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Abstract – The cosmopolitan genus Ulva Linnaeus includes species of green macroalgae
found in marine, brackish and some freshwater environments. Although there is a wide
literature for the determination of Ulva taxa in Europe, they are among the most problematic
algae to accurately identify, because they have few distinctive features, as well as a high
intraspecific variation.
At present, the knowledge of both diversity and distribution of the genus Ulva in the
Mediterranean Sea is almost entirely based on morphological studies and there is only a few
published papers dealing with molecular data. Tunisia has a key position in the Mediterranean
and constitutes a transition area with a rich habitat diversity between eastern and western
basins. The latest inventory of marine macrophytes dates back to 1987, updated in 1995. The
aim of the present paper is to provide a molecular-assisted alpha taxonomy survey of Ulva
spp. along Tunisian coasts, in comparison with a few Italian sites, using the tufA marker. Nine
genetic species groups were resolved, including the non indigenous species Ulva ohnoi,
newly reported for Tunisia. The actual picture of the taxonomy of Ulva spp. in the
Mediterranean as a whole is far to be clarified and the present data on Tunisian collections
aim to be a step towards its clarification. This paper is the first DNA barcoding study on green
macroalgae in Tunisia and it contributes to add records to the Barcode Of Life Data Systems
which are publically available.
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INTRODUCTION
Ulva Linnaeus includes species of cosmopolitan green macroalgae found in
marine, brackish and some freshwater environments. It includes almost 600 described
species of which 125 are currently accepted taxonomically (Guiry & Guiry, 2017),
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some are a major component in transitional environments and among the most
common members of rocky intertidal and subtidal marine habitats worldwide.
Ulva species also include some common bloom-forming taxa (Hiraoka
et al., 2003; Leliaert et al., 2009), and species have been recently used for
bioremediation applications (El-Sikaily et al., 2007), in chemical ecology (Van
Alstyne et al., 2007), as bioindicators of eutrophic or stressed environments
(Kozhenkova et al., 2006), and as food (Abbott, 1979; Xia & Abbott, 1987).
However, most applicative studies on Ulva spp. lack reliable taxonomic identifications
(Kirkendale et al., 2013). This is a potential problem because it has been shown that
even closely related species exhibit unique ecophysiological and chemical
characteristics (Eswaran et al., 2002; Michael, 2009; Paulert et al., 2010; Winberg
et al., 2011).
Although there is a wide taxonomic literature on Ulva in Europe (Bliding,
1963, 1968; Koeman & van den Hoek, 1982a, b, 1984; Cormaci et al., 2014), they
are among the most problematic algae to accurately identify, because they have few
distinctive features, as well as a high intraspecific variation. A direct consequence is
the number of superfluous and synonymized species recorded (Guiry & Guiry,
2017). More difficulties are added by the knowledge that changes in morphology are
induced by low salinity or salinity shock and laboratory culture experiments showed
that bacteria and their exudates associated with Ulva may induce extensive
morphological changes that cross supposedly well-defined species boundaries
(Provasoli & Pintner, 1980; Blomster et al., 1998; Marshall et al., 2006). Species of
Ulva are also known for their rapid proliferous growth and their capacity to tolerate
a wide range of environmental conditions, and, as a consequence, are ideal candidates
for human-mediated dispersal and have been detected as the most common component
of the macroalgal biomass present on hulls (Mineur et al., 2007; Heesch et al., 2009;
Couceiro et al., 2011). They are among the most widely introduced species of
macroalgae, even by wooden sailing vessels in previous centuries (Santelices et al.,
2002; Schaffelke et al., 2006; Kraft et al., 2010). To further complicate the issue, an
understanding of native ranges is lacking for many species of Ulva and due to their
cryptic diversity, many non-indigenous species (NIS) may go unnoticed (Melton
et al., 2016a). Previous unrecorded taxa could be possibly overlooked due to the
variability and unreliability of accepted morphological characters, and many authors
stated that, without the use of DNA sequence data, some species groups would
remain with uncertain identification (Loughnane et al., 2008; Coll et al., 2010; Kang
et al., 2014). However, accurate biodiversity assessment is essential for monitoring
biological introductions, and is critical for environmental management as well as to
adequately evaluate temporal changes (Loughnane et al., 2008; Hofmann et al.,
2010; Melton et al., 2016a).
For Ulva spp. molecular identification, previous studies used the chloroplastencoded rbcL and tufA markers and the nuclear internal transcribed spacer region 1
(ITS1) of the ribosomal cistron (Heesch et al., 2009; Saunders & Kucera, 2010;
Couceiro et al., 2011; Kirkendale et al., 2013; Melton et al., 2016a). However,
Kirkendale et al. (2013) noted that ITS1 commonly had poor amplification success
producing double bands indicative of divergent copies (Saunders & Kucera, 2010),
whereas rbcL showed low levels of genetic diversity reducing species-level resolution
(Heesch et al., 2009). Differently, tufA resulted as a viable marker with a higher
resolution power at species level in comparison to the other molecular markers
(Saunders & Kucera, 2010).
At present, the knowledge of both diversity and distribution of the genus
Ulva in the Mediterranean Sea is almost entirely based on morphological studies and
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there are few published papers dealing with molecular data (Wolf et al., 2012;
Armeli Minicante et al., 2014). Checklists for Mediterranean algal taxa include a
large number of species poorly known, and several taxa inquirenda (Coll et al.,
2010; Cormaci et al., 2014; Gallardo et al., 2016; zenetos et al., 2017) and highlight
the need of an accurate revision to decipher the taxonomy of several genera,
including Ulva.
Tunisia has a key position in the Mediterranean and constitutes a transition
area with a rich habitat diversity between eastern and western basins. The Sicilian
Channel is the crossroad from south to north and from east to west, and is crucial
in the analysis of the marine organism distribution into the Mediterranean Sea. The
presence of rocky or sandy coasts, deep bays, some protruding caps, numerous
islands and islets and a shallow belt are characteristic features of the Tunisian littoral
topography (Blanpied et al., 1979a, b; Pergent & Kempf, 1993).
All floristic and taxonomic studies for Tunisian marine flora, have been
carried out by means of a morpho-anatomic identification approach, and the latest
inventory dates back to 1987, (Ben Maiz et al., 1987), with an update in 1995 (Ben
Maiz, 1995). Subsequently, only papers on a limited area (Ben Maiz & Shili, 2007;
Shili et al., 2007), dealing with NIS (Sghaier et al., 2016) or with applicative
purposes (Azaza et al., 2008; Yaich et al., 2011; Kolsi et al., 2015), have been
published on Ulva spp.; none of them used a molecular systematics approach.
The aim of the present paper is to provide a molecular-assisted alpha
taxonomy (MAAT) survey of Ulva spp. along Tunisian coasts, as well as a few
Italian sites to serve as comparison, using the tufA marker for the compilation of a
DNA barcode inventory.

