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Abstract

Dasysiphonia is a genus of the family Delesseriaceae (Rhodophyta) including 9 taxonomically accepted species, among which
only the non-indigenous Dasysiphonia japonica has been documented from the Adriatic Sea (Mediterranean). This invasive spe-
cies is native to Hokkaido Island (Japan) and was introduced to Europe and the Mediterranean Sea through imports of the com-
mercial Pacific oyster Magallana gigas. In this study, we describe a new species belonging to the genus Dasysiphonia, collected
in the Mediterranean Sea. This new taxon was sampled in Slovenian coastal waters; its thalli were analysed using both molecular
and morphological approaches and it was compared with the other known species. Moreover, samples of the invasive D. japonica
were collected from different Venice Lagoon (Italy) sites and used for comparison with the new taxon. The phylogenetic recon-
struction, based on the plastid rbcL gene, clearly distinguished the new Slovenian entity from all the known Dasysiphonia species,
including the ones recently transferred from the sister genus Dasya. These results indicate that the Slovenian samples represent a

new species, hereby named Dasysiphonia adriatica sp. nov.
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Introduction

The genus Dasysiphonia 1.K. Lee & J.A. West (De-
lesseriaceae, Rhodophyta) was established in 1979 with
the description of the type species Dasysiphonia chej-
uensis from Korea. The type species described by Lee
& West (1979) is characterized by a typical Polysipho-
nia-type life history, with isomorphic gametophytes and
sporophytes, although for some species of the genus
Dasysiphonia only the tetrasporophytic phase is known
(Schneider, 1989). Recently, a molecular study on the
systematics of the sister genus Dasya C. Agardh trans-
ferred four species from Bermuda to the Dasysiphonia
genus: Dasysiphonia clavigera (Womersley) M.M. Cas-
sidy, C.W. Schneider & G.W. Saunders, D. collinsiana
(M. Howe) M.M. Cassidy, C.W. Schneider & G.W. Saun-
ders, D. naccarioides (Harvey) M.M. Cassidy, C.W. Sch-
neider & G.W. Saunders and D. sessilis (Yamada) M.M.
Cassidy, C.W. Schneider & G.W. Saunders (Cassidy et
al., 2022). Therefore, this small red algal genus current-
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ly includes nine taxonomically accepted taxa (Guiry &
Guiry, 2023); however, other Dasya species are phyloge-
netically close to the Dasysiphonia lineage, but addition-
al studies are required to transfer them officially to the
latter genus (Cassidy et al., 2022).

Among the currently accepted taxa, Dasysiphonia ja-
ponica (Yendo) H.-S. Kim is so far the only one reported
from the Adriatic Sea (Mediterranean Sea) (Sfriso ef al.,
2020). This invasive macroalgal species is native to Hok-
kaido Island in Japan (Kim, 2012), an area that represents
one of the major oyster production sites of the country
(around 700 tonnes per year; Hasegawa et al., 2015). In
Europe, this invasive red seaweed was first recorded in
Brittany (France) in 1984, near an oyster farming site, and
in 1988 in Galicia (Spain) (Sjetun et al., 2008). In 1998,
it was also recorded in the Thau Lagoon along the French
Mediterranean coast (Verlaque, 2001). Its introduction
and dispersal along the European and Mediterranean
coasts is due, most probably, to its association with the
Pacific oyster Magallana gigas (Thunberg, 1793) (Sjetun
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et al.,2008). According to recent studies, D. japonica has
been spreading massively to a number of coastal areas,
with blooms that have been associated with fish die-offs
(Fofonoff et al., 2018).

In this study, we describe a new species belonging to
the genus Dasysiphonia collected in the North Adriatic
Sea (Mediterranean Sea), herein named Dasysiphonia
adriatica M.A. Wolf, K. Sciuto, A. Buosi, M. Orlan-
do-Bonaca, A. Forti¢ & A. Sfriso sp. nov. Thalli of the
new species were analysed using a molecular approach
based on the »bcL marker as well as morphological meth-
ods, and the data were compared with all the other known
taxa of the genus, including the invasive D. japonica.

Materials and Methods
Sampling

Sampling was carried out in Slovenian coastal wa-
ters, as part of the national monitoring of non-indigenous
species in the greater area of Izola Marina (45.539386°
N, 13.656258° E). Specimens were collected in January
2023 in the lower mediolittoral and upper infralittoral
zone (approx. 1 m depth), using a scraper hand net. The
sampling site was characterized by scattered limestone
rocks, densely covered with macroalgae. Three non-in-
digenous algal species, Asparagopsis armata Harvey,
Codium fragile (Suringar) Hariot and Colaconema cod-
icola (Borgesen) Stegenga, J.J.Bolton & R.J. Anderson,
were recorded at this site during the period 2021-2023
(Mavri€ et al., 2023).

