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Abstract :

Sargassum C. Agardh is a highly diverse genus within the brown algae, with 615 currently recognized
species, varieties and forms worldwide. This high level of species diversity led early taxonomists, using
morphological-anatomical criteria only, to divide the genus into up to five sub-genera and several lower-
ranking taxonomic units (e.g., sections, tribes). With the advent of molecular data, subsequent authors
revised this complex and archaic classification, with the genus now comprising only two sub-genera:
Sargassum and Bactrophycus. Whilst most Sargassum species are benthic, only two are known to be
holopelagic and responsible for strandings along tropical Atlantic coasts. The rest of the genus is
cosmopolitan, occurring from tropical to temperate regions. Sargassum has not yet been reported in polar
regions. Where Sargassum is present, macroalgal populations can grow in large quantities, and the
resulting biomass can be valuable to the local communities for a variety of uses. Here we review the
genus Sargassum from a taxonomic, ecological and physiological perspectives, and explore the different
ways of taking advantage of this extraordinary biomass, which while becoming an invasive pest in some
countries, could represent opportunities for coastal populations worldwide.
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Introduction

Nomenclature and taxonomy

Valid scientific name

Sargassum C. Agardh (1820) is a brown macroalgal genus of the family Sargassaceae (Fucales,
Phaeophyceae). The first species was described from an English specimen under the name
Fucus bacciferus Turner. Since this description, a very large number of species, varieties and
forms, as well as infraspecific names, have been described (up to 973 are recorded by Guiry
and Guiry 2022) as well as various sub-genera and sections. Most were established based on
traditional morpho-anatomical characters, without prior knowledge of the significant
polymorphic nature of the genus. At present, the genus Sargassum comprises 615 currently

recognized species, varieties and forms (Guiry and Guiry 2022).

Nomenclatural synonyms

With the advent of molecular tools, particularly phylogenetic markers, and with larger
geographical explorations, the genus Sargassum was considerably revised and presently
accounts for 359 species and 256 infraspecific names that are currently accepted taxonomically
(Guiry and Guiry 2022; noted C - “accepted taxonomically” on the Algaebase website).
As aresult, a significant number of species, varieties and forms are considered synonyms.
Significant examples include S. ilicifolium (Turner) C. Agardh with 11 synonyms, or

S. polycystum C. Agardh and S. aquifolium (Turner) C. Agardh, both with 13 synonyms.

Vernacular names
The common English name of the genus is Sargassum. It comes from the Portuguese sargaco.
In Brittany (France), only one representative of the genus Sargassum is present, and is called

‘spern-mor Japan’, in reference to the Japanese species S. muticum. In Japan, members of the

community working on Sargassum species commonly use the name >% 73 (hondawara),

although it refers to the common name for S. fulvellum. Another common name for Sargassum

is £ < (moku) which is said for mokuzu, meaning debris of seaweeds. In China, the kanjis used

for Sargassum are S E .

Taxonomy



Sargassum C. Agardh is a brown macroalgal genus of the phylum Ochrophyta, class
Phaeophyceae in the order Fucales and family Sargassaceae. The genus is currently subdivided
in two sub-genera, i.e., Sargassum and Bactrophycus (Dixon et al. 2014, Liu et al. 2017).
The first, sub-genus Sargassum, is further sub-divided into eight sections: Sargassum,
Binderiana (Grunow) Mattio et al., llicifolia (J. Agardh) Mattio et al., Polycystae Mattio and
Payri, Zygocarpicae (J. Agardh) Setchell, Johnstonii E.Y. Dawson ex J.N. Norris,
Lapazeanum E.Y. Dawson ex J.N. Norris, Sinicola E.Y. Dawson ex J.N. Norris. The second,
sub-genus Bactrophycus, is divided into four sections: Halochloa (Kiitzing) Yoshida,
Hizikia (Okamura) Yoshida, Spongocarpus (Kitzing) Yoshida, Teretia Yoshida (Mattio and
Payri 2011, Dixon et al. 2014).

Early workers on the genus Sargassum only had at their disposal fragments collected during
multi-disciplinary voyages of discovery around the world, and without prior knowledge of the
natural morphological variation in the field, numerous species, varieties and forms were
described (about 1,000 according to Mattio et al. 2010). However, the advent of molecular
taxonomy and more extensive collections throughout the geographic distribution of the genus
shed new light on diversity and taxonomy, leading to a drastic reduction of taxa. A number of
phylogenetic studies (e.g., Stiger et al. 2003, Mattio et al. 2009, Mattio and Payri 2010, Dixon
etal. 2014, Camacho et al. 2015, Yip et al. 2018) produced significant taxonomic revisions and
numerous species, varieties and forms are now considered synonyms (Guiry and Guiry, 2022),
resulting in a total of 359 current epithets (Guiry and Guiry 2022). Notable examples include
the works of Mattio et al. (2008) for French Polynesia, where only three species were retained
out of 18 previously recorded taxa, Mattio and Payri (2009) for New Caledonia where only
12 taxa were considered current out of the 45 records, or Mattio et al. (2013) for Mauritius

where seven remain out of 44 records.

Morphology and anatomy

As for most genera of the family Sargassaceae, the traditional classification of the genus
Sargassum relies mainly on external morphology (Fig. 1a,8) and the anatomy of reproductive
organs (Fig. |1e). Macro-morphological characters include the shape and organization of the
holdfast, axes, blades, vesicles and receptacles (Fig. 1a,b,¢,d,€), while anatomical observations

mainly focus on reproductive structures.

Figure 1



Sargassum is usually tightly attached to the substratum (Fig. 1g@) by a cone-shaped or discoidal
holdfast (most species) or creeping axes (subgen. Sargassum sect. Polycystae). The only known
exceptions are the two free living species in the tropical Atlantic Ocean: S. natans (Linnaeus)
Gaillon and S. fluitans (Bergesen) Bargesen (Godinez-Ortega et al. 2021, Dibner et al. 2021,
Fig. 1f). The overall shape of the thallus may be more or less linear (e.g., S. muticum, Arenas
and Fernéndez 2000, Le Lann et al. 2012a, Engelen and Santos 2009 and S. horneri) or short
and bushy (e.g., S. aquifolium in coral reef environments, Mattio et al. 2009), with one to several
axes arising from the base and differentiating into branches of several orders. Stipes can be
cylindrical, more or less flattened and three-sided (subgen. Bactrophycus). The surface can be
smooth, wrinkled or bear spine-like appendages. Axes bear leaf-like appendages (blades),
commonly referred to as ‘leaves’ although they are not functionally similar to higher plant
leaves. Blade shape is highly diverse depending on species, and can be simple, bifid or divided
several times, round, turbinate, spatulate, lanceolate, linear or any intermediate form. The shape
of the base and the apical section of the blade, as well as its margins (entire or serrated, ...),
presence and distribution of cryptostomata and midrib, as well as the length of the pedicel, are
also of taxonomic importance. Vesicles (or aerocysts) may be spherical, ovoid, pyriform, or
any intermediate shape. They are smooth or bear a mucron which may be simple or multiple,
thin and spine-like, foliar, or forming a crown. For some species, the vesicle may develop in
the middle of the leaf (phyllocyst). Receptacles (containing reproductive bodies) are either
solitary or in tight to open clusters, simple, branched, bearing or not small vesicles and/or blades
(mixed receptacles). Receptacle shape and aspect of the margins are also of taxonomic
importance and can vary if they are male, female or dioecious. All morphological and
anatomical characters of taxonomic importance are described and illustrated in detail by Mattio
and Payri (2011). The high intraspecific morphological plasticity between populations and even
within populations can be a source of considerable taxonomic confusion. For example,
Kilar and Hanisak (1989) identified as many as 47 different morphotypes within the same
S. polyceratium Montagne population in Florida. Morphological variability is also encountered
depending on seasons, habitat type and exposure, e.g., exposed vs. sheltered, as reported in

various regions (reviewed in Mattio and Payri 2011).

Genetic data



A considerable number of molecular studies were dedicated to Sargassum since the earliest
molecular analyses of Phillips (1998), which shed new light on the diversity and phylogenetic
relationships between the various species, sections and sub-genera of the genus (e.g., Yoshida
et al. 2000, Stiger et al. 2000, 2003, Mattio et al. 2010, Dixon et al. 2014, Camacho et al. 2015,
Gonzalez-Nieto et al. 2020, Yip et al. 2020). As a result, the GenBank nucleotide database
(searched on 15/09/2022) records a total of 5,386 Sargassum sequences for over 122 taxa and
a number of unidentified specimens. They include sequences for markers of the three cellular
compartments, mainly 1TS2 (1,802 sequences, 139 different epithets), partial Rubisco
(521 sequences, 92 different epithets), cox3 (919 sequences, 71 different epithets),
cox1 (220 sequences, 53 different epithets), and to a lesser extent: 23S, psaA and psba, tufA,
trnWI, atp9, nadl, an anonymous locus and various other loci. The most sequenced species are
S. natans, S. polycystum and S. ilicifolium. The mitochondrial and/or chloroplast genomes of

27 species are also available on the Genbank (searched on 15/09/2022).

Distribution, ecology and metabolism

Geographical distribution

Specimens of the genus Sargassum are largely distributed in temperate and tropical areas and
are absent from the two polar circles. Among the two sub-genera structuring the genus, species
belonging to Bactrophycus have a more restricted distribution and are observed in Europe
(with S. muticum the only representative of the sub-genus in the area), in the North-West
Pacific, Southern Australia and at the tip of South Africa (Dixon et al. 2014) while the rest of
temperate and tropical regions is colonized by specimens belonging to the sub-genus
Sargassum (Dixon et al. 2014, Yip et al. 2020). Some species present a restricted distribution,
for example, S.amaliae is endemic to tropical and sub-tropical Australia (Phillips and
Blackshaw 2011) or S. quinhonense occurs only along the Central and South West coasts of
Vietnam (Nguyen and Boo 2020). Similarly, S. fluitans and S. natans are the only
representatives of holopelagic Sargassum species and they are restricted to the Atlantic Ocean
(Butler et al. 1984, Schell et al. 2015, Wang et al. 2019, Johns et al. 2020, Goodwin et al. 2022).
Conversely, with its invasive status, S. muticum native from Asia, colonized various areas
around the world and is now also largely distributed in the North Pacific, i.e. from Alaska to
Mexico (Aguilar-Rosas et al. 2007), and the Eastern Atlantic Ocean, with populations present
from Morocco (Sabour et al. 2013) to Norway (Tanniou et al. 2014, 2015).



Ecology

Sargassum species are canopy-forming brown macroalgae distributed in sublittoral waters, and
usually form mono- or plurispecific underwater ‘grasslands/bush or forest’ (depending on their
size) along the coasts of all continents and islands as illustrated by Fig#, showing S. coreanum
and S. nigrifolium forming grasslands in Japan (Figi2ab), S. macrocarpum and S. spinuligerum
forming small marine forests in Japan (Figi2e) and New Caledonia, respectively (Figiad) and

S. polycystum presenting thalli up to 2 m long and forming a true marine forest in Tuvalu

(Fig. 2¢).
Figure 2

Species of Sargassum can settle in a wide range of habitats, including subtidal and intertidal
zones in temperate areas and seagrass beds, mangroves and coral reefs in tropical areas. In the
intertidal zone, since the species do not tolerate prolonged exposure, they favour foreshore
rockpools, which allow them to be always submerged. This dense vegetation provides habitats
for fish, shellfish, copepods, crustaceans and also other algae as epiphytes. Most of the
Sargassum spp. are benthic, i.e., fixed to a hard substratum (rocks, rubbles, etc), with the
exception of holopelagic species spending their entire life in a floating state. These holopelagic
species form drifting rafts of Sargassum species and play important ecological roles in offshore
waters, providing spawning grounds and nursery sites for juveniles of many fish species
(Butler and Stoner 1984).

Many species of Sargassum have the potential to float on the surface of the ocean, but unlike
holopelagic species, they only float for part of their life-cycle. The thallus, and more often the
laterals, are torn from their substratum and drift to/under the water surface. Examples are
S. pacificum and S. polycystum in South Pacific (Zubia et al. 2015, Andrefouet et al. 2017),
S. horneri in Asia (Komatsu et al. 2014, Liu et al. 2021), or S. muticum in the Mediterranean
Sea (Benali et al. 2019) for the most famous species. In the South Pacific and also the central
Atlantic Ocean, rafts of Sargassum species are so large that they can be seen on satellite images
(Andrefouét et al. 2004, Komatsu et al. 2007, Gower and King 2011, Ody et al. 2019). Benthic
Sargassum species are able to survive as floating rafts due to the buoyancy provided by the air

vesicles. After being detached from the substratum, they form rafts that drift on the surface and



constitute true oases in the middle of the ocean as described for S. horneri in the China Sea by
Komatsu et al. (2007), or other species in the South Pacific Ocean (Stiger and Payri 1999a,
Andrefouét et al. 2004, Zubia et al. 2015). The majority of Sargassum species live attached to
diverse types of substrata such as rocks, patches or rubbles of various kinds.

Some Sargassum species are invasive. This is the case for example in the South Pacific atoll of
Tuvalu, where S. polycystum (a species not previously reported in the literature from that
locality) suddenly appeared and proliferated around the year 2010, with beds being found to
occur predominantly on hard surfaces such as rocks, coral rubble and concrete/cement slabs
and rubble in populated areas of the main atoll of Funafuti, subject to high anthropogenic
nutrient inputs (N’ Yeurt and Iese 2015b, Andréfouét et al. 2017). As the years progressed, an
association was found between S. polycystum and Padina boryana Thivy, another possibly
invasive brown macroalga, within 30 - 55 m from the shoreline (Iese and N’Yeurt 2018),
indicating that over time, invasive populations of Sargassum are also subject to ecological
competition and succession by other macroalgae. The abundance of S. polycystum decreased as
the distance from the shore increased, with almost no S. polycystum occurring at 100 m from
shore, possibly due to lesser influence from land-derived nutrient sources. In sandy bottom
areas close to the shore, subject to transversal water currents creating concentric dunes,
S. polycystum was found growing on the ridges only, creating a distinctive banded pattern of
growth visible from the air. Since the genus Sargassum was assumed not to occur in the Central
Pacific (Doty 1954) and S. polycystum had not been reported from a survey of Funafuti Atoll,
Tuvalu by Chapman (1955) nor from neighbouring Kiribati (Tsuda 1964), there are strong
suggestions that this species had recently spread from Fijian ports of entry to other islands via
regional shipping routes, as it was observed in Wallis Island (N’Yeurt and Payri 2004) and in
the Fiji Islands since the year 1970 or earlier (N’ Yeurt et al. 1996). However, this has not yet
been definitively resolved through population genetic studies of South Pacific species of
S. polycystum.