MATERIAL AND METHODS
Samples of Ulva were collected in 9 sites distributed along the Tunisian
coastline from March 2014 to March 2016 (Fig. 1). All samples were hand collected
from the intertidal zone. Samples were transported in seawater at low temperature
to the laboratory, where they were washed thoroughly with seawater to eliminate
debris. For each sample, a voucher specimen was prepared by pressing a single
individual on an herbarium sheet with a subsample of thallus dried in silica gel for
molecular analyses. Vouchers are housed in the Phycological Lab Herbarium (PhL)
of the University of Messina, Italy (http://grbio.org/institution/phycological-labherbarium-university-messina). Additional samples collected along Italian coasts
included in PhL were also considered for comparison with Tunisian collections.
DNA was extracted from silica dried specimens using a standard CTABextraction method (Doyle & Doyle, 1987), with few modifications: 2-mercaptoethanol
was excluded from the extraction buffer, while 1% PVP and 0.02% of proteinase K
were added; lysis was performed at room temperature for 2 hours on a rotary shaker.
The plastidial tufA gene was PCR amplified as described in Saunders and
Kucera (2010). Sequencing reactions were performed by an external company
(Macrogen Europe, The Netherlands). Some of the Italian specimens were processed
and sequenced at the University of New Brunswick, Canada (Saunders & McDevit,
2012).
Specimen data, sequences and used primers were deposited in the Barcode
of Life Data Systems (BOLD, http://www.boldsystems.org). Forward and reverse
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Fig. 1. Collection sites along the Tunisian coastline.

sequence reads were assembled with the software ChromasPro (v. 1.41, Technelysium
Pty Ltd) and multiple sequence alignments were constructed in Seaview (v. 4.3.3,
Gouy et al., 2010), including sequences of the family Ulvaceae downloaded from
GenBank (Benson et al., 2017). Sequence alignments were subjected to distance
analyses with a Neighbor-Joining algorithm under a K2P model of nucleotide
substitution (Kimura, 1980) as performed in PAUP* 4b10 (Swofford, 2002) to
visualize genetic clusters that may correspond to species.