Moreover, several thalli of the invasive species D. ja-
ponica were sampled, for purposes of comparison, from
three areas of the Venice Lagoon (Italy), during differ-
ent monitoring campaigns within the framework of the
Mo.V.Eco V regional project, developed to assess the
ecological status of the lagoon (European Water Direc-
tive 2000/60/EC).

The Venice Lagoon samplings were performed dur-
ing winter 2023 at different sites: Station ENCI 1
(45.321303° N, 12.312681° E Santa Maria del Mare,
Pellestrina island), Station ENCI 9 (45.358467° N,
12.263336° E San Leonardo, Venice), Station ENC2 1
(45.442394° N, 12.408675° E; San Nicolo, Lido of Ven-
ice island).

Morphological analyses

A 4% formaldehyde/seawater solution was used as tis-
sue fixative for the preservation of all the collected spec-
imens, which were successively observed using a light
microscope (alternatively, an Optika B-510PH, Ponteran-
ica, Italy or an Olympus SZX16, Tokyo, Japan) equipped
with a digital image acquisition system. The final figure
plate was assembled with GIMP v. 2.8.22 (https://www.
gimp.org) and Inkscape v. 0.92 (www.inkscape.org).

The holotype of the new species was deposited at
PAD Herbarium, Botanical Garden Padova (Italy).
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Molecular analyses

The specimens were preserved in silica gel for the mo-
lecular analyses. The Genomic DNA purification kit (Ther-
mo Fisher Scientific™) was used to purify the DNA from
both the Italian and Slovenian samples. A fragment of the
plastid rbcL gene (rbcL-5P, about 700 bp long) was ampli-
fied using the primer pair F57-R753 (Freshwater & Rue-
ness, 1994) and following the PCR parameters reported in
Wolf et al. (2018). The obtained PCR products were puri-
fied with an enzymatic method using the HT ExoSAP-IT
(Applied Biosystems™), and sequencing was performed
at the Eurofins Genomics Sequencing Service (Germany).
The GeneStudio software (http://genestudio.com) was
used to assemble the final consensus sequences. One se-
quence for each sampling site was deposited in the Interna-
tional Nucleotide Sequence Database Collaboration (INS-
DC) repositories, through the GenBank platform, with the
following accession numbers: PP133045 - PP133047 (for
D. japonica sampled at three different sites of the Venice
Lagoon) and PP133048 (for the new Slovenian taxon).

Through the BLAST program, available at the USA
National Center for Biotechnology Information (NCBI)
web server (http://www.ncbi.nlm.nih.gov), the obtained
sequences were compared with those already deposited
in the INSDC archives.

A dataset was created including the newly obtained
sequences and other 7bcL-5P sequences available in Gen-
Bank, following the most recent classifications for the
genera Dasysiphonia and Dasya (Cassidy et al., 2022).
Sequences of representative species of both the genera of
the family Delesseriaceae were included. One sequence
of the genus Ceramium (INSDC accession: GQ252456)
was used as the outgroup for tree orientation.

For the phylogenetic analyses, a multiple sequence
alignment was created using the MUSCLE (Edgar, 2004)
software; it included 28 sequences for a total of 660
aligned positions. Phylogenetic analyses were based on
the Neighbour joining (NJ), Maximum Parsimony (MP)
and Maximum Likelihood (ML) methods and were ob-
tained with the MEGA 11 program (Tamura et al., 2021).
For ML, the model that best fit the data was GTR+G,
as suggested by the “Find best DNA Models” tool im-
plemented in MEGA under the BIC criterion (Schwarz,
1978). A non-parametric bootstrap re-sampling (Felsen-
stein, 1985) of 1000 replicates was performed to test the
robustness of the tree topologies.

Bayesian Inference (BI) analyses were carried out
with MrBayes version 3.1.2 (Ronquist & Huelsenbeck,
2003). The analyses included two independent MCMC
runs, each composed of four chains (three heated and one
cold); each MCMC ran for 1 x 10° generations, sampling
trees every 100 generations. The sampling of the poste-
rior distribution was considered to be adequate if the av-
erage standard deviation of split frequencies was <0.01.
The first 2500 trees were discarded as burn-in, as deter-
mined by stationarity of log likelihood assessed using
Tracer version 1.5 (Rambaut & Drummond, 2007). The
consensus topology and posterior probability values were
then calculated from the remaining trees. The final tree
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figure was created with Inkscape version 0.92.

Alignments of the rbcL-5P sequences of the genera
Dasya and Dasysiphonia were also obtained with MUS-
CLE to calculate the sequence percent identities within
these groups.