In Indonesia, Setyawidati et al. (2018a) combined fieldwork and satellite images to follow
populations of brown macroalgae occuring around Libukang Island (South Sulawesi).
They found that species of Sargassum, i.e., S. ilicifolium and S. polycystum, were abundant
throughout the studied seasons, with a maximal percentage of cover of 84% during the dry
season and a minimum of 60% during the wet season. Both species settled on heterogeneous

and soft substrata around Libukang Island (South Sulawesi) and never on sandy substrata.



This was not the case for other brown macroalgae such as Turbinaria spp. and Padina spp.
which mainly settled on coral debris and sand respectively (Setyawidati et al. 2018a).
Sargassum species are known to have an impact on the surrounding marine communities.
Salvaterra et al (2013) demonstrated the impacts of the introduced species S. muticum on
the functioning of an Irish marine reserve, with important changes in native communities,
including significant reduction of the primary production (by decreasing associated Fucus spp.
biomass), a decrease of the native algal community and associated fauna in the shallow subtidal
zone, and alteration of the structure of the faunal benthic community (including the arrival
of several generalist species and a redistribution of top and intermediate predators). In various
European coastal areas, many authors have demonstrated competition between the introduced
and native species, as S. muticum reduced the abundance of the native canopy and understory
algae, suggesting these effects were caused by competition for light (Britton-Simmons 2004,
Sanchez et al. 2005, Olabarria et al. 2009, Baer and Stengel 2010).

Metabolism

Due to the variety of environments (pelagic/benthic and temperate/tropical) in which
Sargassum spp. live, their metabolism and response to any environmental change will vary
strongly depending on the site. Indeed, their photosynthetic characteristics reflect both the
adaptation of the species to the general environmental conditions, and their ability to acclimate
to seasonal changes within their geographical range of distribution (Falkowski and Raven 2007,

Hurd et al. 2014). For example, the light saturation point of Sargassum horneri

(80 umol photons m2 s*; Bao et al. 2022) and S. macrocarpum (105 pmol photons m=2 s~ ;

Terada et al. 2020) from deeper waters (3m) was lower than that of S. fusiforme

(391 pmol photons m~2 s~ Kokubu et al. 2015), S. muticum (300 umol photons m? s;

Yan et al. 2021) and S. patens (289 pmol photons m™2 s~ '; Terada et al. 2018) from shallower

waters (0.5-2 m). Within these species, S. horneri could also survive floating at the surface of
the ocean for months when detached (Komatsu et al. 2007). When both populations (benthic
and pelagic) of S. horneri were compared, relative growth rates were significantly lower in the
pelagic population than that in the attached; and all thalli from the pelagic population died
in culture within 20 days (Bao et al. 2022).
The growth of Sargassum spp. is also highly variable with 0.03 - 0.04 doublings d* for the two
holopelagic species, S. fluitans and S. natans, which are considered as low productive (Lapointe
7



1986); and for benthic species, from 3-4% d* for S. cymosum (Costa et al. 2017) to 8% d* for
S. muticum (Yan et al. 2021). There is however a strong temporal variation in biomass due to
their marked seasonal growth (Plouguerné et al. 2006, Baer and Stengel 2010, Le Lann et al.
2012a). When exposed to nutrient-enriched seawater, Sargassum spp. also showed different
responses: S. natans and S. fluitans increased their growth and photosynthesis with P, but not
N, addition (Lapointe 1986), whereas S. fusiforme and S. muticum increased their
photosynthetic rate and growth under N-enrichment (Hong et al. 2021, Yan et al. 2021). Most
species within the genus exhibit broad salinity tolerances: S. fulvellum can survive in salinities
from 15-35 (Dawes and Tomasko 1988); Sargassum polycystum optimal growth was in the
range of 24-36 (Zou et al. 2018); S. muticum germlings were able to survive in salinities as low
as 5 (Steen 2004); and S. thunbergii germlings exhibited a strong tolerance to fluctuating
salinity (Chu et al. 2012). Moreover, strong tolerance to dehydration and salinity stress provides
S. fusiforme an advantage to grow in the intertidal zone (Yonemori et al. 2022). Under a
temperature increase, a strong modulation of various metabolic pathways (i.e., amino acids,
sugars, esters, organic acids, etc.) was observed in S. fusiforme that may contribute to the
tolerance and adaptability of this species to high-temperature stress (Liu and Lin 2020).
Similarly, S. muticum in its native area showed a high adaptation to a broad temperature range
(8-28°C) and to desiccation that may explain its potentially high invasive capacity (lto et al.
2021). Ocean acidification was observed to have no negative effect on S. fusiforme (\Wen and
Zou 2021), nor S. vulgare (Kumar et al. 2017) and even in the latter an increase in
photosynthesis and growth, as well as higher activities of oxidative metabolizing enzymes, were
observed under acidified conditions, suggesting that these species could benefit from projected
climate change impacts of increased atmospheric CO2 concentrations (Kumar et al. 2017).
Indeed, these seaweeds do not need carbon-concentration mechanisms (CCMs) under increased
CO- levels allowing a reallocation of energy to growth which can also explain the dense
populations of S. vulgare around volcanic vents in the Mediterranean Sea (Baggini et al. 2014).
Due to their broad tolerance to many environmental parameters, many Sargassum species may
have the ability to colonize and further spread in different environmental zones all around the
world. This may occur naturally, or through anthropogenic vectors such as shipping and

aquaculture activities.

Life history



Life cycle

The life cycle of Sargassum spp. is diplontic, where only the diploid generation is multicellular
and dominant (Bringloe et al. 2020). The main phase in the life cycle of Sargassum species
(Fig. 3a) is the diploid thallus, which produces haploid gametes, i.e., eggs within oogonia and

antherozoids within antheridia, within conceptacles grouped together in receptacles.

Figure 3

Following fertilization, which occurs at the surface of the receptacles, a diploid zygote is
produced. The fertilized eggs appear on the outside of the receptacle (ostiole) for one to several
days, a period described as incubation which may play a role in the success of establishment
of multicellular propagules. Small germlings with already developing rhizoids are then released
into the seawater and dispersed with currents until they settle on an appropriate substratum.
The time between fertilization of the oogonium (containing only one egg) and the release of the
embryo is estimated at 4-5 days for the tropical species S. pacificum (Stiger and Payri 1999a),
and 4 days in the temperate species S. vestitum (May and Clayton 1991). In the case
of S. pacificum, it takes about 2-3 months for a zygote to become a young plantlet with two
basal fronds and 9-10 months for this juvenile to become an adult thallus (Fig. 3a). In cultivation
conditions, Hales and Fletcher (1989) and Steen (2004) showed that S. muticum germlings take
one month to reach a length of 3-5 mm; similar results were reported for other cultivated species

such as S. fulvellum and S. vacchellianum (Hwang et al. 2006, Chai et al. 2014).

Reproduction

Various Sargassum species reproduce via: (1) sexual and/or (2) asexual reproduction (Fig. 3).

Sexual reproduction ensures genetic mixing that maintains genetic diversity within populations
which gives a species adaptive potential. This type of reproduction is characterized by meiosis
and fertilization, and then implies the production of gametes, i.e., eggs and antherozoids, and
their fusion. A fertile thallus of Sargassum can bear many hundreds of small receptacles that
liberate gametes. At maturity, gametes produced within conceptacles are emitted from the
ostiole with the particularity for the oogonia to stay at the surface of the receptacle, fixed at the
bottom of the conceptacle by an oogonial stalk, until the fertilization (May and Clayton 1991).
Depending on the species, monoecy and dioecy exist within the genus.



In a monoecious species, only one type of individual is present which produces both female
gametes (a single egg in an oogonium) and male gametes (64 antherozoids in an antheridium).
As monoecious species, we can cite as examples Sargassum filicinum native from Japan and
Korea and introduced in Mexico (Miller et al. 2007, Aguilar-Rosas et al. 2007), S. muticum
native from Japan and invasive in many areas around the world (Critchley 1983, Loughnane et
al. 2002, Plouguerné et al. 2006, Le Lann et al. 2012, Liu et al. 2013, Engelen et al. 2015), and
S. pacificum (Stiger and Payri 1999b, Mattio et al. 2008).

In a dioecious species, the sexes are separated and two types of individuals are present in the
population, a female individual that produces female gametes (a single egg in an oogonium)
and a male individual that produces male gametes (64 antherozoids in an antheridium).
As dioecious species, we can cite as examples Sargassum horneri (Uchida 1993), S. fusiforme
(Pang et al. 2008), S. ilicifolium and S. polycystum from New Caledonia (Mattio and Payri
2009), S. mathiesonii from the Gulf of Mexico (Kilar 1992), and S. vestitum from Australia
(May and Clayton 1991).

Asexual reproduction produces one, or more, individuals genetically conforming to the
parent(s). It often allows a production of offspring quantitatively larger than sexual
reproduction, which brings to the population potentialities of colonization (Fig. 3b). Asexual
reproduction was shown in some Sargassum species. In laboratory experiments, Uchida (1993)
demonstrated that S. horneri was able to reproduce vegetatively with branches separated from
a shoot that continue to grow. Also, regenerative ability of segments excised from thalli were
demonstrated for S. muticum and S. tortile (Fletcher and Fletcher 1975, Tsukidate 1984).
Regeneration of new shoots, which develop into primary axes, from a holdfast have been
commonly observed in some temperate Asian Bactrophycus species such as S. miyabei,
S. thunbergii and S. fusiforme (Y oshida 1983), as well as two species from the Philippines (Ang
Jr 1985). Yatsuya et al. (2012) reported experimental regeneration of erect axes from holdfast-
excised, primary axis in 11 Sargassum species along the temperate coast of Japan. Moreover,
S. stolonifolium produced axis equivalents to stolon/runners that allowed for the development
of new thalli (Phang and Yoshida 1997), this phenomenon was also illustrated in S. polycystum
on Fig. 30. As another example, in S. fusiforme, primary axes are washed away after the
reproductive season. Only filamentous holdfasts thrive following the high temperature season
and regenerate new shoots when seawater temperature decreases. Such regeneration of erect
axes from a filamentous holdfast has been utilized as a seedling method in mariculture (Hwang

et al. 1999, Ito et al. 2009). Similarly, in S. macrocarpum, Yoshida et al. (2001) reported

10



spontaneous formation of adventive shoots on cauline leaves under culture condition and
developed to utilize such adventive embryos as seedlings. Asexual reproduction is the main
reproductive mode used by both holopelagic species S. fluitans and S. natans, as no receptacles
have ever been observed on these two holopelagic species (Butler et al. 1984 and all the papers
that have subsequently treated this topic in these species). In both species, vegetative

multiplication through fragmentation is the only known reproductive mode (Kilar et al. 1992).

Dispersal and recruitment

For habitat colonization, Sargassum species present two modes of dispersal: (1) short-distance
of germlings released by attached parental thalli, and (2) long-distance dispersal of germlings
(released by whole or partial thalli) or entire/part of thalli drifting over many kilometers
(Norton 1992). Short-distance dispersal, also called marginal dispersal, gives rise to
a contiguous distribution of individuals around parents without much genetic mixing and
intraspecific competition between recruits (Stiger and Payri 1999a). Conversely, long-distance
dispersal, also called remote dispersal, allows for greater dispersal of individuals but is often
accompanied by risks, such as the lack of partners in the case of dioecious species, and the lack
of substrata to settle on for benthic species. Nevertheless, this type of dispersal allows the
species to colonize distant sites and to increase their genetic diversity.

In Sargassum species, the distances traveled by zygotes, after the incubation period on the
surface of the parental thallus can be measured in the field by suctioning the substratum with
a venturi suction pump (Kendrick and Walker 1991), or using fixed experimental plates (Stiger
and Payri 1999a). Indeed, Kendrick and Walker (1991) estimated in Sargassum spinuligerum
that the dispersal of propagules was highly localized (i.e., within 1 m) and declined
exponentially with distance from parent thalli. Similar distances were obtained by Stiger and
Payri (1999a) who estimated that the dispersal of germlings from S. pacificum was limited
to within 90 cm of the parental thallus, with a sweep of germlings settling very close to the
holdfast.

Phenology

The Pacific Ocean represents an area of great specific diversity for Sargassum spp.
Accompanying this specific richness, Sargassum species show variations in their growth, and
reproductive periodicity (as examples of phenological variables) during a year. In temperate

waters around Japan, some Sargassum spp. show clear seasonal changes in biomass. Most
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species show maximum values in thallus length and number of lateral branches in spring to
early summer (Yoshida 1983, Murase and Kito 1998, Yoshida G 2005 and references listed
therein). For S. horneri, one of the major components of seaweed beds along Japanese coasts,
thallus length reaches 1-2 m and 30-80 g DW in winter to early summer (Uchida 1993, Yoshida
G 2005), just before they become fertile. However, larger values of more than 7 m have been
also reported for populations of this species in deeper habitats. In the case of annual species
such as S. horneri, entire thalli including the holdfast are detached from the substrata and drift
for long distances by ocean currents or are cast ashore nearby (Komatsu et al. 2007, Su et al.
2018, Zhang et al. 2019). In case of perennial species, such as S. macrocarpum (Murase and
Kito 1998) and S. thunbergii (Yoshida 1983), macroalgae form receptacles when the thallus
length reaches its maximum and lateral branches begin to decay after maturation.
The perennating holdfasts and primary axes remain and persist during the high temperature
season and subsequently regenerate primary laterals.