RESULTS AND DISCUSSION
It is widely acknowledged that taxonomic identification within the large
genus Ulva Linnaeus, with 125 species and infraspecific taxa currently accepted
(Guiry & Guiry, 2017), by means of dichotomous keys based on morphological
characters, is a challenging task because of the paucity of available characters and
their significant plasticity in response to environmental factors (Heesch et al., 2009;
Hofmann et al., 2010; Couceiro et al., 2011). As a consequence, DNA data have
been progressively used as an easier alternative for species recognition.
Two categories of DNA-based species delimitation exist, namely singlelocus and multi-locus methods (see Leliaert et al., 2014 for a review). While it is
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now generally recognized that multi-locus data are essential for accurate species
delimitation, single-locus approaches have proven effective for species identification
(e.g. Manghisi et al., 2011; Geoffroy et al., 2012; Kogame et al., 2016). Single-locus
methods basically rely on three assumptions: a) the gene genealogy is representative
of the species phylogeny; b) species are monophyletic; c) the transition between
intra- and interspecific sequence variation is visible as a distinct gap in the frequency
distribution, the so-called DNA barcoding gap (Hebert et al., 2004). Although in
several studies dealing on algal species delimitation clear discontinuities between
intra- and interspecific genetic distances have been observed (e.g. Saunders, 2005;
Zimmermann et al., 2011), the use of distance methods may be problematic in some
cases, such as among closely related species, in which intra- and interspecific genetic
distances may overlap (Hamsher et al., 2011; Hoef-Emden, 2012), or with increased
geographic sampling resulting in a blur of barcoding gaps (Meyer & Paulay, 2005;
Bittner et al., 2010; Bergsten et al., 2012).
Several taxonomists have claimed that adequate delimitation of species
based solely on DNA sequence data is not acceptable, rather should be based on
additional lines of evidence, including morphological, ultrastructural, biochemical,
geographic, ecological and breeding data (e.g. Pröschold et al., 2001; Vanormelingen
et al., 2007; Walker et al., 2009; Bendif et al., 2011; McManus & Lewis, 2011;
Neustupa et al., 2011; Ni-Ni-Win et al., 2011; Lam et al., 2012; Milstein & Saunders,
2012; Škaloud & Rindi, 2013). Nevertheless, molecular methods are effective tools
for a first screening in order to merely identify genetic species groups in a strategy
named molecular-assisted alpha taxonomy (MAAT) (Saunders, 2005). This
methodology is especially useful in organisms with simple morphologies, with a
high degree of phenotypic plasticity or convergence depending on environmental
conditions, like the genus Ulva. The chloroplast-encoded tufA gene resulted as a
feasible marker for identification of green algae, with a higher resolution power at
the species level in comparison to other molecular markers commonly used in
studies dealing with Ulva spp. molecular identification, such as the nuclear internal
transcribed spacer region 1 (ITS1) and the chloroplast-encoded rbcL gene (Saunders
& Kucera, 2010; Kirkendale et al., 2013).
The main limit of MAAT, however, is that type sequences, generated from
type specimens, or at least topotype material, should be used as a reference to define
species or clarify species concepts (Heesch et al., 2009; Hofmann et al., 2010).
Nevertheless, these data are rarely available, particularly when type specimens are
very old, or lost, and/or type localities are unknown or vague, as is, for instance, the
case with most of the Ulva type specimens described by Linnaeus (1753) (Womersley,
1984), and the names used in sequence data retrieved from GenBank need to be used
with caution (Heesch et al., 2009) as the DNA library of life is still under construction
(Le Gall et al., 2017). The only historical type specimen, which DNA was sequenced,
is the lectotype of Ulva lactuca Linnaeus (selected by Papenfuss, 1960) and,
according to unpublished data by C. Maggs and F. Mineur (Butler, 2007; Holden,
2007; O’Kelly et al., 2010; Delnatte & Wynne, 2016), the specimen in the Linnean
Herbarium matched with Ulva fasciata Delile. What is currently known as U. lactuca
is in fact another species, namely Ulva stipitata Areschoug (presently considered as
a synonym of U. lactuca), even if the authors stated that further work was needed
to clarify the matter. However, DNA results on the lectotype of U. lactuca has not
yet been published.
At present, published papers using MAAT approaches for Mediterranean
Ulvaceae are very limited. In 2012, Wolf et al. presented a survey on Ulva spp.
biodiversity in Venice lagoon, pointing the presence of the non-indigenous species
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(NIS) Ulva australis Areschoug (as Ulva pertusa Kjellman, already reported by
Manghisi et al., 2011) and Ulva californica Wille (the first Mediterranean record).
Later, Armeli et al. (2014) reported the NIS Ulva ohnoi Hiraoka et Shimada in Cape
Peloro lagoon, north-eastern Sicily, for the first time in Europe, and Bertuccio et al.
(2013/2014) updated the floristic list of the same site.
In the present work, a total of 43 tufA sequences of Ulva from Tunisia and
Italy were generated. These sequences were resolved in nine genetic clusters, which
are here regarded as species (Table 1, Fig. 2). Five species included specimens
collected along Tunisian coasts, namely Ulva compressa Linnaeus, Ulva mediterranea
Alongi, Cormaci et G. Furnari, Ulva torta (Mertens) Trevisan, Ulva laetevirens
Areschoug and U. ohnoi, the latter two newly reported for Tunisia. U. compressa,
U. laetevirens and U. ohnoi were also found along Italian coasts, together with
U. australis, ulva linza Linnaeus and Umbraulva dangeardii Wynne et Furnari, and
the doubtful record of U. fasciata.
Ulva compressa Linnaeus. Distance analysis of tufA sequences showed
that Tunisian specimens grouped with others from various Mediterranean sites,
including Venice lagoon and Torre Faro, Italy, Banyuls, France, other localities from
Canada, Australia and China, as well as with an unidentified species from UK,
within the type area (probably Bognor, Sussex, England, fide Hayden et al., 2003:
289) (Fig. 2). Samples included in the present work were collected in various
habitats, both undisturbed and with anthropogenic impact, and displayed a highly
variable morphology (Figs 3-8), as already observed in other regions of the world
(Tan et al., 1999; Hofmann et al., 2010; Kraft et al., 2010).
Ulva compressa is regarded as a common native species in the Mediterranean
Sea, thriving in non-exposed sites (Cormaci et al., 2014), already reported for
Tunisia (Ben Maiz et al., 1987), and widely distributed in all oceans (Guiry & Guiry,
2017). It is noteworthy that Kirkendale et al. (2013) hypothesized that Ulva
compressa could be introduced from Australia to the rest of the world as it display
higher genetic diversity within than outside Australia. The analysis of all publicly
available tufA sequences, including Mediterranean samples generated in the present
works, showed distance values ranging from 0.00 to 1.35% (0-9 bp) within species.
These values are driven by the diversity of Australian samples whereas Mediterranean
isolates showed distance values ranging from 0.00 to 0.54% (0-4 bp). The large
sequence divergence is comparable to that observed among species currently
regarded as distinct (e.g. U. fasciata vs U. ohnoi). Therefore, it could be an evidence
of cryptic diversity at the specific level, which should be investigated with
supplementary sequences from other geographic sites and additional molecular
markers. Meanwhile, there is no apparent reason to consider it as a NIS in the
Mediterranean basin.
Ulva mediterranea Alongi, Cormaci et G. Furnari. The Tunisian sample
collected in the present work, found in an habitat with anthopogenic impact, grouped
in tufA analysis with isolates from Venice lagoon, Italy, and other localities from
Canada, Australia, China and Korea (0.00-0.47%, 0-3 bp sequence divergence)
identified as Ulva flexuosa Wulfen (Figs 2, 9). Hiraoka et al. (2017), basing on DNA
data coupled with culturing and hybridisation experiments, proved that the previously
listed samples do not belong to the genuine u. flexuosa, which had been characterized
by Mareš et al. (2011) using molecular systematics in combination with morphological
observations (including re-examination of the holotype). Hiraoka et al. (2017)
merged the former samples with U. mediterranea, also including ulva flexuosa
Wulfen var. linziformis Alongi, Cormaci et G. Furnari and ulva linzoides Alongi,
Cormaci & G. Furnari among synonyms.

