hoffman s.n.) is
provided with terminal sporangial initials, on stalk cells
cut off from the outermost cortical cells. Immature tet-
rasporangia are spherical to ovoid in shape, and 20-23pum
wide by 28-36 um long.
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Fig. 3: Surface view of the polygonal epidermal cells of the
outermost layer (scale bar = 40 ym).

Molecular results

A total of 1,363 nucleotides were used in our phyloge-
netic analysis after trimming the alignment to account for
missing data at the 5’ end of some of the aligned sequenc-
es. Maximum-likelihood (ML) analysis, revealed five lin-
eages in the genus Dichotomaria with moderate to strong
statistical support (Fig. 4). The Mediterranean specimen
was grouped with members of the D. obtusata assemblage,
being more closely related to the specimen from Phang
Nga (Thailand), and differring by only 0.3% divergence in
the rbcL sequence (Table 1). As the molecular affiliation
of D. obtusata from its type locality (Bahamas) remains
unknown, and a second Atlantic taxon is recognized as D.
obtusata var. major, we concluded that the Mediterranean
material should be identified as D. cf. obtusata, represent-
ing an undescribed entity from the Indo-Pacific Ocean.

Discussion

The results of our morphological observations and
molecular analyses indicated that the specimens from the
IM belong to the Dichotomaria obtusata assemblage. In
this genus, there are two different types of thallus: (1)
the flattened form and (2) the terete form. Our specimens
clearly belong to the second group. To the best of our
knowledge, there are only four taxa of Dichotomaria
with terete thallus: D. hommersandii S.L. Liu & S.M.
Lin, D. papillata (Kjellman) A. Kurihara & Masuda,
D. obtusata, and D. obtusata var. major Taylor (Tana-
ka, 1936; Liu et al., 2013; Wiriyadamrikul et al., 2014).
Dichotomaria papillata can be excluded from further
consideration since its branches lack nodal constriction
(Tanaka, 1936). In contrast, both D. hommersandii and
D. obtusata possess the latter character, but differ by the
width of branches. Branch width in D. obtusata (1.5-3.0
mm) and D. obtusata var. major (2.5-3.0 mm) is greater
than in D. hommersandii (0.5-1.5 mm) (Liu et al., 2013;
Wiriyadamrikul et al., 2014). The branch width of our

327



99

98

79 D. cf. obtusata Sdot Yam, Israel «mese12s)
D. cf. obtusata Phang Nga, Thailand (KF752514)
D. cf. obtusata Okinawa, Japan (AB117632)
D. cf. obtusata KNP, S. Taiwan (aves8s024)
D. cf. obtusata Rottnest Is., Australia (AB258447)
.| D. obtusata var. major Bermuda (kF752515)
— D. obtusata var. major Bermuda (kF752517)
D. obtusata var. major Bermuda (KF752516)
D. cf. obtusata Kwazulu-Natal, South Africa (kF752524)
D. cf. obtusata Natal, South Africa (Ave8s025)
D. cf. obtusata Trang, Thailand (kF752525) =
D. marginata Cebu, Philippines (Av688017)
D. marginata Cebu, Philippines (kF752511)
g3|' D. marginata Papua New Guinea (Av688018)
D. marginata Phang Nga, Thailand (kF752512)
98 | - D. marginata Guadeloupe (Av688019)
D. marginata Phang Nga, Thailand (kF752513)
D. marginata Dhofar, Oman (kF752510)
D. cf. marginata DaShian%lLan, N.E. Taiwan (Avesso21)
951 D. cf. marginata llocos Norte, Philippines (kF752522)
S7M1 D, of. marginata KNP, S. Taiwan (AY688020)
D. cf. marginata Hachijo Is.,Tokyo, Japan (aAB117630)
82/ D. intermedia Galapagos Is., Ecuador (kF752508)
96 | D. intermedia Galapagos Is., Ecuador (kF752506) 1]

96

Dichotomaria

¥

99

99

99

D. intermedia Lombok, Indonesia (kF752509)
D. intermedia Galapagos lIs., Ecuador (kF752507)
D. tenera Kwazulu-Natal, South Africa (F752518)
D. tenera Kwazulu-Natal, South Africa (kF752519)
D. teneta Natal, South Africa (Av688023)
D. cf. marginata Lesser Antilles (kF752521)
D. cf. marginata Sonora, Mexico (Av688022)
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D. falcata Shizuoka, Japan (AB117629)
% D. falcata Shizuoka, Japan (AB117634)
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97| D. falcata Busan, Korea (kF752503)
D. falcata Wando, Korea (KF752505)
D. falcata Jeju, Korea (kF752504)
D. papillata Kumamoto, Japan (aAB117639)
D. papillata Kumamoto, Japan (aB117631)
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D. australis Jervis Bay, N.S.W. Australia (AB258440)
— D. diesingiana Sharks Bay, South Africa (Ave88026) =
D. hommersandii Port Alfred, South Africa (Jxo072968) J vV

Galaxaura rugosa Sorsogon, Philippines (Avsgg000)

4’—0

|
0.02 substitutions per site

Actinotrichia fragilis Sulpa Is., Cebu, Philippines (AV688010):|
Tricleocarpa fragilis KNP, S. Taiwan (Ave88o16) Outgroup

Fig. 4: The phylogram of the genus Dichotomaria inferred from the maximum likelihood method. Species from three different genera
of Galaxauraceae (i.e., Actinotrichia, Galaxaura and Tricleocarpa) were used as outgroup. Statistical support from 1000 replicates of
bootstrapping analyses is indicated on branches (> 50%). Asterisk indicates 100% statistical support from the bootstrapping analyses.

specimens agrees well with the descriptions of D. obtu-
sata and D. obtusata var. major. Moreover, the particu-
lar arrangement of cortical cells in our material (Fig. 2b)
supports its identification with the tetrasporophyte phase
of these species (Huisman & Kurihara, 20006).