Although detailed studies have been limited to a few select species, clear seasonality in growth
and maturation of temperate Sargassum spp. are explained in relation to photo-periodicity
(Hales and Fletcher 1990, Uchida 1993, Hwang and Dring 2002, Yoshikawa et al. 2014).
In S. horneri, for example, elongation of laterals can be observed under short-day condition and
their transfer to long-day conditions (i.e., more than 14 h light period/ day) induced formation
of receptacles (Yoshikawa et al. 2014). Being either annual or perennial species, it is thought
that each species of Sargassum has a limited/defined duration reproductive season (Yoshida
1983), hence photoperiodic control of growth and reproductive maturation would be more
common amongst temperate members of the genus. Conversely, it is known that phenological
shifts, i.e., differentiation in reproductive seasons, occur between sympatric, conspecific
populations (Yoshida G et al. 2004, Yoshida G 2005, Homma et al. 2020).

Chemical composition

The composition of Sargassum species can be influenced by abiotic factors, such as
geographical location, season, water temperature and salinity, but is also related to growth and
maturity of the algal thallus (Gorham and Lewey 1984, Plouguerné et al. 2006, Kamiya et al.
2010, Murakami et al. 2011, Le Lann et al. 2012a,b, Balboa et al. 2016, Zou et al. 2017) and
importantly, to the method of extraction (Tanniou et al. 2013, Saldarriaga-Hernandez et al.

2021). The effects of the seasonal and spatial variations in S. muticum can be found in numerous
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publications on this introduced, invasive species (Gorham and Lewey 1984, Nunez-Lopez and
Casas Valdez 1998, Plouguerné et al. 2006, Le Lann et al. 2012a, Balboa et al. 2016). [iaBles

summarizes the proximal composition of some Sargassum species reported in various studies.

Table 1

Inorganic constituents. The ash content in seaweeds accounts for 30-40% DW (Leandro et al.
2020), but brown macroalgae show an affinity to accumulate metals (Patron-Prado et al. 2011,
Devault et al. 2021a). Seaweed can accumulate minerals and essential elements from the
environment, and can be determined as ash content, particularly high for some Sargassum spp.,
with values between 24-60% (Machado et al. 2022, Damayanti et al. 2021, Saldarriaga-
Hernandez et al. 2021, Milledge et al. 2020). This was found to depend on the collection site.
On the other hand, the ash content showed seasonal variations for some species (Murakami et
al. 2011), yet remained relatively constant for others (Gorham and Lewey 1984), and even
species growing in the same area showed a different accumulation pattern (Davis et al. 2021).
These highly variable parameters have significance for food applications due to their key roles
in human health (Circunciséo et al. 2018). The main trace elements found in these brown
seaweeds are iron, manganese, copper, zinc, cobalt, molybdenum, selenium, and iodine. The
latter being necessary for human health in order to maintain correct functioning of thyroid
hormones (Sun et al. 2021). Potassium, sodium, calcium and magnesium have been reported as
the major macro-minerals components in members of the genus Sargassum (Thadhani et al.
2019, Kumar et al. 2021). However, accumulation of some trace elements, i.e., arsenic or zinc

in S. fusiforme, could represent a potential risk for human health (Zhu et al. 2022).

Organic constituents

Carbohydrates

Total dietary fiber content increases with seaweed growth and maturity (Murakami et al. 2011).
The distribution of soluble and insoluble fractions differs according to the estimation
procedures; however, the soluble fraction can be 40-75% (Gomez-Ordofez et al. 2010, Kumar
et al. 2021). Brown macroalgae also contain alginate, laminarin(an), mannitol and fucoidan or
other sulphated polysaccharides, which have attracted attention based on their biological
properties, including antioxidant, anti-tumoral, anti-inflammatory, anti-obesity, and anti-

diabetic properties amongst others (Rushdi et al. 2020, Zhang et al. 2020). Mannitol was also

13



found in Sargassum species (Hernandez-Bolio et al. 2021, Davis et al. 2021), accounting
for 12% DW in tropical S. mangarevense (Zubia et al. 2008). The content of alginate has been
reported as relatively constant (Zubia et al. 2008, Gorham and Lewey 1984, Davis et al. 2021),
whereas mannitol and laminarin(an) contents were maximal during the growing period in many
species (Gorham and Lewey 1984). Alginates, linear polysaccharides formed by mannuronate
(M) and guluronate (G) acids with different ratios of M/G depending on the type of species,
age, and location, are found in the cell walls of brown seaweeds, and in addition to their
collative properties within the thallus, also provide protection from desiccation and flexibility
(reviewed by Stiger-Pouvreau et al. 2016). According to its structure, different rheological
properties of alginate, such as viscosity or elasticity, can be developed through chemical
modification during the industrial extraction process. Alginates have been proposed in several
biomedical applications, such as tissue engineering, encapsulation, hydrogels, wound-healing
and drug delivery (Xie et al. 2022, Parente et al. 2022, Zamboulis et al. 2022). Fucoidans
(fucose-containing polymers) are a group of polysaccharides mainly composed of fucose and
sulphate groups, and other saccharides in minor content. The importance of the quantity and
location of associated sulphate groups has been associated with the biological activity of this
polymer (Shao-Hua et al. 2020, Hsiao et al. 2021). This is highly influenced by both
composition and structure, and these characteristics are also defined by the techniques used for
their extraction and depolymerization (Grosso et al. 2015, Florez-Fernandez et al. 2018).
Laminarans(ins), neutral polysaccharides mainly comprising B-D-glucose, with B-(1—3)
glycosidic bonds, are produced by photosynthesis (Zhang et al. 2020). These polymers
have been demonstrated to have anti-viral and anti-tumoral properties (Jin et al. 2020, Cui et
al. 2021, Claus-Desbonnet et al. 2022, Li et al. 2021). Additionally, the dietary inclusion of

alginates can have a positive effect as a regulator of intestinal microbiota (Cui et al. 2021).

Protein and amino acids

Brown seaweeds contain lower levels of protein content than red and green seaweeds, ranging
from 6-20 % (Matanjun et al. 2009, Murakami et al. 2011, Zheng et al. 2020, Machado et al.
2022). In various Sargassum species, maximum protein content occurs during winter (Gorham
and Lewey 1984, Dewinta et al. 2020, Kumar et al. 2021). These seaweeds exhibit a balanced
amino acid composition, the most abundant being glutamic and aspartic acids, leucine and
glycine (Tonon et al. 2022) and the minor methionine and tyrosine (Nazarudin et al. 2021).

In addition to their nutritional value, these amino acids are determinants of flavor properties,
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particularly the umami taste later synthesized as monosodium glutamate or MSG commonly
used as a food condiment in Asian cuisine (Moerdijk-Poortvliet et al. 2022). However, the
protein digestibility of Sargassum spp. can be reduced due to the presence of phenolic

compounds. Improved digestibility may be achieved by boiling and steaming (Sun et al. 2021).

Lipids and fatty acids

Lipids are relatively minor components in brown macroalgae, with values as low as 1%,
reaching a maxima of 4-6 % (Terasaki et al. 2009, Balboa et al. 2016, Matanjun et al. 2009,
Murakami et al. 2011, Lee et al. 2022, Kumar et al. 2021, Munsu et al. 2021, Yang et al. 2021).
Known seasonal variations occur (except in tropical areas), where neither the content nor the
fatty acid profiles showed significant variations throughout the year (Santos et al. 2019).
It has been suggested that the low lipid content of Sargassum spp. could be due to the relatively
higher light intensity requirements of this seaweed in order to carry out photosynthesis
(Dewinta et al. 2020). Despite a low lipid content, Sargassum spp. may contain higher levels
of essential polyunsaturated fatty acids than terrestrial plants. The balanced ®-3:®-6 ratio was
also observed for Sargassum spp. (Terasaki et al. 2009, Balboa et al. 2016) which confers
beneficial effects on health. In addition to dietary interest, these fatty acids have been reported
as having functionality on anti-microfouling activity (Plouguerné et al. 2010). The degree
of unsaturation depends mainly on seawater temperature; Sargassum spp. harvested in colder
regions present a higher PUFA content and degree of unsaturation than those from tropical
waters. Amongst the saturated fatty acids, palmitic acid is predominant, accounting for 35-39%
in different species (Matanjun et al. 2009, Terasaki et al. 2009, Noviendri et al. 2011); a high
content in oleic acid (18:1®9) was also found, in S. polycystum, S. fusiforme/horneri/thunbergii,
and S. binderi/duplicatum respectively. Amongst the ®-6 fatty acids, arachidonic and
linoleic acids are the most abundant (Matanjun et al., 2009, Terasaki et al. 2009) and among
the w-3 fatty acids, are a-linolenic, eicosapentaenoic and eicosatrienoic acids (Terasaki et al.
2009, Matanjun et al. 2009).

Vitamins

Vitamins are essential micronutrients involved in biological activities of humans and other
organisms, and they are also associated with defenses against oxidative processes (e.g., ascorbic
acid, vitamin E). Their relative content is related to sunlight, the content of vitamin C

in S. thunbergii (Luo et al. 2019) showed promising levels for utilization. Tonon et al. (2022)
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reported that vitamin E and vitamin B3 were the most abundant in pelagic Sargassum spp.

biomass.

Secondary metabolites

Seaweeds represent a potential source of bioactives and contain secondary metabolites,
phenolic compounds and terpenoids (Nie et al. 2021, Jayawardena et al. 2021). The production
of phenolic compounds in marine brown macroalgae is generally assumed to be a chemical
defense against grazers and bacterial colonization. The phenolic content of selected
Sargassum spp. has been reported to vary by season, environment and geography, as well as
species and distribution within the thalli (Gorham and Lewey 1984, Connan et al. 2006, Stiger
et al. 2004, Plouguerné et al. 2006, Kamiya et al. 2010, Le Lann et al. 2012a,b, Davis et al.
2021, Urrea-Victoria et al. 2022). Phenolics have been shown to increase in response to
increased UV-B radiation (Plouguerné et al. 2006, Le Lann et al. 2012b) and their higher
content at the beginning of growth maturation (ageing) and then decline could suggest their
synthesis early in the growth cycle as a protection mechanism against grazers.
Sargassum muticum contains high phenolic levels (6%), a value dependent on the conditioning
of the raw material (Le Lann et al. 2008), the method and solvent used for extraction (Tanniou
et al. 2013, Balboa et al. 2016), which usually correlated with an antioxidant activity (Connan
etal. 2006, Stiger-Pouvreau et al. 2014). The xanthophyll fucoxanthin from Sargassum exhibits
relevant biological activities (Kalasariya et al. 2021, Karpinski et al. 2022), which makes it
interesting for cosmetics, functional food and pharmaceutical applications (Praiboon et al.
2018, Morais et al. 2021, Hosokawa 2021).

Inorganic constituents

Another issue is the contamination of harvested raw material by various inorganic compounds.
High levels of arsenic and other toxic elements, such as cadmium, make it difficult to
straightforwardly use Sargassum biomass as a bio-fertilizer, compost or animal feed in produce
or livestock meant for human consumption. It was shown that Sargassum is able to concentrate
chlordecone and arsenic (Devault et al. 2022, 2021a,b, Ortega-Flores et al. 2022). Marine algae
are known to concentrate the arsenate ion (AsOs*), the major chemical form of arsenic in
seawater, probably because of its chemical similarity to the phosphate nutrient ion (PO4s*)

(Sanders 1979, Taylor and Jackson 2016, Gobert et al. 2022). Total arsenic concentrations in
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marine algae are therefore high and generally range from 10 - 100 mg/kg, and reach up to
200 mg/kg in Sargassum. While most algae convert inorganic arsenic from seawater into
arsenic sugars or other low toxic organic forms, Sargassum can accumulate large amounts of
inorganic arsenic, constituting up to 80% of the total arsenic (Milledge et al. 2018, Yokoi and
Konomi 2012). There is also relatively little published information on the speciation of arsenic
in holopelagic Sargassum, in particular on the proportion of the most toxic inorganic forms of
this element, i.e., As(I11) and As(V). For the Mexican-Caribbean coast, a comprehensive study
by Rodriguez-Martinez et al. (2020) reported up to 28 elements found in both holopelagic
Sargassum fluitans and S. natans, with spatial and temporal variations in concentrations. These
authors also reported that about 86% of the samples they analyzed had total As concentrations
above the maximum allowable level (i.e., 40 ppm DW) for use as animal feed under European
regulations. Moreover, a report by ANSES (2017) mentioned analyses carried out by CEVA
revealing levels of 40-70 mg/kg of inorganic arsenic in Sargassum from Martinique and
Guadeloupe. However, no information is known about the geographic area where loading of

arsenic occurred and the conditions which favor its concentration in Sargassum tissues.

Harvesting, production and markets

Harvesting of Sargassum species for their consumption/uses in Japan

Sargassum fusiforme is one of the traditional seafood used in Japan, and its consumption has
increased from the 1970's due to growing health awareness in Asia, although the levels
of arsenic and iodine are too high for this biomass to be exported to Western countries given
the stricter regulations. In Japan, domestic production of S. fusiforme is made up from
harvesting of wild populations in spring (Ito et al. 2008) and until now, its cultivation is not
common. More than 90% of the total consumption of this alga in Japan (e.g., ca. 12,000 tons
DW in 2009; Ofusa 2011) are imported from China and Korea (Ofusa 2011), and most of this
biomass is made up by mariculture. In this case, young thalli growing naturally are collected
from winter to spring and clasped between culture ropes (Hwang et al. 1999, Ito et al. 2008).
This seedling method, however, results in considerable damage to wild populations (Hwang et
al. 1999, Pang et al. 2008), and therefore there has been a move to produce seedlings by
regeneration from the filamentous holdfast (Hwang et al. 1999, Ito et al. 2009), as well as

zygotes (Pang et al. 2008).
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Total annual yields in some specific areas (selected examples)

Additional biomass requirements of macroalgae can be obtained either by aquaculture
(sustainable and scalable), or by harvesting from wild populations (finite resources requiring
careful management). The current worldwide production of Sargassum spp. (mainly
S. fusiforme) under cultivation is 304,000 tonnes (Cai et al. 2021) with two main producers:
China (270,000 tonnes) and the Republic of Korea (34,000 tonnes).

In the South Pacific Islands, people harvest macroalgae from wild populations.