Venice Lagoon,
Italy

Ulva
californica
Wille

Ulva
compressa
Linnaeus

Venice Lagoon,
Italy (as U. pertusa
Kjellman)

Ulva
australis
Areschoug

Torre Faro,
Messina, Italy

Lido of Venice,
Italy

Venice Lagoon,
Italy

Tabarka, Tunisia

Sousse, Tunisia

Korbous, Tunisia

Kerkennah, Tunisia

Locality

Species

GB# HE600173
GB# HE600174
GB# HE600175
GB# HE600176
BOLD# TUGRE007-17
BOLD# TUGRE003-17
BOLD# TUGRE004-17
BOLD# TUGRE005-17
BOLD# TUGRE006-17
BOLD# TUGRE001-17
BOLD# TUGRE002-17
BOLD# ITGRE013-11
BOLD# ITGRE014-11
BOLD# GREVE002-17
GB# HE600184
GB# HE600185
BOLD# GRAPP002-17
BOLD# GRAPP003-17

GB# HE600190

GB# HE600189

GB# HE600188

GB# HE600187

GB# HE600186

BOLD# GREVE001-17

BOLD# ITGRE012-11

BOLD# ITGRE004-11

DnA Barcode

Present study

Wolf et al.,
2012

Present study

Present study

Present study

Present study

Present study

Wolf et al.,
2012

Wolf et al.,
2012

Present study

DnA Barcode
reference

Cosmopolitan (Guiry & Guiry, 2017)

Common
(Cormaci et al.,
2014)

Venice Lagoon
(Wolf et al.,2012)

Thau Lagoon,
France (Verlaque
et al., 2002),
Venice Lagoon,
Italy (Manghisi
et al., 2011),
Malaga (Couceiro
et al., 2011)

Japan (Kjellman, 1897), Northeast Asia
(Hanyuda et al., 2016), New zealand
(Heesch et al., 2009), Australia (Kraft
et al., 2010), Indonesia, Singapore and
the Philippines (Silva et al., 1996), The
Netherlands (Stegenga et al., 2007),
Spain (Couceiro et al., 2011), Brittany
(Coat et al., 1998), Canada and the
USA (Saunders & Kucera, 2010),
Mexico (Aguilar-Rosas et al., 2008),
Yemen, Kenya, Mauritius and Tanzania
(Silva et al., 1996)
Indopacific, Britain, Ireland, Senegal,
Guadeloupe, Antarctic and the
subantarctic islands (Guiry & Guiry,
2017)

Mediterranean
distribution

Global distribution

Consistent with use in
Kirkendale et al. (2013)

U. pertusa Kjellman is
a synonym based on
genetic data (Couceiro
et al., 2011; Kirkendale
et al., 2013)

notes

Unlikely; various
habitats

Likely; genetic
sampling insufficient
to assess the
Mediterranean status;
anthropized habitat