Results and Discussion

In the phylogenetic reconstruction, based on the plas-
tid rbcL gene (Fig. 1), the Italian samples collected from
different sites of the Venice Lagoon were all included in
a well-supported clade (100ML/100MP/100NJ/1.00BI)
with another sequence of D. japonica from Massachu-
setts (USA) (INSDC accession: MW698722). The Slo-
venian sequence, instead, was separated and well distinct
from all the other species included in the genus Dasysip-
honia, as well as from those that were recently transferred
to this taxon from the sister genus Dasya.

The rbcL-5P interspecific range of nucleotide per-

81/60/54/0.94

84/73/71/1.00

(0]
100/100/100/1.00 l__

80/82/61/1.00

cent identities, among the sequences of clades identified
at genus level and including different species of the cor-
responding genera, were: 91.96-96.97% for Dasya and
88.47-98.18% for Dasysiphonia (Table 1). For both the
genera, all the specimens attributed to a same species
showed 100% rbcL-5P sequence identity (Table 1). With
respect to the other recognized species of the genus Dasy-
siphonia, the sequence representing the Slovenian spec-
imens showed a minimum percent identity of 90.29%
with D. hutchinsiae and a maximum percent identity of
94.23% with D. corymbifera (Table 1).

The above molecular results demonstrate that the in-
vestigated Slovenian specimens represent a distinct line-
age, separated from all the other species included in the
genus Dasysiphonia, even if they are morphologically
attributable to this taxon (Fig. 2 and below description).
This finding is supported by a detailed morphological
analysis of the new taxon diagnostic characters and by
the morphological comparisons with the other so far ac-
cepted species of Dasysiphonia (Table 2).

MW698710 Dasya corymbifera

MW698715 Dasya sessilis

MW698709 Dasya tenuis

ONO002437 Dasya caraibica

MW®698722 Dasysiphonia japonica

AS31 S. Nicolo, Lido of Venice, Italy
100/100/100/1.00 [AS115 S. Maria del Mare, Pellestrina, Italy
AS224 S. Leonardo, Venice, Italy

MW698712 Dasya clavigera
99/ 1M(:N0035280 Dasya naccarioides
N002430 Dasya collinsiana
AF083374 Dasya hutchinsiae

AS225 Slovenia Dasysiphonia adriatica sp.nov.

MW®698711 Dasya ceramioides

92/81/-/0.99

—

MW698707 Dasysiphonia sp.

82/81/71/0.98

MW698706 Dasysiphonia sp.

100/100/100/1.00 l LC635853 Dasya japonovillosa
99/100/90/1.00 LC635854 Dasya japonovillosa

EU159407 Dasya anastomosans

100/100/100/1.00| MW698721 Dasya sylviae

99/97/96/1.00

78/88/90/1.00

98/97/98/1.00

0.01

IMW698704 Dasya sylviae

00/100/100/1.00 ON002433 Dasya pedicellata

1 '
ONO002436 Dasya pedicellata

100/100/100/1.00|AF259493 Dasya baillouviana

AB758557 Dasya enomotoi
100/100/100/1.00] AB758558 Dasya enomotoi

GQ252456 Ceramium gardneri

AF083373 Dasya baillouviana

Fig. 1: Phylogenetic tree based on the partial rbcL gene of the genera Dasya and Dasysiphonia. The reconstruction obtained with
the NJ method is depicted and the support values from NJ bootstrap, MP bootstrap, ML bootstrap and BI posterior probabilities
are reported, respectively. Only bootstrap supports > 50% and posterior probabilities > 0.70 are shown. Values for nodes supported
in only two of the phylogenetic analyses were omitted. For each downloaded sequence, the INSDC accession number and the
species name are reported. The sequences obtained in this work are in boldface font. The scale bar represents the expected number

of nucleotide subs per site.
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Dasysiphonia adriatica M.A. Wolf, K. Sciuto, A. Buo-

si, M. Orlando-Bonaca, A. Forti¢ & A. Sfriso sp. nov.

(Fig. 2)

Vegetative structures

Description

00°00T

Plants grow in the lower mediolittoral and upper in-
fralittoral coastal zone, on limestone rocks. Thalli are
small, 1.5-2 cm high, dark red in colour and bushy (Fig.

2A). Thalli are composed of main polysiphonous inde-

Voucher A001046 at

PAD Herbarium, Botanical Garden Padova (Italy).

.
.