In French Polynesia, in order to valorise S. pacificum for applications in cosmetics and

agriculture, biomass was estimated at between 0.133 + 0.046 and 0.193 + 0.067 kg DW m™?2,

on Tahitian reefs using satellite data (Andréfouét et al. 2004). In the atoll nation of Tuvalu

in the Central Pacific, wet S. polycystum biomass was estimated at between 0.45-3.56 kg m™?,

with an average of 1.68 kg m™2 in Funafuti Lagoon (N’Yeurt and Iese 2015b). In Indonesia,

which is the world’s leading producer of red macroalgae for industrial purposes, an awareness
of the risks to Kappaphycus seaweed cultivation, due to an increasing number of diseases, led
the government to take an interest in diversification amongst brown seaweeds, which are
abundant on the country’s numerous coasts (Setyawidati et al. 2018). A vast program
was developed in order to estimate the potential of some Indonesian bays to produce
some brown macroalgae of commercial interest. Setyawidati et al. (2018a) demonstrated the
potential of Malasoro Bay (South Sulawesi, Indonesia), to provide significant biomass
of Sargassum species during the dry season, i.e., 1.19 kg DW. m™. Interestingly, Setyawidati
et al. (2018b) estimated the potential of alginate produced by both Sargassum
and Turbinaria spp. within Ekas Bay (Lombok, Indonesia), averaging approximately
207.61 + 0.42 t DW for the Bay.

In the Tropical Atlantic Ocean, large amounts of beached S. natans and S. fluitans
have been observed since 2011. Along many Caribbean coasts, massive beach-cast
holopelagic Sargassum biomasses occur from April to August. These have forced human
populations to either suffer the inundation or make use of this enormous biomass, which
represents an opportunistic harvest, as it is highly dependent on the random/stochastic arrival
of rafting thalli (Stiger-Pouvreau and Zubia 2020). In the same region, Garcia-Sanchez et al.
(2020) estimated the maximum mean daily arrival of biomass in 2018 for the Mexican

Caribbean area, at 17.3 = 1.8 FW kg m™2 and at 3.1 + 0.7 FW kg m~2 as a minimum in 2017.
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The beached biomass varied considerably amongst and between the various years and seasons,
with maximal biomasses in summer.

In Europe, after the growth period of Sargassum muticum occurring in spring, a large biomass
of lateral branches is present during the summertime. Seasonal harvesting of thalli (mainly for
clearance and reduction of invasive biomass), mainly laterals, occurs from April - August all
along the European coasts, from Portugal to Norway (Plouguerné et al. 2006, Engelen and
Santos 2009, Le Lann et al. 2012a). During a three-year project named SNOTRA and co-funded
by the Normandy Region (France), the potential for using the summer biomass of the temperate
S. muticum was also estimated at an annual average quantity of 12,000 tons =~ 24,000 m® of fresh
biomass (Bouasria et al. 2021, Pien et al. 2016), which could be used in sectors such as

agriculture and cosmetics.

Utilization of biomass

This section summarizes the biological properties that could be the basis for several applications
of Sargassum spp. biomass in relation to several domains, such as health and wellness,
biostimulants, adsorbents, soil and energy. Based on the commercial uses of other brown
seaweeds, different applications could be considered for a sustainable valorisation of the
biomass of various species of Sargassum (Stiger-Pouvreau and Zubia 2020, Saldarriaga-
Hernandez et al. 2021). In 2018, the largest single global algal bloom biomass of over
20 million tonnes was produced by Sargassum spp. (Joniver et al. 2021). However, the high
content of arsenic, particularly in pelagic Sargassum spp. limited the feed/food uses and
a general lack of viability of biomass due to the low yields when compared to other brown algae
(Davis et al. 2021), promoting the quest for non-food applications based on valorization of the
biomass for its unique, bioactive compounds (Milledge et al. 2016, Pinteus et al. 2018, Pérez-
Larran et al. 2019, Barbosa et al. 2021), as well as other non-health related applications.
In the case of the invasive behavior of S. muticum in certain areas of Europe and of holopelagic
Sargassum on Caribbean and African coastal areas, sustainable use of the available biomass
is crucial in order to mitigate negative impacts of beached algae (Lopez-Miranda et al. 2021,
Yan et al. 2021). Drying could allow the seaweed biomass to be further processed, i.e., by air
drying (Le Loeuff et al. 2021), or by processing in microwave hydro-diffusion and gravity
equipment (Pérez et al. 2014). Alternatively, frozen storage has been proposed (Pérez-Larran

et al. 2019). The economic feasibility of these strategies remains to be analyzed. It has recently
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been strongly suggested that Techno-Economic Analyses (TEAS) and Life Cycle Assessments
(LCAS) need to be carried out worldwide on blooming algal species for their effective

conversion into economically viable products (Joniver et al. 2021).

Sargassum for human consumption

In several parts of Asia, Japan and the Pacific Islands, species of brown macroalgae including
Sargassum are commonly consumed as part of the traditional diet (Chapman and Chapman
1980, Abbott 1991, Nisizawa et al. 1987, Novaczek 2001, Novaczek and Athy 2001, Singh
2018). Trays of Sargassum horneri, sold fresh, can be found on the Japanese market (Fig. 4a).

The most commonly known edible Sargassum species is S. fusiforme, previously known

as Hizikia fusiformis (Harvey) Okamura or more commonly as Hijiki ((*UZ). It is a common

part of the daily diet in Japan. Sargassum fusiforme is sold either cooked as a supplement,
as a ready-made dish in supermarkets (Fig. 4b) or freeze-dried (Fig. 4€). The thalli of
S. fusiforme have a naturally bitter taste, and are therefore usually processed by boiling or
steaming before being eaten. In addition to S. fusiforme, which has become popular throughout
Japan, S. horneri and S. fulvellum have been utilized as a direct food along the coasts of the
Japan Sea, China and Korea (Ikehara 1987, Hwang et al. 2007). For example, wild populations
of S. horneri are collected in winter (i.e., end of January - early April), and the receptacles are
eaten after a short period of boiling and chopping into small pieces. Recently, S. horneri
has been recognized as a healthy food in all regions of Japan and in order to meet increased
demand, mariculture of the species has started in various Prefectures of Honshu Island (Japan,

Uwai S, com. pers.).

Figure 4

Of particular concern for uses related to human consumption, several studies have shown that
S. fusiforme contains high levels of inorganic arsenic (Yokoi and Konomi 2012), with thallus
levels of arsenate, arsenite, monomethylarsonic acid and dimethylarsinic acid comparable to
that of arsenic poisoning following the intake of a single serving of Hijiki (Nakajima et al.
2006). The highest levels of urinary arsenic from Hijiki consumption in Japan were in the form
of dimethylarsinic acid (DMA) and arsenobetaine (AsBe) (Hata et al. 2007). While much of the
inorganic arsenic was found to be excreted in urine (up to 38%), repeated intake of S. fusiforme
could result in arsenic poisoning. It was reported that a pre-cooking treatment of the seaweed
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through soaking in fresh water between one to six hours reduced the arsenic content by 36 and
50%, respectively (Sugawa-Katayama et al. 2005) while soaking in warm water above 30° and
up to 75°C reduced the inorganic arsenic content further by 70-80% (Ichikawa et al. 2006,
Katayama and Sugawa-Katayama 2007, Katayama et al. 2008b, 2015). Boiling S. fusiforme in
seawater (Yamashita 2014) or a combination treatment of heating in water to 90°C followed by
soaking in 2% NaCl solution (Park et al. 2018) removed up to 92% of the inorganic arsenic,
making it safer for human consumption (in Japan, hijiki is sold in freeze-dried form, requiring
the seaweed to be boiled before consumption). A sequential processing consisting of hot water,
citric acid, and fermentation by the bacteria Lactobacillus rhamnosus was also proposed to
lower the arsenic content in S. fusiforme (Wang et al. 2022). Moreover, research using
simulated digestion of pre-soaked Hijiki using peptide and pancreatin enzymes, suggested that
very little, if any, of the remaining arsenic in the seaweed actually entered the digestive tract
(Sugawa-Katayama et al. 2010). Higher than average content of arsenic than even Hijiki were
found in branches of S. horneri (Akamoku) in Japan (Suzuki and lwata 1990, Katayama et al.
2008a). Using thermal neutron activation analysis of freeze-dried internal organs and the blood
of rats fed on a S. horneri-rich diet, Katayama et al. (2019) found that the highest amounts of
arsenic were transferred to the blood, spleen and lungs.

While pre-consumption processing methods traditionally used in Japan reduce to a greater or
lesser extent the arsenic content of S. horneri, there could possibly exist in the Japanese
population some genetic variations or selection processes that impart immunity to higher levels
of arsenic in food due to long-term exposure to this element (Hata et al. 2007). Outside of Japan,
only a few localities report using Sargassum as part of the human diet. This could largely be
due to the fact that unlike S. fusiforme, other species are usually leathery and fibrous, and as
such not so palatable. Imaginative ways to consume some species of Sargassum as part of
household meals have been developed in the Pacific Islands, including deep-frying entire algae
in batter, making crispy chips from young leaves, used in curry mixed with pumpkin, a thick
vegetable or miso soup and a slimming tea (Novaczek and Athy 2001).

Animal feeds

The earliest recorded use of algae in animal feeds dates back to 45 BC in Europe, when Greek
cattle herders fed washed drift seaweeds to their animals in times of drought (Newton 1951).
In the 1970s, research led to the discovery of beneficial chelated microminerals in seaweeds

(Lunde 1970), opening the way for the use of marine algae as a source of complementary
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minerals, iodine and vitamins in animal husbandry, but not as a source of energy replacing
traditional fodders due to the indigestibility of complex carbohydrates found in algae. It was not
until the early 2000s that it was shown that in low amounts of inclusion (<2%) the complex
carbohydrates in seaweeds have a prebiotic effect promoting gut health, leading to improved
immune response and higher productivity in farmed animals (Evans and Critchley 2013, Choi
et al. 2020). For the brown macroalgae, Sargassum flavicans and Padina australis showed
an in-vitro methane mitigation potential of 34 and 51%, respectively (Machado et al. 2014).
The bioactive compounds known as phlorotannins (PTs) are marine phenolic compounds, only
found in brown macroalgae, and have effective antimicrobial activities on rumen cellulolytic
bacterium responsible for methane production (Abbott et al. 2020). The common tropical
species S. polycystum has a high nutritional value and contains substantial amounts of protein
(14.2%) and lipids (7.6%) (Perumal et al. 2019). The high inorganic arsenic content of some
species of Sargassum (Milledge and Harvey 2016, Yokoi and Konomi 2012) poses a challenge
when considering feed supplements for animals intended for human consumption, as the
correct, well-defined dosage needs to be followed in order for the meat to stay within acceptable
safety norms, which (of course) vary between countries and regions of the world. Nevertheless,
several companies have developed portfolios of seaweed-based animal feeds, including

Sargassum spp. which are marketed as nature-based (or nature-positive) solutions for farmers.

Active ingredients (human health, well-being, cosmetic sectors)

One of the most studied properties of Sargassum extracts is antioxidant activity, determined
as reducing, chelating, radical scavenging capacity in chemical assays, as the ability to protect
against oxidation in different emulsion systems (Balboa et al. 2014), also in cell assays (\Wen
et al. 2014, Balboa et al. 2015, Sobhani et al. 2015) and in in vivo studies (Balboa et al. 2019).
This action can be mainly due to the phenolic or phlorotannin compounds, but also to fucoidans,
lipids and carotenoids (Balboa et al. 2013, Terme et al. 2018, Yu et al. 2019, Manggau et al.
2022). These bioactives are found in the extracts obtained by conventional solvent extraction
(Terme et al. 2018), pressurized liquid extraction (Tanniou et al. 2013, Montero et al. 2016),
supercritical carbon dioxide (Conde et al. 2015, Terme et al. 2018), or with assistance by
ultrasound (Yu et al. 2019), microwave (Florez-Fernandez et al. 2019) or enzymes (Hardouin
et al. 2014, Del Pilar Sanchez-Camargo et al. 2016). Abundant studies reported the potential
for skin care and protection, including the potentiation of hair growth (Kang et al. 2016), skin-

lightening action to prevent hyper-pigmentation-related diseases (Kim et al. 2007), protection
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against ultraviolet B-induced oxidative stress in human HaCaT keratinocytes (Piao et al. 2011,
2014), UVA light photodamage attenuation and protection against intracellular ROS generation
(Balboa et al. 2015), and protection against UVB radiation with anti-photoaging properties
(Song et al. 2016, Ye et al. 2018, Fernando et al. 2020).

The anti-inflammatory properties of several Sargassum spp. compounds and fractions have also
attracted attention (Yoon et al. 2010, Kim et al. 2013, Manzoor et al. 2014, Jeon et al. 2019,
Saraswati et al. 2019), the most active components being terpenoids, phlorotannins,
fucoxanthin and fucoidans (Park et al. 2010, Chae et al. 2013, Yang et al. 2013, Casas et al.
2016, Hwang et al. 2016, Sanjeewa et al. 2018, Yu et al. 2019). Other minor compounds have
shown good anti-inflammatory properties, such as the norisoprenoid apo-9’-fucoxanthinone
(Chae et al. 2013, Yang et al. 2013), or loliolide from S. horneri (Jayawardena et al. 2021).
Anti-allergic properties have been described both for the alginate fraction, which protected
against inflammation caused by fine dust in keratinocytes (Fernando et al. 2018), and for
ethanolic extracts (Kim et al. 2020), which also showed in vivo protection, in mice, against
ovalbumin and shrimp allergens as effectively as the anti-allergic drug disodium cromoglycate
(Haider et al. 2009). Figure 4d presents an example of a moisturizing cream based on the use
of extracts from Sargassum from Brittany (France).