Likely, from Northeastern Asia; genetic
data compared to
Kirkendale et al.
(2013) and Hanyuda
et al. (2016);
anthropized habitat

nIS assessment 1
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Ulva
laetevirens
Areschoug

Ulva
flexuosa
Wulfen

Ulva
fasciata
Delile

Species

DnA Barcode

Ragusa, Italy

Torre Faro,
Messina, Italy

Lido of Venice,
Italy

Monastir, Tunisia
Sousse, Tunisia
Tabarka, Tunisia
Venice Lagoon,
Italy

Venice Lagoon,
Italy

Zarat, Tunisia

Present study

Bertuccio
et al.,
2013/2014

Present study

DnA Barcode
reference

BOLD# TUGRE009-17
BOLD# TUGRE011-17
BOLD# TUGRE010-17
BOLD# ITGRE010-11
BOLD# ITGRE011-11
GB# HE600178
GB# HE600179
GB# HE600180
GB# HE600181
GB# HE600182
BOLD# ITGRE009-11
BOLD# GRAPP014-17
BOLD# GRAPP004-17
BOLD# GRAPP005-17
BOLD# GRAPP006-17
BOLD# GRAPP007-17
BOLD# GRAPP008-17
BOLD# GRAPP009-17
BOLD# GRAPP010-17
BOLD# GRAPP011-17
BOLD# GRAPP012-17
BOLD# ITGRE009-11
BOLD# ITGRE002-11

GB# HE600177

Present study

Present study

Wolf et al.,
2012

Present study

Wolf et al.,
2012

BOLD# TUGRE008-17 Present study

Venice Lagoon, Italy BOLD# ITGRE015-11
BOLD# ITGRE003-11
BOLD# ITGRE016-11
Cape Peloro
BOLD# ITGRE017-11
Lagoon, Italy
BOLD# ITGRE018-11
BOLD# GRAPP013-17

Locality

Australia, Atlantic North America,
China and Japan (Kirkendal et al.,
2013, unpublished in Genbank)

Cosmopolitan (Guiry & Guiry, 2017)

Cosmopolitan (Guiry & Guiry, 2017)

Global distribution

Common
(Cormaci et al.,
2014); reported in
Tunisia as Ulva
rigida C. Agardh,
see Cormaci et al.,
2014

Consistent with use
in Kraft et al. (2010);
synonymy with Ulva
rigida C. Agardh likely
but not asserted (see
text).

Doubtful, possible
introduction from
Australia; genetic
data compared to
Kirkendale et al.
(2013); various
habitats

Unlikely. Anthropized
habitats

Consistent with usage
in Mares et al. (2011);
Common (Cormaci
genetic data compared
et al., 2014)
also to Kirkendale et al.
(2013)

nIS assessment 1
Doubtful; genetic
data compared to
Kirkendale et al.
(2013); anthropized
habitat

notes

Consistent with usage
Common (Cormaci in Kraft et al. (2010),
comparison with type
et al., 2014)
necessary

Mediterranean
distribution

Table 1. Species of foliose Ulvaceae identified by DNA barcoding in the Mediterranean Sea in the present paper and in previous literature (continued)
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Torre Faro,
Messina, Italy

Ulva sp.

Umbraulva
dangeardii
Wynne et
Furnari

Present study

BOLD# ITGRE008-11

BOLD# ITGRE007-11

BOLD# ITGRE023-11

BOLD# ITGRE021-11

BOLD# ITGRE020-11

Present study

Bertuccio
et al.,
2013/2014

BOLD# TUGRE013-17 Present study

BOLD# ITGRE019-11

BOLD# ITGRE019-11

Based on criteria by Heesch et al. (2009) and Kirkendale et al. (2013).

Cape Peloro
Lagoon, Italy

1

Chaffar, Sfax,
Tunisia

Cape Peloro
Lagoon, Italy

Ulva torta
(Mertens)
Trevisan

Ulva ohnoi
Hiraoka et
Shimada

BOLD# TUGRE012-17 Present study

Gabes, Tunisia

Present study

GB# ITGRE005-11

Venice Lagoon,
Italy

ulva linza
Linneus

DnA Barcode
reference

DnA Barcode

Locality

Species

Europe, Atlantic Islands, Africa, Southwest Asia, Australia and New zealand
(Guiry & Guiry, 2017)

Australia, North America, South Korea
(Guiry & Guiry, 2017)

Unlikely; anthropized
habitat

= Ulva “procera”
(K. Ahlner)
Hayden, Blomster,
Maggs, P.C. Silva,
M.J. Stanhope et
J.R. Waaland sensu
Kirkendale et al. (2013)

Common (Guiry
& Guiry, 2017);
Italy (Furnari et
al., 2003)

Common (Guiry
& Guiry, 2017);
Italy (Furnari et
al., 2003)

= ulva flexuosa subsp.
pilifera sensu Bertuccio
et al. (2013/2014);
based on results of
Mares et al. (2011)
= Umbraulva
olivascens
(P.J.L. Dangeard)
G. Furnari