At the molecular level, Wiriyadamrikul er al.
(2014, fig. 4) observed high genetic divergence in rbcl
and coxl sequences, between widely separated strains
of D. obtusata, and recognized at least 3 groups: one
from Australia, Japan, Taiwan, and Thailand, a second
one from South Africa, and a third one from Bermuda
(var. major). Wiriyadamrikul et al. concluded that these
groups may represent distinct species, but in the absence
of data from the type locality (Bahamas) they refrained
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from taxonomic implications. Our molecular analyses
of the Mediterranean material showed that it is affiliated
with the first group of Wiriyadamrikul et a/. and in par-
ticular with the specimen from Phang Nga (Thailand).
Accordingly, we tentatively identified our materials as D.
cf. obtusata, pending genetic information of populations
from the type locality (Bahamas).

The present report of the tropical genus Dichotomaria
from IM increases the number of Galaxauraceae in the
Mediterranean Sea to three. The other two members are 77i-
cleocarpa fragilis (Linnaeus) Huisman & R.A.Townsend,
considered to be native (Guiry & Guiry, 2014), and the
tropical Galaxaura rugosa (J.Ellis & Solander) J.V. Lam-
ouroux, which was also observed recently on the Israeli
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Table 1. Uncorrected pairwise P-distance (%) between species in the "D. obtusata" assemblage based on rbcL sequences.

Localities GenBank Accession No. Ocean/Sea 1 2 3 4 5 6 7 8 9 10 11
1. Sdot-Yam, Israel KM659128 g/ieadnerranean -

2. Phang Nga, Thailand KF752514 Indian Ocean 03 -

3. Okinawa, Japan ABI117632 Pacific Ocean 04 0.6 -

4. KNP, S. Taiwan AY 688024 Pacific Ocean 1.8 2.0 1.8 -

5. Rottnest Island. Australia AB258447 Pacific Ocean 1.7 1.6 1.3 1.6 -

6. Bermuda KF752515 Atlantic Ocean 2.0 1.8 1.5 1.8 1.3 -

7. Bermuda KF752516 Atlantic Ocean 2.0 1.8 1.5 1.8 1.3 0.0 -

8. Bermuda KF752517 Atlantic Ocean 2.0 1.8 1.5 1.8 1.3 0.0 0.0 -

9. Kwazulu-Natal, South Africa  KF752524 Indian Ocean 3.0 3.1 28 27 23 2.0 20 20 -

10. Natal, South Africa AY 688025 Indian Ocean 28 26 25 26 23 19 19 19 06 -

11. Trang, Thailand KF752525 Indian Ocean 35 35 33 3329 29 29 29 22 20 -

coast (Hoffmann et al., 2008; Hoffman & Dubinsky,
2010). The survival of D. ¢f. obtusata and the proliferation
of G. rugosa could be explained by global warming in the
Levant Sea, where sea surface temperatures increased dra-
matically in the past few years (Hoffman, 2013).
Dichotomaria obtusata is well represented in the al-
gal herbarium of TAU, where, most collections originate
from the Red Sea (Gulf of Aqaba and Sinai Peninsula) and
a few from Taiwan. The common occurrence of the spe-
cies in the Red Sea supports the hypothesis that our Med-
iterranean material is a Lessepsian immigrant that simply
crossed the Suez Canal. Yet, we may also speculate that
the vector of introduction was shipping. This assump-
tion implicates bulk carriers as the vector that introduced
D. cf. obtusata to the Mediterranean. These ships which
transport coal from Australia, South Africa and Colombia
to the power station located near Sdot-Yam, anchor about
3 km south west of the islet. As D. obtusata is commonly
recorded on the shores that surround South Africa, Aus-
tralia and Colombia (Guiry & Guiry, 2014), it is quite
possible that one of these ships carried this rhodophyte
either in its ballast water or as filamentous holdfasts at-
tached to its hull. Assuming a first introduction to Sdot-
Yam, the occurrence at Haifa may indicate a northward
spreading, probably with the local north-flowing marine
current. Across the globe, the northern boundaries of D.
obtusata are in southern Japan for the western Pacific,
North Carolina (USA) for the western Atlantic and the
Madeira Archipelago for the eastern Atlantic (Guiry &
Guiry, 2014). Madeira is located ca. 6,500 km west of the
collecting site at Haifa and at the same latitude (32°50").
Zenetos et al. (2012) reported the highest number of
alien species in the eastern Mediterranean basin, with a
total of 775 species as compared to 308 species in the
western basin. Seaweeds including sea-grasses were
the only group that contributed with a higher number of
non-native species in the western Mediterranean than the
eastern Mediterranean, with 93 and 70 species respec-
tively. This fact does not necessarily demonstrate the ac-
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tual situation since algal surveys from the Levant Sea and
the Egyptian coast are comparatively few.
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