A relatively large body of information exists on bioactive and antiviral/cytotoxic activities from
algal extracts, including Sargassum spp. (Hossain et al. 2003, Peng et al. 2012, Perumal et al.
2019). Cytotoxic activity on human cancer cell lines has been observed for solvent extracts
(Kim et al. 2009) and for fucoidans (Thinh et al. 2013, Usol’tseva et al. 2017, Fernando et al.
2020, Torres et al. 2020). Further depolymerization of the fucoidan fraction was suggested to
enhance the anti-proliferative potential (Florez-Fernandez et al. 2017), since the lower
molecular weight fractions proved to be the most active (Alvarez-Vifas et al. 2019). Mannitol
was found as the main constituent of S. micracanthum methanol extracts, which proved to be
active against human head and neck squamous cell carcinoma (Ahn et al. 2022).
Meroterpenoids from S. siliquastrum were found to be effective against human cancer cells
(Lee et al. 2013) while the Asian species S. fulvellum was reported to have antioxidant, anti-
coagulant, anti-inflammatory, neuro-protective, immunomodulatory, anti-diabetic, and anti-

cancer effects (Liu et al. 2020). Ethanol-based extracts of S. fluitans demonstrated hepato-
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protective activities in rats against inflammation and fibrosis of the liver (Quintal-Novelo et al.
2018).

Anti-microbial activities of Sargassum spp. extracts have been ascribed to phenolics, fatty acids
and sulphated polysaccharides (Kim et al. 2007, Setyati et al. 2018, Sudaryono et al. 2018,
Arguelles et al. 2019; Herawati and Sumanik 2019), but also crude extracts showed in vitro
antibacterial activity against Vibrio parahaemolyticus (Félix et al. 2020). However,
when incorporated in the diet of the shrimp, Penaeus vannamei, for eight weeks, a post-
challenge infection did not impact survival. The antiviral activity of sulphated polysaccharides
could be dependent on the sulphate content and molecular weight (Dinesh et al. 2016), and this
action was reported by Nakamura et al. (1994), who described the anti-HIV action of the 50 kDa
fraction of S. muticum extracts made in boiling water. The natural defenses against fouling may
contribute to the invasion success of S. muticum (Schwartz et al. 2017) and could be
an alternative to toxic, heavy metal-based paints currently used as anti-fouling agents. High
activities have been reported for lipophilic fractions, against a number of marine fouling
bacteria, fungi and biofilm-associated microorganisms (Plouguerne et al. 2008, 2010, Bazes et
al. 2009), or for the control of harmful cyanobacteria, mainly due to the abundance of palmitic
acid (Amrani Zerrifi et al. 2020).

Other activities pertinent for health have been reported for multiple species of Sargassum.
Anticoagulant action initially studied in fucoidans, was reported as a property that could be
enhanced by fermentation of the whole thallus with marine, lactic acid-producing bacteria
(Shobharani et al. 2013). Hepato-protective activity has been reported for fucoidan (Chale-Dzul
et al. 2017), and also for S. polycystum alcoholic extracts, which improved antioxidant levels
and prevented depletion of liver mitochondrial enzymes in rats (Raghavendran et al. 2005).
Safhi et al. (2019) observed the hepato-protective role of methanolic extracts from S. muticum
in streptozotocin-induced hepatic injury, and also on the minimized glucose levels. Solvent
extracts from some Sargassum spp. showed neuro-protective effects on Alzheimer's (Syad et al.
2013) and Parkinson’s (Silva et al. 2018) diseases. Immunomodulatory effects have been
observed for the sulphated polysaccharides (Chen et al. 2012, Wang et al. 2013), for ethyl
acetate fractions (Chandraraj et al. 2010) and for supercritical fluid extracts (Kim et al. 2019)
from members of this genus. Anti-hypertensive activities, measured as angiotensin converting
enzyme inhibitory potential, were reported for phlorotannins (Vijayan et al. 2018), for o-
heterocyclic analogues, isolated from the ethylacetate:methanol fraction of S. wightii (Maneesh
and Chakraborty 2018), and for purified protein hydrolysates from S. mcclurei protein (Zheng
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et al. 2020). Anti-glycative effects were described (Ismail et al. 2020), particularly in
phlorotannin-rich S. muticum extracts (Barbosa et al. 2021). Anti-diabetic activity of 80%
ethanol extracts (Lee and Han 2018) were published for plastoquinones (sargahydroquinoic
acid, sargachromenol and sargaquinoic acid) (Ali et al. 2017) and fucoidan (Kwon et al. 2019).
Polysaccharides show prebiotic actions, with potential for the formulation of functional food
with beneficial effects on gut health (Chamidah 2018, Fu et al. 2018). Different metabolites
were responsible for the anti-obesity action by reducing lipid accumulation and adipogenic
differentiation, amongst them indole derivatives (Kang et al. 2017), meroterpenoids (Kwon
et al. 2018), saringosterol (Lee et al. 2017), sargaquinoic and sargahydroquinoic acid and
fucoxanthin (Kim et al. 2016). Fucoxanthin-rich extracts (Koyama 2011) and sargaquinoic and
sargahydroquinoic acids (Kim et al. 2016) also showed anti-osteoporosis activity.

Many of the above reported activities were enhanced when the extracted compounds
were incorporated in nanoparticles. Sargassum muticum extracts have been successfully used
as reducing and stabilizing agents allowing lower use of toxic reagents. Azizi et al. (2014)
prepared zinc oxide hexagonal nanoparticles (30-57 nm) using aqueous extracts. Gonzalez-
Ballesteros et al. (2021) also used water for the synthesis of homogeneous gold nanoparticles
(15 nm). Madhiyazhagan et al. (2015) and Trivedi et al. (2021) proposed S. muticum extract
as a capping agent for the formulation of bio-compatible, stable silver nanoparticles, which
produced mosquito larvicidal and adult-icidal activities whilst inhibiting several bacterial
strains of Bacillus subtilis, Escherichia coli, Klebsiella pneumoniae and Salmonella typhi.
Sanaeimehr et al. (2018) used S. muticum extracts to produce zinc oxide nanoparticles and
reported cytotoxic effects through induction of apoptosis in human liver cancer cell line
(HepG2), as well as inhibition of angiogenesis. Using aqueous extract of S. muticum,
Supraja et al. (2018) synthesized spherical, hexagonal silver nanoparticles (40-65 nm) with
anti-cancer activity against a breast cancer cell line. Harinee et al. (2019) used S. muticum
as a reducing agent during the green synthesis of silver nanoparticles to improve the photo-
catalytic efficacy of methylene blue dye and anti-micro-fouling performance against
Gram Positive and Gram-Negative bacteria strains.

The cosmetic industry is also commonly using extracts from selected Sargassum species, which
are formulated in several galenic forms. In French Polynesia, extracts of S. pacificum are used
in a number of cosmetic products (e.g., monoi, cream, shampoo, shower gel, Stiger-Pouvreau
and Zubia 2020). In Spain, Balboa et al. (2017) demonstrated the potential of an extract of

S. muticum combined with thermal spring waters as good ingredients for the preparation of
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a sunscreen which was well accepted by consumers. A Sargassum filipendula extract is used in
several cosmetic formulations (Michalak et al. 2020), as skin protection agent, which prevents
the harmful effects of external factors on the skin.

Agriculture

Adding various seaweed biomass to the soil has been traditionally used as a conditioner and
aqueous extracts can be effective as beneficial plant biostimulatory applications. In particular,
those Sargassum extracts prepared in acidic media (hydrolysis) enhanced mung bean root
formation (Sharma et al. 2012). Acid extracts of Sargassum muticum used as foliar feeds for
Chinese cabbage (pak-choi) using a hydroponic system also had positive effects on rice and
lettuce seed germination, general vegetative plant development and production. Other effects
of Sargassum spp. extracts such as stress reduction at high salinity improved chickpea growth
by providing enhanced activities of superoxide dismutase and peroxidase (Abdel Latef et al.
2017). In general, seaweed fertilizers not only improve plant growth and vigor but also soil
health by increasing moisture content, growth, and health of soil microbes (Mageswaran and
Sivasubramaniam 1984, Begum et al. 2018). Fertilizers made from brown seaweeds contain
alginates and fucoidans which are known to have extensive chelating properties, combined with
the metallic ions present in the soil and form the chelates that absorb moisture and swell, and
in so doing improve the growth of soil bacteria (Khan et al. 2009). However, further research
is required in this area to ensure that safe levels of inorganic arsenic and heavy metals
are present in food for human and animal use, including other seafood such as clams that come
into contact with Sargassum spp. (Tremearne and Jacob 1941, Modestin et al. 2022). In Asian
countries, applications of bio-fertilizers specifically made from Sargassum spp. have proven to
be beneficial to staple food crops such as green gram (Kumar et al. 2012). In French Polynesia
and Fiji, agronomical enrichment trials were conducted using mixed biomass from members of
the Sargassaceae collected drifting algae then used as organic additives and good candidates to
generate bio-pesticides. Zubia et al. (2015) demonstrated that low supplements of drifting
tropical brown algae (at 1 and 3%) added to plant compost significantly improved the growth
of maize. These authors noted significant increases of stem length, aerial portions of plants and
root dry masses. In Fiji and Tuvalu, large amounts of Sargassum spp. biomass, due to coastal
anthropogenic nutrient pollution, made them good candidates as fertilizer additives for
agricultural practices (N’Yeurt and lese 2015a). Working with common Pacific food crops,

Soreh (2019) showed that liquid seaweed extracts made from S. polycystum contained
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macronutrients useful for plant growth, namely potassium and phosphorus which promoted
vegetative plant growth in terms of leaf count, fresh plant weight, height, root mass and
the sugar content of leaves. Nitrogen content, however, was relatively low in S. polycystum.
Recently, assays were carried out in order to make use of drift and floating Sargassum spp.
in the Caribbean. This topic was recently extensively reviewed by Thompson et al. (2020).
As an example, the project ECOSAR3, examined the use of stranded biomass of Sargassum
spp. to make compost for the agricultural sector. Also, the company Holdex Environment is
making use of Sargassum spp. beachings as biomass for compost. Other examples of use exist,
such as a small company on St Lucia, Algas Organics, awarded by the Commonwealth and now
producing a liquid fertilizer/biostimulant product (Fig. 4e). As an alternative to traditional
agrochemical fertilizers, seaweeds, having beneficial amounts of micro-, macronutrients
vitamins and amino acids, with a multitude of applications, and can be used as biofertilizers,
soil conditioners and enhancers of crop gain and resistance to stresses and diseases in the future
(Kumar and Sahoo 2011, Arioli et al. 2015). The phyto-elicitor activity of three Caribbean
species of seaweeds from Trinidad was demonstrated by Ramkissoon et al. (2017), who showed
a suppression of infections in cultivated tomato plants. Enhanced resistance to fungal, bacterial
and insect attack has been also observed with selected seaweed preparations (Arioli et al. 2015).
Hydrolyzed algal extract, oligo- and polysaccharides can act as signals in eliciting plant
defenses (Laporte et al. 2007) and several brown macroalgal molecules, i.e., terpenes and
phenolic compounds, have been demonstrated to possess strong anti-microbial, anti-helminthic,
and nematicidal activities (as reviewed by Sharma et al. 2014). It should be noted, however,
that some species of Sargassum have been also reported to contain certain cytotoxic compounds
that inhibit seed germination (Kuniyoshi 1985). It is hence prudent to carefully assess at which

stage of plant growth algal fertilizers derived from Sargassum spp. are applied.

Biomass for the biomaterial sector (bioplastics and cardboard)
Components of Sargassum spp. can be good feedstock for the preparation of biomaterials.
Davis et al. (2021) proposed the use of alginates in combination with arabic gum for riboflavin
entrapment in gel beads for prolonged release in simulated gastric fluid. In other very different
approaches, the pelagic Sargassum spp. biomass (i.e., S. fluitans and S. natans)
has been assayed for civil construction materials (i.e., adobe and pavement) with potentially
good results (Rossignolo et al. 2022). Also, Nadi et al. (2019) reported on the inhibition of
S. muticum crude extracts, rich in alginate, against the corrosion of carbon steel. Azeem et al.
(2019) proposed the utilization of S. muticum-based pigments in the textile industry, to provide
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natural environmentally friendly dyes, e.g., phenolics being the dominant coloring agents which
produced light brown shades of colour.

Plastics are undeniably part of our daily lives. Their low price/cost and weight are the main
attractions behind their universal use. Unfortunately, oceans and animals in the world suffer
from huge quantities of waste plastics (Lavers et al. 2019). The most notable macroalgal-
derived bioplastic agents are starch and cellulose derivatives, as well as alginates from brown
algae. Jantasrirad et al. (2021) prepared an alternative material to synthetic plastic, consisting
of a biocomposite with a mixture of pregelatinized cassava starch and S. plagiophyllum,
previously dispensed with the aid of ultrasound and prepared using compression molding. The
material showed improved photo- and thermal-stability. Similar advantages were observed
using wheat gluten for the preparation of a reinforced material with increased tensile strength
and delayed degradation (Kachaanun et al. 2022). Algopack, based at Saint Malo (France),
tested bioplastic formulae using Caribbean Sargassum, the resulting bioplastic is darker and
slightly more brittle than conventional plastics (https://www.algopack.com/nos-algues/
accessed August, 2022).

Another sector which needs innovation is that of paper and cardboards based on non-woody
plants and agricultural residues and have attracted renewed, recent interest (Ververis et al.
2004). The strength of the conventional products (i.e., paper, cardboard, etc.) depends on the
cellulose content of raw materials. Alginates from holopelagic Sargassum species, as shown in
Fig. 4f, produce fibres, which in combination with other types of plant fibres allow the design
of interesting cardboards. For example, the Siniamin Funeral Center in Martinique (French
overseas territory) developed and patented cardboard coffins for cremation made from
holopelagic Sargassum species (Siniamin 2019).