Unlikely; anthropized
habitat

Doubtful

Unlikely; undisturbed
habitat

Likely, from Asia;
anthropized habitats

nIS assessment 1

notes

Common (Cormaci Consistent with use in
et al., 2014)
Kirkendale et al. (2013)

Cape Peloro
Lagoon (Armeli
et al., 2014);
not previously
reported in Tunisia

Spain (South Atlantic) (Gallardo et al.,
2016), Venezuela (Melton et al., 2016),
India (Kazi et al., 2016), Iran (Pirian
et al., 2016), Japan (Hiraoka et al.,
2004, Kirkendale et al., 2013), Korea
(Bae, 2010), Australia (Kirkendale
et al., 2013), Hawaiian Islands
(O’Kelly et al., 2010)
Cosmopolitan (Guiry & Guiry, 2017)

Common
(Cormaci et al.,
2014)

Mediterranean
distribution

Cosmopolitan (Guiry & Guiry, 2017)

Global distribution
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Fig. 2. Neighbor-Joining tree of tufA sequences generated in the present work (coloured in bold type)
and of representative Ulvaceae downloaded from Genbank (TA = type area). Scale bar: substitution
per site.
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Figs 3-8. Specimens of Ulva compressa. 3. Torre Faro, Italy (BOLD# GRAPP003-17); 4-5. Tunisia
(BOLD# TUGRE007-17, BOLD# TUGRE003-17); 6-8. Venice Lagoon (BOLD# ITGRE013-11,
BOLD# ITGRE014-11, BOLD# GREVE002-17). Scale bar: 2 cm.
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Figs 9-10. 9. Ulva mediterranea, Tunisia (BOLD# TUGRE008-17). 10. Ulva torta, Tunisia (BOLD#
TUGRE013-17). Scale bar: 2 cm.

Ulva mediterranea has been reported as a common native species in the
Mediterranean Sea and it is widely distributed in all oceans (Guiry & Guiry, 2017).
It is not possible to assess whether U. mediterranea is a new report for Tunisia or
rather it was misidentified as u. flexuosa by Ben Maiz et al. (1987).
Ulva torta (Mertens) Trevisan. Distance analysis showed that the Tunisian
specimen grouped with U. torta from Pacific North America and Australia (0.000.40%, 0-3 sequence divergence) (Fig. 2). However, a comparison with sequences
from type locality (Germany) is missing.
It has been reported as a common native species in the Mediterranean Sea
(Cormaci et al., 2014), already reported in Tunisia (Ben Maiz et al., 1987), widely
distributed in all oceans (Guiry & Guiry, 2017). Samples collected in the present
work were found in an undisturbed habitat (Fig. 10).
Ulva linza Linnaeus. Distance analysis showed that the specimen from
Venice lagoon grouped with u. linza from England, in the type area (Kent, England
fide Hayden et al., 2003) and China, together with samples identified as Ulva procera
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(K. Ahlner) Hayden, Blomster, Maggs, P.C. Silva, M.J. Stanhope et J.R. Waaland by
Kirkendale et al. (2013), from Canada and Australia (0.00-1.14%, 1-8 bp sequence
divergence) (Fig. 2).
ulva linza is a common native species in the Mediterranean Sea (Cormaci
et al., 2014), widely distributed in all oceans (Guiry & Guiry, 2017). Several
publications on Ulva spp. phylogenies considered U. procera as a separate species
from u. linza (Heesch et al., 2009; Saunders & Kucera, 2010; Kirkendale et al.,
2013), even if, according to Brodie et al. (2007), ITS sequence data had demonstrated
that it is conspecific with typical u. linza. However, u. linza (including U. procera)
has a high phenotypic plasticity induced by the environment and bloom-forming
isolates in the Yellow Sea were similar in morphology to U. prolifera O.F. Müller
and U. procera (Kang et al., 2014). According to Kirkendale et al. (2013), there are
actually 3-5 genetic groups in the “linza-prolifera-procera” cluster, with a
morphology ranging from blades to tubes, which makes impossible to use morphology
for identifications. A detailed study on type material of the three taxa is needed to
define this cluster.
Ulva fasciata Delile. Distance analysis showed that specimens from Venice
lagoon and lake Ganzirri in Cape Peloro lagoon grouped with Ulva fasciata from
Australia (Fig. 2). No sequence divergence was observed within Mediterranean
isolates, while one base-pair difference (0.14%) was observed with just one Australian
sample. All samples collected in the present work came from habitat with
anthropogenic impact and showed a high degree of morphological variability
(Figs 11-14).
Ulva fasciata has been reported as a common native species in the
Mediterranean Sea (Cormaci et al., 2014), widely distributed in all oceans (Guiry &
Guiry, 2017). According to Kirkendale et al. (2013) the complete lack of sequence
diversity within Australia made introduction plausible, however global genetic
reference pool was lacking and habitat data did not suggest NIS. Similarly, no
genetic diversity was observed among Italian isolates. Its status as a NIS or a native
species is doubtful, pending a larger sampling in the Mediterranean and a comparison
with type material (type locality: Alexandria, Egypt).
Ulva laetevirens Areschoug. Distance analysis showed that Tunisian
specimens are conspecific with U. laetevirens from Australia (type area, Port Phillip,
South Australia) and other Mediterranean sites, including Venice lagoon, Ragusa and
Torre Faro, Italy, as well as with samples from Atlantic North America and China
(1-3 bp, 0.00-0.40%) (Fig. 2). In the same genetic species grouped sequences
identified as Ulva rigida C. Agardh from Venice (data not shown, 100% sequence
identity with other Italian specimens). Samples collected in the present work were
found in various habitats, both undisturbed and anthropized (Figs 15-20).
U. laetevirens is commonly reported in the Mediterranean Sea, in a variety
of sites both exposed and sheltered, mainly oligotrophic (Cormaci et al., 2014), and
also found in Atlantic North America, China and Japan (Kirkendale et al., 2013;
unpublished in Genbank). Synonymy of U. laetevirens with U. rigida was discussed
by Phillips (1988), which noted that specimens described by Bliding (1968) were
misidentified, and she concluded that U. rigida sensu Bliding non C. Agardh should
be referred to U. laetevirens. However, Phillips (1988) included erroneously
U. australis among synonyms of U. rigida (Kraft et al., 2010) and, as a consequence,
it is possible that she did not analyze the genuine U. rigida C. Agardh. Since
Bliding’s study, many investigations conducted in Europe have recorded the presence
of U. rigida sensu Bliding, presumably also molecular articles (Hayden et al., 2003;
Loughnane et al., 2008), therefore, accessions in GenBank bearing the name
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Figs 11-14. Specimens of Ulva fasciata. 11-14. Cape Peloro lagoon, Italy (BOLD# ITGRE018-11,
BOLD# ITGRE016-11, BOLD# ITGRE003-11, BOLD# GRAPP013-17). Scale bar: 2 cm.