Izola Marina, Slovenia, North Adriatic,
PP133048 (rbcL-5P gene).

the specific epithet (fem. adj.) refers to

Reproductive structures. Tetrasporangial stichidia de-
the area (i.e., the Adriatic Sea) where the new species was

terminate axes, 0.15-0.25 mm in diameter, irregularly
veloping singularly or in pairs, borne from one basal cell

Diagnosis: The species is clearly distinct from all the
other species of the same genus, based on rbcL-5P phy-
logenetic analyses. Morphologically, it differs also from

The new Dasysiphonia entity is one of the smallest
species (1.5-2 cm in height) of the genus, together with
D. collinsiana, D. concinna, D. doliiformis, and D. ok-
iensis (see Table 2). It differs from all the aforementioned

alternately to pseudo-dichotomously branched (Fig. 2B),
corticated only at the base and distally tapering. The

main axes bear shorter determinate monosiphonous lat-
erals with a spiralled disposition (Fig. 2A, B). Few pseu-
and median cells of pseudolaterals are ellipsoidal, longer

than wide (Fig. 2D), 40-50 um in diameter and 130-150
pum long; apical cells are globose to slightly elongated,

dolaterals can be polysiphonous at the base (Fig. 2C).
Pseudolaterals are 0.5-0.9 mm in length, pseudo-dichot-
omously branched (Fig. 2C) 2-6 times, with upper por-
tions unbranched and slightly tapering (Fig. 2D). Basal
30-40 um in diameter and 30-120 um long, elongating
more centrally and reaching greatest lengths distally (Fig.
2E). Apices of pseudolaterals are covered by hair-like fil-
(Fig. 2F), lanceolate and often curved in outline (Fig. 2F,
G), 60-110 pm in diameter and 250-500 pm in length at
maturity, composed of 10-14 fertile segments and 1-3 ter-
minal sterile cells (Fig. 2G). Sporangia globose, 40 pm in
diameter, tetrahedrally divided (Fig. 2G). Only tetraspo-
the other small species as regards the cortication pattern
taxa as regards the cortication pattern; in fact, the new
entity is characterized by cell cortication restricted to
the basal part of the thallus, whereas D. concinna and D.
doliiformis are completely ecorticated (Schneider, 1989)
and D. collinsiana and D. okiensis are almost complete-
ly corticated (Kajimura, 1992; Schneider et al., 2021).
Moreover, the Adriatic specimens can be distinguished
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Fig. 2: Dasysiphonia adriatica sp. nov. from Slovenia. (A) Habit of vegetative thallus. (B) Detail showing alternate to pseu-
do-dichotomous branching. (C) Main polysiphonous axes (m) with monosiphonous pseudolaterals (arrowheads). (D) Detail of
pseudolateral apices (arrowheads). (E) Detail of apex covered by hair-like filaments (arrowheads). (F) Tetrasporangial stichidia
(arrowheads) developing from one basal cell (bc). (G) Detail of a tetrasporangial stichidium showing a mature tetraspore (arrow-
head) and two apical sterile cells (1, 2). Scale bars represent: A, 2 mm; B, 200 pm; C-G, 100 um.

from the other species by the structure of the pseudola-
teral branches. In fact, D. concinna, D. doliiformis, D.
collinsiana and D. okiensis have only monosiphonous
pseudolaterals, whereas the new Adriatic specimens have
polisiphonous pseudolaterals at the base of the thalli. The
new species can also be easily distinguished from D. ja-
ponica, the other taxon occurring in the Adriatic Sea. In-
deed, this invasive species is characterized by larger sized
thalli (up to 15 cm) and a larger diameter of the main
axes (0.5-0.8 mm), which bear shorter determinate mon-
osiphonous laterals with a planar disposition instead of
a spiral one (Sfriso et al., 2020). Moreover, in the Asian
specimens of D. japonica the tetrasporangial stichidia are
bigger in size (the diameter and length are three times
larger than in the Adriatic Dasysiphonia sp. samples)
(Choi, 2001).
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Conclusion

In this study, we report on a new Dasysiphonia species
recorded for the first time in the Adriatic Sea (Slovenia).
In the phylogenetic reconstruction based on the plastid
rbcL gene, this new taxon was clearly distinct from all the
other known Dasysiphonia species. Moreover, the nucle-
otide percent divergence found between the new Adriatic
entity and the other Dasysiphonia species was compara-
ble with the interspecific range calculated for the genus.
From a morphological point of view, the new putative
species can be distinguished from all the other small taxa
of the genus by the cortication pattern and the pseudol-
ateral structure. In addition, it is well distinct from the
other invasive species present in the Adriatic Sea, D. ja-
ponica, for the smaller sized thallus, the diameter of the
main axes and the spiral disposition of the pseudolaterals.

In light of these molecular and morphological find-
ings, we can conclude that the Adriatic specimens from
Slovenia reported in this study represent a new species
of the genus Dasysiphonia, herein named Dasysiphonia
adriatica sp. nov.
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