Environmental management and others uses
Since seaweeds selectively absorb and assimilate minerals from the surrounding water their
selection, domestication and future cultivation can be proposed to reduce water pollution
(Saldarriaga-Hernandez et al. 2020). The potential to lower the nitrate content in particular
was reported for Sargassum myriocystum (Sweetly et al. 2021) and for other algae (Sharmila et
al. 2019). However, most studies evaluated the use of the collected dead biomass as a low cost
biosorbent for metal removal. Lodeiro et al. (2004) reported the cadmium binding of Sargassum
muticum biomass, after different treatments to enhance stability for industrial uses;
formaldehyde cross-linking increased the uptake to 99 mg/g and protonation to 95 mg/g.
Enhanced biosorption of phenol and derivatives (Rubin et al. 2006) and cadmium, lead and
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mercury (Carro et al. 2015) on S. muticum columns loaded with calcium were reported.
Carro et al. (2013) reported high mercury removal capacities with native and treated Sargassum
material without a competition effect, with methylene blue. Simultaneous uptake of methylene
blue and lead (II) ions were also feasible and column operation allowed up to five adsorption—
desorption cycles (Hannachi and Hafidh 2020). Biosorption of chromium(VI) (Gonzalez-
Bermudez et al. 2012), antimony(l11) (Ungureanu et al. 2015), and antimony(V) (Ungureanu
et al. 2017) was reported as possible. The adsorptive ability has been ascribed to the alginate
extracted from Sargassum species (Azcorra-May et al. 2022), but also the residual biomass
after alginate extraction from S. muticum could be an appropriate, low-cost biosourced, material
for removing hexavalent chromium from aqueous solutions, with a maximum uptake capacity
of 35 mg/g (Belattmania et al. 2017). Alternatively, the biomass of invasive S. muticum
was used as a precursor for producing porous carbon with KOH and H3POs activation (Li et al.
2018). Combination of bioremediation and energy production has been proposed by Piccini
et al. (2019), who treated metal-contaminated water, i.e., (nickel(Il), zinc(I1), cadmium(ll) and
copper(Il)) and the metal contaminated biomass by hydrothermal liquefaction in order to yield
a bio-crude oil, an aqueous phase, a solid residue and gas. The energetic power for the dried
S. muticum, was quantified and was shown to have a 2.7-2.9 kcal/g calorific value (Saldarriaga-
Hernandez et al. 2021) and for the solid residue, remaining after autohydrolysis, 3.6 kcal/g, i.e.,
lower than that of wood (4.0-4.5 kcal/g). Anaerobic digestion could be an alternative use (Soto
et al. 2015), but the harvesting of S. muticum is seasonal and in order to use it for anaerobic
digestion, silage was effective for preserving biomass with less than 8% energy loss of
the higher heating value. This treatment resulted in losses of salt from the biomass of
Sargassum and the virtual total loss of organic sulphur, but had no effect on methane yield
(Milledge and Harvey 2016). The low methane yields from S. muticum could be overcome
by co-digestion with a low nitrogen content substrate such as crude glycerol (Milledge and
Harvey 2016), by pre-treatment by washing in freshwater to reduce ash and salt content,
although the methane production was delayed (Milledge et al. 2018), and by a hydrothermal
pre-treatment (Florez-Fernandez et al. 2021). Another interesting management of high biomass
of Sargassum species is their use as a natural solution to enhance dune plant growth as
demonstrated by Williams and Feagin (2010) using S. fluitans and S. natans in Texas, as
a natural solution to increase soil nutrients and then enhance the growth of some plants such as
Panicum amarum. As the addition of Sargassum did not impair other halophytes, the authors

concluded that Sargassum wracks, as cast onto sandy beaches, boosts dune plant growth.
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Finally, artisans are using the morphology of Sargassum seaweed to create jewelery, with the
“Sargasso” collection by the jeweler Alexandra Mosher (Studio jewelery, Bermuda) and by the
seaweed-based jewellery shop Canaille et Bidule, with a pair of earrings made from S. muticum

(Fig. 49).

Perspectives of study about the genus — latest advances

Sargassum muticum, a worldwide species

Being a well-studied Japanese native species, S. muticum is known for its waves of introduction
in various places around the world (reviewed by Engelen et al. 2015). It is now present from
Alaska to Mexico and from North Japan to China in the Pacific Ocean. From Norway to
Morocco in the Atlantic Ocean (Le Cam et al. 2019). Using restriction-site associated DNA
(RAD) sequencing, no genetic variation was detected in introduced areas, with these authors
who demonstrated that S. muticum represented “a unique example of a successful non-clonal
(i.e., sexually reproducing) marine introduced species, which exhibits almost no genome-wide
genetic variation over most of its circum-global introduction range”. Despite the lack of genetic
polymorphism, Tanniou et al. (2015) were able to differentiate S. muticum populations present
on the eastern Atlantic coast from Norway to Portugal using HR-MAS NMR and FT-IR
fingerprintings, re-grouping Norwegian and Portuguese and French and Spanish populations
and separated Irish populations from both groups. Based on a two-year research study, Pien
et al. (2016) concluded that the invasive seaweed S. muticum, considered today as a nuisance,
could be the raw material for an innovative and sustainable economy, and could represent

a new economic resource for the Normandy region, France in the future.

Holopelagic Sargassum species, an opportunity to be seized for the countries of the
tropical Atlantic Ocean (Caribbean, Mexican and African coasts)?

Since 2011, many Atlantic coasts have suffered recurrent, massive strandings of pelagic
Sargassum species, with no apparent solution soon (Fidai et al. 2020). Huge amounts of
biomass have been washed ashore, with a negative socio-economic impact on tourism, fishing,
and health (Smetacek and Zingone 2013). Numerous remote sensing observations around 7°N,
might indicate the presence of new “Sargasso Seas” in the Tropical North Atlantic, a small one
in the Gulf of Mexico and a larger one in Northern Brazil (Gower et al. 2013). Carbon derived
from blooming Sargassum can account for up to 18% of the total particulate organic carbon

present in the top layers of the ocean (Wang et al. 2018). In 2015, the Sargassum summer
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coverage was estimated to be 20 times higher than that observed for summers between 2000
and 2010 (Wang and Hu 2016), and the risk of Sargassum washing up on the shore
has increased in the Lesser Antilles between 2011 and 2015 (Maréchal et al. 2017). The factors
leading to the Sargassum blooms for a time remained hypothetical, with regards to both the
dynamics and the source regions of these rafts (Oyesiku and Egunyomi 2014, Schell et al.
2015). However, recently they were attributed to increased inputs of nutrients from runoffs due
to the deforestation of the Amazon waters, followed by dispersal of algal biomass by oceanic
currents to the Lesser Antilles and to western Africa, with an 111% increase in the N:P tissue
ratio of holopelagic Sargassum since the 1980s (Lapointe et al. 2021). Interestingly,
the Expedition Sargasses (Thibaut 2017) confirmed the presence of three distinct morphotypes
of Sargassum within the rafts, as previously demonstrated by Schell et al. (2015). The huge
amount of Sargassum that washes up on the coasts of Africa, the Caribbean and Mexico can
represent a significant socio-economic opportunity for the production of various low and high
value-added industrial products, as first proposed by Milledge and Harvey (2016). Already,
many companies have emerged to produce materials for civil construction (Rossignolo et al.
2022), biocarton coffins for cremation (Siniamin 2019) as examples. Oxenford et al. (2021)
present a state of the art of holopelagic Sargassum recovery with various industrial sectors
being cited, in order to develop effective and sustainable solutions to the sargassum crisis.
Given the many constraints identified for each application, Amador-Castro et al. (2021)
conclude that a biorefinery approach is the most efficient way to valorise this huge biomass of

holopelagic species.

Industrial challenges linked with the use of Sargassum biomass

The biorefinery concept

The more parsimonious approach to use Sargassum biomass as a raw material for industrial
uses is to propose an integral valorization following the philosophy of biorefineries, thereby
recovering the different components and fractions in a sequential, multi-stage and multi-product
process (Pérez-Larran et al. 2019). This biorefinery approach has been addressed to obtain
alginates, antioxidants and energy (Gonzalez-Lopez et al. 2012), fucoxanthin, alginates,
fucoidans and phlorotannins (Balboa et al. 2015), plant biostimulants, alginates, fucoidans,
phlorotannins and biogas (Florez-Fernandez et al. 2021). A minimum selling price for fucoidan
confirmed the economy-of-scale for both a process considering anaerobic digestion steps for

producing biogas and generating electricity and an alternative with residual seaweed solids sold
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as fertilizer (Caxiano et al. 2022). The economics of biorefinery processes can be favored
by the incorporation of bio-fertilizer sales to the energetic valorization and the major challenges
for scale-up and commercialization remain the seasonality and variability of seaweed

composition (Thompson et al. 2021).

Degradation of the biomass and arsenic concentration

The main concern with the use of Sargassum biomass is its rapid degradation with a decrease
in its quality, especially true for Caribbean Sargassum spp. (ANSES 2017). Many works
demonstrated the interest of freeze-drying as an efficient process to keep the biochemical
composition of brown macroalgae (e.g., Chan et al. 1997). Moreover, as traditional extractive
processes degrade the quality of raw material, innovative processes are favored (Tanniou et al.
2013). Recently, a pre-treatment by Pulsed Electric Fields (PEF) was developed which allows
retention of the seaweeds’ optimal biochemical composition (Robin et al. 2018). The use of
pelagic Sargassum from Barbados in anaerobic digestion for energy production is of
low bioconversion efficiency, and co-digestion with other forms of biomass would be necessary
(Thompson et al. 2020).

Ecological challenges linked to Sargassum species

Bioremediation of Climate Change

Recent studies estimated that coastal marine macroalgae could sequester up to 173 Tg of
atmospheric CO. per year, mostly through export of dead material to deep-sea sediments
(Krause-Jense and Duarte 2016, Duarte et al. 2017). Further theoretical calculations proposed
that growing seaweeds over 9% of the world’s oceans, through algal afforestation could remove
53 billion tons of atmospheric carbon annually, effectively offsetting global emissions and even
offering climate mitigation if carbon-negative processes are used to make sustainable use of
algal biomass (N’Yeurt et al. 2012, Capron et al. 2020). For holopelagic Sargassum in the
Caribbean, about 5% of the atmospheric carbon intake was reported to be converted into inert

calcite, which is eventually sequestered into marine sediments (Paraguay-Delgado et al. 2020).

Conclusion
The genus Sargassum is characterized by a high diversity which has led to the interest of a large
and worldwide number of researchers, resulting in thousands of studies carried out in temperate

and tropical environments globally. In areas where the genus is present, the various species
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constitute meadows hosting a large number of associated species and can be considered as
the pioneer and dominant species in colonized areas, in temperate and tropical environments.
Of the high species diversity, only one species, i.e., S. muticum, has a worldwide distribution
with an associated lack of genetic variation. The majority of the species are benthic and only
two species live in a floating state throughout their life cycle, i.e., S. fluitans and S. natans.
Given the large number of Sargassum species and known morphological plasticity, the
taxonomy of the genus is not straightforward; with the existence of two sub-genera, Sargassum
and Bactrophycus. The large biomass of Sargassum species around the world have led people
to exploit Sargassum fields in various industries. In Asia, two species are known to be edible
and used in aquaculture, i.e., S. fusiforme and S. horneri. Sargassum species are used in various
industrial sectors, from food, feed, human and plant health, to cosmetics as examples. The
enormous quantities of Sargassum in some regions make it a raw material of interest for the
extraction of various metabolites, highly represented as alginates, or weakly represented as
certain lipids, or polyphenols as examples, with however an arsenic and heavy metal
contamination that could be high in some areas. In areas where algal populations
are disappearing, it is therefore crucial to develop programs to restore Sargassum meadows and
in areas where large biomass strandings occur, it is crucial to develop recovery routes before

the biomass degrades.

« Acknowledgements:

This manuscript is the result of a collaborative effort by researchers who are passionate about
the species of the genus Sargassum. The authors thank Reviewers for their constructive
criticisms which helped to improve this manuscript.

* Funding statement:

This work was partially supported by the Agence Nationale pour la Recherche (ANR, France),
under the scope of the financial support within the call ANR SARGASSES 2019 and the
projects SAVE-C (ANR-19-SARG-0008-01) and SARGASSUM-ORIGINS (ANR-19-SARG-
0004-03) for V.S.-P. and S.C.

* Data availability statement: No data as the manuscript is a review

* Conflict of interest: The authors declare that they have no known competing interests or
personal relationships that could have appeared to influence the work reported in this
manuscript.

» The Authors’ Contribution is as follows:

33



V. S.-P.: Conceptualization, Methodology, Investigation, Writing - Original draft preparation
and Writing - Review & Editing. L.M., ADR.N’Y., S.U,, H.D.,, N.F.-F., S.C., AT.C.:
Conceptualization, Writing - Review & Editing.

34



References

Abbott DW, Aasen IM, Beauchemin KA, Grondahl F, Gruninger R, Hayes M, Huws S, Kenny
DA, Krizsan SJ, Kirwan SF, Lind V, Meyer U, Ramin M, Theodoridou K, von Soosten D,
Walsh PJ, Waters S, Xing X (2020) Seaweed and seaweed bioactives for mitigation of
enteric methane: challenges and opportunities. Animals 10:2432

Abbott IA (1991) Polynesian uses of algae. In: Cox PA, Banach SA (eds), Islands, Plants and
Polynesians. Discorides Press, Portland, Oregon, pp 135-45

Abdel Latef AAH, Srivastava AK, Saber H, Alwaleed EA, Tran L-SP (2017) Sargassum
muticum and Jania rubens regulate amino acid metabolism to improve growth and alleviate
salinity in chickpea. Sci Rep 7:10537

Abou-El-Wafa GSE, Shaaban KA, EI-Naggar MEE, Shaaban M (2011) Bioactive constituents
and biochemical composition of the egyptian brown alga Sargassum subrepandum (forsk).
Rev Latinoam Quim 39:62-64

Aguilar-Rosas LE, Aguilar-Rosas R, Kawai H, Uwai S, Valenzuela-Espinoza E (2007) New
record of Sargassum filicinum Harvey (Fucales, Phaeophyceae) in the Pacific Coast of
Mexico. Algae 22(1):17-21

Ahn M-H, Shin J-A, Yang S-O, Choi W-S, Jang S, Kang S-C, Cho S-D (2022) Metabolite
profiling of a Sargassum micracanthum methanol extract with in vitro efficacy against
human head and neck squamous cell carcinoma aggressiveness. Arch Oral Biol 137:105386

Ali Y, Kim DH, Seong SH, Kim H-R, Jung HA, Choi JS (2017) a-glucosidase and protein
tyrosine phosphatase 1b inhibitory activity of plastoquinones from marine brown alga
Sargassum serratifolium. Mar Drugs 15:368

Alvarez-Vifias M, Florez-Fernandez N, Gonzélez-Mufioz MJ, Dominguez H (2019) Influence
of molecular weight on the properties of Sargassum muticum fucoidan. Algal Res 38:101393