U. rigida are likely to actually represent U. laetevirens. Molecular sequences for
U. laetevirens from the type region (Port Phillip Bay, Australia) was reported in
Kraft et al. (2010), while a morphological and molecular study of U. rigida sensu
C. Agardh from the type region (Cadiz, Spain) is not available. At present, the
synonymy between U. rigida and U. laetevirens, is most likely but cannot be
asserted.
In Venice lagoon, Sfriso (2010) reported the coexistence of U. rigida and
U. laetevirens as two distinct species on the basis of subtle anatomical differences.
The present finding of U. laetevirens in Tunisia is unlikely to be a new report, as it
most likely corresponds to Ulva rigida already recorded by Ben Maiz et al. (1987).
Based on genetic data compared to those of Kirkendale et al. (2013), it might be
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Figs 15-20. Specimens of Ulva laetevirens. 15-16, 18-19. Torre Faro, Italy (BOLD# GRAPP014-17,
BOLD# GRAPP006-17, BOLD# GRAPP008-17, BOLD# GRAPP012-17); 17. Tunisia (BOLD#
TUGRE009-17); 20. Venice Lagoon, Italy (BOLD# ITGRE010-11). Scale bar: 2 cm.
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considered as a NIS introduced from Australia to the Mediterranean, but it is preferable
to consider it as a cryptogenic species sensu Carlton (1996), pending upon clarification
of its relationship with U. rigida and the identification of its native region.
Ulva australis Areschoug. Distance analysis showed that Venetian
specimens grouped (0 bp sequence divergence) with other isolates from Venice
lagoon and from Australia (type area, Port Adelaide, South Australia), Canada,
Korea and China (0.00-0.29%, 1-2 bp) (Fig. 2), confirming the presence of the NIS
Ulva australis in Venice lagoon, already reported by Manghisi et al. (2011).
Its native range includes Northeast Asia, Australia and New zealand
(Heesch et al., 2009; Kraft et al., 2010; Hanyuda et al., 2016) and it is also reported
as a NIS in most oceans, introduced by aquaculture or maritime activities, as a
fouling species or in ballast waters of trans-ocean shipping (as U. pertusa, Hanyuda
et al., 2016). In the Mediterranean Sea, Ulva australis has been recorded also in
Thau lagoon, France (as U. pertusa, Verlaque et al., 2002), and Malaga, Spain
(Couceiro et al., 2011). In most instances, molecular data were decisive in appropriate
taxonomic identification of this species, which was often previously misidentified by
morphological data alone (Aguilar-Rosas et al., 2008; Couceiro et al., 2011; Hanyuda
et al., 2016). Therefore, its presence in the Mediterranean might even be considerably
wider than presently known.
Ulva ohnoi Hiraoka & Shimada. Distance analysis showed that the
Tunisian specimen grouped with U. ohnoi from Cape Peloro lagoon, Italy (0 bp
sequence divergence), and from Australia, China, North and South America (0.000.54%, 0-4 bp) (Fig. 2).
The new record of the Japanese bloom-forming U. ohnoi in Gabes, Tunisia,
in a highly impacted area, close to commercial and fishing ports, chemical and oil
industries, and tourist pathways (Figs 21-22) is noteworthy. The species was
previously recorded in lake Ganzirri, Cape Peloro lagoon, northeastern Sicily, Italy,
by Armeli et al. (2014), first report in the field in the Mediterranean and in Europe.
The species was also found in Atlantic Spain (Gallardo et al. 2016), Gulf of Mexico
and Florida (Melton et al., 2016a), Venezuela (Melton et al., 2016b), Iran (Pirian
et al. 2016), India (Kazi et al. 2016), Japan (Hiraoka et al. 2004, Kirkendale et al.
2013), Korea (Bae 2010), Australia (Kirkendale et al. 2013), and Hawaiian Islands
(O’Kelly et al. 2010).
In the Mediterranean, U. ohnoi had been previously identified in the algal
fouling biomass on ships arriving at the commercial harbour at Sète, Mediterranean
coast of France, a medium size port (Mineur et al., 2007) and, similarly, in ballast
water from ships arriving to Naples harbour, Italy, coming from Singapore, which
had loaded water in Egypt and Lebanon (Flagella et al., 2010). However, as stated
by the latter authors themselves, colonization by this species had not been detected
in the area (Flagella et al., 2010). The Tunisian sample was found in impacted
habitats, as well as those found in Cape Peloro lagoon, and the most likely mean of
introduction is the maritime traffic considering that it is relevant both in Gabes
harbour and in the Straits of Messina. Further studies are needed to investigate the
actual distribution of this species in the Mediterranean, especially considering that
all reports worldwide have been made by the use of DNA tools and that the species
has been often misidentified under a mix of taxon names (Mineur et al., 2007;
O’Kelly et al., 2010; Melton et al., 2016a). Basing on present knowledge, this taxon
is commonly regarded as a NIS, having a disjoint distribution and being recorded in
highly disturbed sites. However, its presence in the Mediterranean, as well as in
other sites, might be underestimated and its actual distribution, as well as its native
range, be far different from what presently known.
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Figs 21-22. Specimens of Ulva
ohnoi. 21. Cape Peloro lagoon, Italy
(BOLD# ITGRE019-11); 22. Tunisia
(BOLD# TUGRE012-17). Scale bar:
2 cm.

CONCLUSIONS
The Mediterranean Sea has a long history of bioinvasions with a number
of records higher than other European seas (Galil et al., 2016). Many species of
Ulva are often considered as widespread due to natural dispersal (cosmopolitan
species), anthropogenic transport (NIS), or both (Kirkendale et al., 2013). Ulva
species have high dispersal potential due to their peculiar features, including good
fouling capacity, dispersal efficiency and fast growth. It is recognized that species
of Ulva can metabolize different environmental sources of nitrogen producing large
biomass and, consequently, green tides (Melton et al., 2016a). Therefore, they have
a high potential for introduction and invasiveness if they arrive to altered environments
with high availability of nutrients.
Criteria specific to distinguish between NIS and cosmopolitan species have
been proposed by Heesch et al. (2009) and Kirkendale et al. (2013). A taxon is likely
to be a NIS if it is found in highly modified environments and/or in close vicinity
to potential vectors, such as frequent maritime traffic, aquaculture sites and artificial
modifications of natural barriers (i.e. Suez Canal). However, this is not strict and
native species might also thrive in sites with high anthropogenic impacts, as well as
introduced species can occur widely, including in undisturbed sites. In addition, NIS
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usually exhibit higher genetic similarity in comparison to samples from native area.
Furthermore, it should be noted that most of the macroalgal species found on hulls
are considered cosmopolitan and, consequently, at low risk of introduction outside
their present range (Mineur et al., 2007). This assumption may be misleading,
however, as little information is available about their original native ranges. Marine
floristic studies were uncommon for most sites before the twentieth century and an
unknown amount of supposed cosmopolitan species may have had restricted ranges
prior to their anthropogenic dispersal (Carlton 1996). It is likely that the distribution
pattern of at least some Ulva species has been confused by repetitive humanmediated introductions over centuries of ship travelling.
The actual picture of the taxonomy of Ulva spp. in the Mediterranean as a
whole is far to be clarified and the present data on Tunisian collections aim to be a
step towards its clarification. At the best of our knowledge, this is the first study on
the Tunisian green algal flora using DNA barcoding methods. The current taxonomic,
biogeographical and ecological data gaps can be filled only by cooperative work and
standardized methodologies (Galil et al., 2016; zenetos et al., 2017). DNA barcoding
demonstrated as a fast and effective tool for the genetic labelling of challenging
taxa, such as Ulvacean species, especially in those areas that are subject to
anthropogenic disturbances and quick changes of biodiversity. Data collected in such
perspective are also valuable to increase the BOLD system catalogue, amplifying
the biodiversity knowledge linked to geographical information, which becomes
freely available for the scientific community. DNA barcodes are permanent labels
assigned to specimens regardless any subsequent taxonomic or nomenclature
variation. An effective monitoring of the biodiversity changes by means of a quick
and accurate protocol, such as DNA barcoding, is essential to provide the basis for
a correct environmental management.
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