Amador-Castro F, Garcia-Cayuela T, Alper HS, Rodriguez-Martinez V, Carrillo-Nieves D
(2021) Valorization of pelagic sargassum biomass into sustainable applications: Current
trends and challenges. J Environ Manag 283:112013

Amrani Zerrifi SEl, Khalloufi FEI, Mugani R, Mahdi REI, Kasrati A, Soulaimani B, Barros L,
Ferreira ICFR, Amaral JS, Finimundy TC, Abbad A, Oudra B (2020) Seaweed essential oils
as a new source of bioactive compounds for cyanobacteria growth control: Innovative

ecological biocontrol approach. Toxins 12:527

35



Andréfouét S, Payri C, Van Wynsberge S, Lauret O, Alefaio S, Preston G, Yamano H and
Baudel S (2017) The timing and the scale of the proliferation of Sargassum polycystum in
Funafuti Atoll, Tuvalu. J App Phycol 29:3097-3108

Andréfouét S, Zubia M, Payri C (2004) Mapping and biomass estimation of the invasive brown
algae Turbinaria ornata (Turner) J. Agardh and Sargassum mangarevense (Grunow)
Setchell on heterogeneous Tahitian coral reefs using 4-meter resolution IKONOS satellite
data. Coral Reefs 23:26-38

Ang Jr PO (1985) Regeneration studies of Sargassum siliquosum J.Ag. and S. paniculatum
J.Ag. (Phaeophyta, Sargassaceae). Bot Mar 28:231-235

ANSES (2017) Rapport d’expertise collective de I’Agence nationale de sécurité sanitaire de
I’alimentation, de I’environnement et du travail relatif aux émanations d’algues sargasses en
décomposition Rapport d’expertise collective aux Antilles et en Guyane.
https://www.anses.fr/en/system/files/AIR2015SA0225Ra.pdf (in French)

Arguelles EDLR, Monsalud RG, Sapin AB (2019) Chemical composition and in vitro

antioxidant and antibacterial activities of Sargassum vulgare C. Agardh from Lobo,
Batangas, Philippines. J Int Soc Southe Asian Agric Sci 25:112-122

Arenas F, Fernandez C (2000) Size structure and dynamics in a population of Sargassum
muticum (Phaeophyceae). J Phycol 36:1012-1020

Arioli T, Mattner SW, Winberg PC (2015) Applications of seaweed extracts in Australian
agriculture: past, present and future. J Appl Phycol 27(5):2007-2015

Azcorra-May KJ, Olguin-Maciel E, Dominguez-Maldonado J, Toledano-Thompson T, Leal-
Bautista RM, Alzate-Gaviria L, Tapia-Tussell R (2022) Sargassum biorefineries: potential
opportunities towards shifting from wastes to products. Biomass Conv Bioref.
https://doi.org/10.1007/s13399-022-02407-2

Azeem M, Igbal N, Mir RA, Adeel S, Batool F, Khan AA, Gul S (2019) Harnessing natural
colorants from algal species for fabric dyeing: a sustainable eco-friendly approach for textile
processing. J Appl Phycol 31:3941-3948

Azizi S, Ahmad MB, Namvar F, Mohamad R (2014) Green biosynthesis and characterization
of zinc oxide nanoparticles using brown marine macroalga Sargassum muticum agueous
extract. Mater Letters 116:275-277

Baer J, Stengel DB (2010) Variability in growth, development and reproduction of the non-
native seaweed Sargassum muticum (Phaeophyceae) on the Irish west coast. Estuar Coast
Shelf S 90:185-194

36


https://www.anses.fr/en/system/files/AIR2015SA0225Ra.pdf

Baggini C, Salomidi M, Voutsinas E, Bray L, Krasakopoulou E, Hall-Spencer JM (2014)
Seasonality affects macroalgal community response to increases in pCO2. PLoS ONE
9:106520

Balboa E, Conde E, Constenla A, Falqué E, Dominguez H (2017) Sensory evaluation and
oxidative stability of a suncream formulated with thermal spring waters from Ourense (NW
Spain) and Sargassum muticum extracts. Cosmetics 4:19

Balboa EM, Gallego-Fabrega C, Moure A, Dominguez H (2016) Study of the seasonal variation
on proximate composition of oven-dried Sargassum muticum biomass collected in Vigo Ria,
Spain. J Appl Phycol 28:1943-1953

Balboa EM, Li Y-X, Ahn B-N, Eom S-H, Dominguez H, Jiménez C, Rodriguez J (2015)
Photodamage attenuation effect by a tetraprenyltoluquinol chromane meroterpenoid isolated
from Sargassum muticum. J Photochem Photobiol B 148:51-581

Balboa EM, Millan R, Dominguez H, Taboada C (2019) Sargassum muticum hydrothermal
extract: Effects on serum parameters and antioxidant activity in rats. Appl Sci 9:570

Balboa EM, Rivas S, Moure A, Dominguez H, Paraj6 JC (2013) Simultaneous Extraction and
Depolymerization of Fucoidan from Sargassum muticum in Aqueous Media. Mar Drugs
11:4612-4627

Balboa EM, Soto ML, Nogueira, DR, Gonzéalez-Lépez N, Conde E, Moure A, Vinardell MP,
Mitjans M, Dominguez H (2014) Potential of antioxidant extracts produced by aqueous
processing of renewable resources for the formulation of cosmetics. Ind Crop Prod 58:104-
110

Bao M, Park JS, Wu H, Lee HJ, Park SR, Kim TH, Son YB, Lee TH, Yarish C, Kim JK (2022)
A comparison of physiological responses between attached and pelagic populations of
Sargassum horneri under nutrient and light limitation. Mar Env Res 173:105544

Barbosa M, Fernandes F, Carlos MJ, Valentdo P, Andrade PB (2021) Adding value to marine
invaders by exploring the potential of Sargassum muticum (Yendo) Fensholt phlorotannin
extract on targets underlying metabolic changes in diabetes. Algal Res 59:102455

Bazes A, Silkina A, Douzenel P, Fay F, Kervarec N, Morin D, Berge J-P, Bourgougnon N
(2009) Investigation of the antifouling constituents from the brown alga Sargassum muticum
(Yendo) Fensholt. J Appl Phycol 21:395-403

Begum M, Bordoloi BC, Singha DD, Ojha NJ (2018) Role of seaweed extract on growth, yield
and quality of some agricultural crops: A review. Agric Rev 39(4):321-326

37



Belattmania Z, Tahiri S, Bentiss F, Sahibed-Dine A, Jama C, Zrid R, Reani A, Sabour B (2017)
The residue of alginate extraction from Sargassum muticum (Brown seaweed) as a low-cost
adsorbent for hexavalent chromium removal from aqueous solutions. Desalin Water Treat
75:107-114

Benali M, Djebri I, Bellouis D, Sellam LN, Rebzani-Zahaf C (2019) First record of drifting
Sargassum muticum (Yendo) Fensholt thalli on the Algerian coasts of Cherchell and Sidi
Fredj. Biolnvasions Records 8(3):575-581

Bermudez Y, Rodriguez Rico IL, Guibal E, Calero de Hoces M, Martin-Lara MT (2012)
Biosorption of hexavalent chromium from aqueous solution by Sargassum muticum brown
alga. Application of statistical design for process optimization. Chem Eng J 183:68-76

Bouasria M, El Mendili Y, Benzaama M-H, Pralong V, Bardeau J-F, Hennequart F (2021)
Valorisation of stranded Laminaria digitata seaweed as an insulating earth material. Const
Build Mater 308:125068

Bringloe TT, Starko S, Wade RM, Vieira C, Kawai H, De Clerck O, Cock JM, Coelho SM,
Destombe C, Valero M, Neiva J, Pearson GA, Faugeron S, Serrao EA, Verbruggen H (2020)
Phylogeny and evolution of the brown algae. Crit Rev Plant Sci 39:281-321

Britton-Simmons KH (2004) Direct and indirect effects of the introduced alga Sargassum
muticum on benthic, subtidal communities of Washington State, USA. MEPS 277:61-78

Butler JN, Stoner AW (1984) Pelagic Sargassum: Has its biomass changed in the last 50 years?
Deep Sea Research Part A. Oceanographic Research Papers 31(10):1259-1264

Cai J, Lovatelli A, Aguilar-Manjarrez J, Cornish L, Dabbadie L, Desrochers A, Diffey S,
Garrido Gamarro E, Geehan J, Hurtado A, Lucente D, Mair G, Miao W, Potin P, Przybyla
C, Reantaso M, Roubach R, Tauati M, Yuan X (2021) Seaweeds and microalgae: an
overview for unlocking their potential in global aquaculture development. FAO Fisheries
and Aquaculture Circular No. 1229. Rome, FAO

Camacho O, Mattio L, Draisma S, Fredericq S, Diaz-Pulido G (2015) Morphological and
molecular assessment of Sargassum (Fucales, Phaeophyceae) from Caribbean Colombia,
including the proposal of Sargassum giganteum sp. nov., Sargassum schnetteri comb. nov.
and Sargassum section Cladophyllum sect. nov. Syst Biodivers 13:105-130

Capron ME, Stewart JR, de Ramon N’Yeurt A, Chambers MD, Kim JK, Yarish C, Jones AT,
Blaylock RB, James SC, Fuhrman R, Sherman MT, Piper D, Harris G, Hasan MA (2020)
Restoring pre-Industrial CO2 Levels while achieving Sustainable Development Goals.

38



Energies 13: 4972

Carro L, Barriada JL, Herrero R, Sastre de Vicente ME (2013) Surface modifications of
Sargassum muticum algal biomass for mercury removal: A physicochemical study in batch
and continuous flow conditions. Chem Eng J 229:378-387

Carro L, Barriada JL, Herrero R, Sastre de Vicente ME (2015) Interaction of heavy metals with
Ca-pretreated Sargassum muticum algal biomass: Characterization as a cation exchange
process. Chem Eng J 264:181-187

Casas MP, Rodriguez-Hermida V, Pérez-Larran P, Conde E, Liveri MT, Ribeiro D, Fernandes
E, Dominguez H (2016) In vitro bioactive properties of phlorotannins recovered from
hydrothermal treatment of Sargassum muticum. Sep Purif Technol 167:117-12614

Caxiano IN, Mello PA, Alijé PHR, Teixeira LV, Cano RF, Maia JGSS, Bastos JBV, Pavédo
MSG (2022) Continuous design and economic analysis of a Sargassum muticum biorefinery
process. Bioresource Technol 343:126152

Chae D, Manzoor Z, Kim SC, Kim S, Oh T-H, Yoo E-S, Kang H-K, Hyun J-W, Lee NH, Ko
M-H, Koh Y-S (2013) Apo-9’-fucoxanthinone, isolated from Sargassum muticum, inhibits
CpG-induced inflammatory response by attenuating the mitogen-activated protein kinase
pathway. Mar Drugs 11:3272-3287

Chai Z, Huo Y, He Q, Huang X, Jiang X, He P (2014) Studies on breeding of Sargassum
vachellianum on artificial reefs in Gouqi Island, China. Aquaculture 424:189-193

Chale-Dzul J, Freile-Pelegrin Y, Robledo D, Moo-Puc R (2017) Protective effect of fucoidans
from tropical seaweeds against oxidative stress in HepG2 cells. J Appl Phycol 29:2229-2238

Chamidah A (2018) Prebiotic index evaluation of crude laminaran of Sargassum sp. using feces
of wistar rats. IOP Conf Ser Earth Env Sci 139:012043

Chan JCC, Cheung PCK, Ang PO (1997) Comparative studies on the effect of three drying
methods on the nutritional composition of seaweed Sargassum hemiphyllum (turn.) C. Ag. J
Agric Food Chem 45:3056-3059

Chandraraj S, Prakash B, Navanath K (2010) Immunomodulatory activities of ethyl acetate
extracts of two marine sponges Gelliodes fibrosa and Tedania anhelans and brown algae
Sargassum ilicifolium with reference to phagocytosis. Res J Pharm Biol Chem Sci 1:302-
307
Chapman VJ, Chapman DJ (1980) Seaweeds and their Uses. Chapman and Hall, London

Chapman VJ (1955) Algal collections from Funafuti Atoll. Pac Sci 9:354-356

Chen X, Nie W, Fan S, Zhang J, Wang Y, Lu J, Jin L (2012) A polysaccharide from Sargassum

39



fusiforme protects against immunosuppression in cyclophosphamide-treated mice.
Carbohyd Polym 90:1114-1119

Choi YY, Lee SJ, Lee YJ, Kim HS, Eom JS, Kim SC, Kim ET, Lee SS (2020) New challenges
for efficient usage of Sargassum fusiforme for ruminant production. Sci Rep 10:19655

Chu SH, Zhang QS, Tang YZ, Zhang SB, Lu ZC, Yu YQ (2012) High tolerance to fluctuating
salinity allows Sargassum thunbergii germlings to survive and grow in artificial habitat of
full immersion in intertidal zone. J Exp Mar Biol Ecol 412:66-71

Circuncisdao AR, Catarino MD, Cardoso SM, Silva AMS (2018) Minerals from Macroalgae
Origin: Health Benefits and Risks for Consumers. Mar Drugs 16:400

Claus-Desbonnet H, Nikly E, Nalbantova V, Karcheva-Bahchevanska D, Ivanova S, Pierre G,
Benbassat N, Katsarov P, Michaud P, Lukova P, Delattre C (2022) Polysaccharides and their
derivatives as potential antiviral molecules. Viruses 14:426

Conde E, Moure A, Dominguez H (2015) Supercritical CO2 extraction of fatty acids, phenolics
and fucoxanthin from freeze-dried Sargassum muticum. J Appl Phycol 27:957-9641

Connan S, Delisle F, Deslandes E, Ar Gall E (2006) Intra-thallus phlorotannin content and
antioxidant activity in Phaeophyceae of temperate waters. Bot Mar 49:39-46

Costa GB, Simioni C, Pereira DT, Ramlov F, Maraschin M, Chow F, Horta PA, Bouzon ZL,
Schmidt EC (2017) The brown seaweed Sargassum cymosum: changes in metabolism and
cellular organization after long-term exposure to cadmium. Protoplasma 254:817-837

Critchley AT (1983) Sargassum muticum: a morphological description of European material.
Journal of the Marine Biological Association of the United Kingdom 63:813-824

CuiY, Zhu L, Li VY, Jiang S, Sun Q, Xie E, Chen H, Zhao Z, Qiao W, Xu J, Dong C (2021) Structure
of a laminarin-type B-(1->3)-glucan from brown algae Sargassum henslowianum and its
potential on regulating gut microbiota. Carbohyd Polym 255:117389

Dalal SR, Hussein MH, EI-Naggar NEA, Mostafa SI, Shaaban-Dessuuki SA (2021)
Characterization of alginate extracted from Sargassum latifolium and its use in Chlorella
vulgaris growth promotion and riboflavin drug delivery. Sci Rep 11:1-17

Damayanti AN, Riyadi PH, Dewi EN (2021) Characteristic and bioactive potential of brewed
Sargassum sp. with the additional bay leaf (Syzygium polyanthum). IOP Conf Ser Earth Env
Sci 890:012044

Davis D, Simister R, Campbell S, Marston M, Bose S, McQueen-Mason SJ, Gomez LD,
Gallimore WA, Tonon T (2021) Biomass composition of the golden tide pelagic seaweeds
Sargassum fluitans and S. natans (morphotypes I and VI11) to inform valorisation pathways.

40



Sci Tot Env 762:143134

Dawes CJ, Tomasko DA (1988) Physiological responses of perennial bases of Sargassum
filipendula from three sites on the west coast of Florida. Bull Mar Sci 42:166-173

del Pilar Sanchez-Camargo A, Montero L, Stiger-Pouvreau V, Tanniou A, Cifuentes A, Herrero
M, Ibafiez E (2016) Is enzyme-assisted extraction useful to improve the recovery of bioactive
compounds from algae by pressurized liquids? Food Chem 192:67-74

Devault DA, Massat F, Baylet A, Dolique F, Lopez PJ (2022) Arsenic and chlordecone
contamination and decontamination toxicokinetics in Sargassum sp. Environ Sci Pollut Res
Int 29:6-16

Devault D, Modestin E, Cottereau V, Vedie F, Stiger-Pouvreau V, Ronan P, Coynel A, Dolique
F (2021Db) The silent Spring of Sargassum. Env Science Poll Res 28:15580-15583

Devault DA, Pierre R, Marfaing H, Dolique F, Lopez PJ (2021a) Sargassum contamination and
consequences for downstream uses: a review. J Appl Phycol 33:567-602

Dewinta AF, Susetya IE, Suriani M (2020) Nutritional profile of Sargassum sp. from Pane
Island, Tapanuli Tengah as a component of functional food. J Phys Conf Ser 1542:012040

Dibner S, Martin L, Thibaut T, Aurelle D, Blanfuné A, Whittaker K, Cooney L, Schell JM,
Goodwin DS, Siuda ANS (2021) Consistent genetic divergence observed among pelagic
Sargassum morphotypes in the western North Atlantic. Mar Ecol 43:€12691

Dinesh S, Menon T, Hanna LE, Suresh V, Sathuvan M, Manikannan M (2016) In vitro anti-
HIV-1 activity of fucoidan from Sargassum swartzii. Int J Biol Macromol 82:83-88

Dixon RR, Mattio L, Huisman JM, Payri CE, Bolton JJ, Gurgel CFD (2014) North meets south—
Taxonomic and biogeographic implications of a phylogenetic assessment of Sargassum
subgenera Arthrophycus and Bactrophycus (Fucales, Phaeophyceae). Phycologia 53:15-22

Doty MS (1954) Distribution of the algal genera Rhipilia and Sargassum in the central Pacific.
Pac Sci 8:367-368

Duarte CM, Wu J, Xiao X, Bruhn A, Krause-Jensen D (2017) Can Seaweed Farming Play a
Role in Climate Change Mitigation and Adaptation? Front Mar Sci 4:100

Engelen A, Santos R (2009) Which demographic traits determine population growth in the
invasive brown seaweed Sargassum muticum? J Ecol 97:675-684

Engelen A, Serebryakova A, Ang P, Britton- Simmons K, Mineur F, Pedersen M, Arenas F,
Fernandez C, Steen H, Svenson R, Pavia H, Toth G, Viard F, Santos R (2015) Circumglobal

invasion by the brown seaweed Sargassum muticum. In: Hughes, R., Hughes, D., Smith, I.,

41



and Dale, A. (Eds.), Oceanography and Marine Biology. CRC Press, pp. 81-126

Evans F, Critchley AT (2013) Seaweeds for animal production use. J Appl Phycol 26:891-899

Falkowski PG, Raven JA (2007) Aquatic photosynthesis. 2nd edition. Princeton University
Press.

Félix R, Félix C, Januario AP, Carmona AM, Baptista T, Goncalves RA, Sendao J, Novais SC,
Lemos MFL (2020) Tailoring shrimp aquafeed to tackle Acute Hepatopancreatic Necrosis
Disease by inclusion of industry-friendly seaweed extracts. Aquaculture 529:735661

Fernando IPS, Jayawardena TU, Sanjeewa KKA, Wang L, Jeon Y-J, Lee WW (2018) Anti-
inflammatory potential of alginic acid from Sargassum horneri against urban aerosol-
induced inflammatory responses in keratinocytes and macrophages. Ecotox Env Safe
160:24-31

Fernando IPS, Sanjeewa KKA, Lee HG, Kim H-S, Prasanna Vaas APJ, de Silva HIC,
Nanayakkara CM, Abeytunga DTU, Lee D-S, Lee J-S, Jeon Y-J (2020) Fucoidan purified
from Sargassum polycystum induces apoptosis through mitochondria-mediated pathway in
HL-60 and MCF-7 cells. Mar Drugs 18:18040196

Fidai YA, Dash J, Tompkins EL, Tonon T (2020) A systematic review of floating and beach
landing records of Sargassum beyond the Sargasso Sea. Env Res Comm 2:122001

Fletcher RL, Fletcher SM (1975) Studies on the recently introduced brown alga Sargassum
muticum (Yendo) Fensholt. Il. Regenerative ability. Bot Mar 18:157-162

Florez-Fernandez N, Casas MP, Gonzélez-Mufioz MJ, Dominguez H (2019) Microwave
hydrogravity pretreatment of Sargassum muticum before solvent extraction of antioxidant
and antiobesity compounds. J Chem Technol Biotechnol 94:256-264

Florez-Ferndndez N, Gonzélez-Mufioz MJ, Ribeiro D, Fernandes E, Dominguez H, Freitas M
(2017) Algae polysaccharides’ chemical characterization and their role in the inflammatory
process. Curr Med Chem 24:149-175

Florez-Fernandez N, lllera M, Sanchez M, Lodeiro P, Torres MD, Lépez-Mosquera ME, Soto
M, de Vicente MS, Dominguez H (2021) Integrated valorization of Sargassum muticum in
biorefineries. Chem Eng J 404:125635

Flérez-Fernandez N, Torres MD, Gonzélez-Mufioz MJ, Dominguez H (2018) Potential of
intensification techniques for the extraction and depolymerization of fucoidan. Algal Res
30:128-1485635

Fu X, Cao C, Ren B, Zhang B, Huang Q, Li C (2018) Structural characterization and in vitro

fermentation of a novel polysaccharide from Sargassum thunbergii and its impact on gut

42



microbiota. Carbohydr Polym 183:230-239

Ganapathi K, Subramanian V, Mathan S (2013) Bioactive potentials of brown seaweeds,
Sargassum myriocystum J. Agardh, S. plagiaphyllum C. Agardh and S. ilicifolium (Turner)
J. Agardh. Int Res J Pharm Appl Sci 3:105-111

Garcia-Sanchez M, Graham C, Vera E, Escalante-Mancera E, Alvarez-Filip L, van
Tussenbroek Bl (2020) Temporal changes in the composition and biomass of beached
pelagic Sargassum species in the Mexican Caribbean. Aquatic Botany 167:103275

Gobert T, Gautier A, Connan S, Rouget M-L, Thibaut T, Stiger-Pouvreau V, Waeles M (2022)
Trace metal content from holopelagic Sargassum spp. sampled in the tropical North Atlantic
Ocean: emphasis on the spatial variation of arsenic and phosphorus. Chemosphere
308:136186

Godinez-Ortega JL, Cuatlan-Cortés JV, Lopez-Bautista JM, van Tussenbroek Bl (2021) A
Natural History of Floating Sargassum Species (Sargasso) from Mexico. In: Hufnagel L (ed)
Natural History and Ecology of Mexico and Central America. IntechOpen, pp. 59-94

GOmez-Ordofez E, Jiménez-Escrig A, Rupérez P (2010) Dietary fibre and physicochemical
properties of several edible seaweeds from the northwestern Spanish coast. Food Res Int
43:2289-2294

Gonzéalez-Ballesteros N, Fl6rez-Fernandez N, Torres MD, Dominguez H, Rodriguez-Arguelles
MC (2021) Synthesis, process optimization and characterization of gold nanoparticles using
crude fucoidan from the invasive brown seaweed Sargassum muticum. Algal Res 58:102377

Gonzalez-Lo6pez N, Moure A, Dominguez H (2012) Hydrothermal fractionation of Sargassum
muticum biomass. J Appl Phycol 24:1569-1578

Gonzalez-Nieto D, Oliveira MC, Resendiz MLN, Dreckmann KM, Mateo-Cid LE, Senties A
(2020) Molecular assessment of the genus Sargassum (Fucales, Phaeophyceae) from the
Mexican coasts of the Gulf of Mexico and Caribbean, with the description of S. xochitlae
sp. nov. Phytotaxa 461:254-274

Goodwin DS, Siuda ANS, Schell JM (2022) In situ observation of holopelagic Sargassum
distribution and aggregation state across the entire North Atlantic from 2011 to 2020. PeerJ
10:e14079

Gorham J, Lewey SA (1984) Seasonal changes in the chemical composition of Sargassum
muticum. Mar Biol 80:103-107

Gower J, Young E, King S (2013) Satellite images suggest a new Sargassum source region in

43



2011. Remote Sens Lett 4:764-773

Gower JFR, King SA (2011) Distribution of floating Sargassum in the Gulf of Mexico and the
Atlantic Ocean mapped using MERIS. Int J Remote Sens 32:1917-1929

Grosso C, Valentdo P, Ferreres F, Andrade PB (2015) Alternative and Efficient Extraction
Methods for Marine-Derived Compounds. Mar Drugs 13:3182-3230

Guiry MD, Guiry GM (2022) AlgaeBase. World-wide electronic publication, National
University of Ireland, Galway. www.algaebase.org

Haider S, Li Z, Lin H, Jamil K, Wang BP (2009) In vivo study of antiallergenicity of ethanol

extracts from Sargassum tenerrimum, Sargassum cervicorne and Sargassum graminifolium
turn. Eur Food Res Technol 229:435-441

Hales JM, Fletcher RL (1989) Studies on the recently introduced brown alga Sargassum
muticum (Yendo) Fensholt. IV. The Effect of Temperature, Irradiance and Salinity on
Germling Growth. Bot Mar 32:167-176

Hales JM, Fletcher RL (1990) Studies on the recently introduced brown alga Sargassum
muticum (Yendo) Fensholt. V. Receptacle initiation and growth, and gamete release in
laboratory culture. Bot Mar 33:241-249

Hannachi Y, Hafidh A (2020) Biosorption potential of Sargassum muticum algal biomass for
methylene blue and lead removal from aqueous medium. Int J Env Sci Technol 17:3875-
3890

Harinee S, Muthukumar K, Dahms H-U, Koperuncholan M, Vignesh S, Banu RJ, Ashok M,
James RA (2019) Biocompatible nanoparticles with enhanced photocatalytic and anti-
microfouling potential. Int Biodeterior Biodegrad 145:104790

Hardouin K, Burlot A-S, Umami A, Tanniou A, Stiger-Pouvreau V, Widowati I, Bedoux G,
Bourgougnon N (2014) Biochemical and antiviral activities of enzymatic hydrolysates from
different invasive French seaweeds. J Appl Phycol 26:1029-1042

Hata A, Endo Y, Nakajima Y, Ikebe M, Ogawa M, Fujitani N, Endo G (2007) HPLC—ICP-MS
speciation analysis of arsenic in urine of Japanese subjects without occupational exposure. J
Occup Health 49:217-223

Herawati D, Sumanik BC (2019) Role of brown algae (Sargassum sp) as antibacterial
(Porphyromonas gingivalis) in periodontal diseases. Int J Appl Pharm 11:12-15

Hernandez-Bolio Gl, Fagundo-Mollineda A, Caamal-Fuentes EE, Robledo D, Freile-Pelegrin
Y, Hernandez-Nufiez E (2021) NMR Metabolic Profiling of Sargassum Species Under

44


http://www.algaebase.org/
http://www.algaebase.org/

Different Stabilization/Extraction Processes. J Phycol 57:655-663

Homma Y, Okuda S, Kasahara M, Takahashi F, Yoshikawa S, Uwai S (2020) Phenological
shifts and genetic differentiation between sympatric populations of Sargassum horneri
(Fucales, Phaeophyceae) in Japan. MEPS 642:103-116

Hong M, Ma Z, Wang X, Shen Y, Mo Z, Wu M, Chen B, Zhang T (2021) Effects of light
intensity and ammonium stress on photosynthesis in Sargassum fusiforme seedlings.
Chemosphere 273:128605

Hosokawa M (2021) Health-Promoting Functions of the Marine Carotenoid Fucoxanthin. In:
Misawa N (ed) Carotenoids: Biosynthetic and Biofunctional Approaches. Springer,
Singapore, pp 273-284

Hossain Z, Kurihara H, Takahashi K (2003) Biochemical composition and lipid compositional
properties of the brown alga Sargassum horneri. Pakistan J Biol Sci 6:1497-1500

Hsiao H-H, Wu T-C, Tsai Y-H, Kuo C-H, Huang R-H, Hong Y-H, Huang C-Y (2021) Effect
of Over sulfation on the Composition, Structure, and in vitro Anti-Lung Cancer Activity of
Fucoidans Extracted from Sargassum aquifolium. Mar Drugs 19:215
Hurd CL, Harrison PJ, Bischof K, Lobban CS (2014) Seaweed ecology and physiology. 2nd
edition. Cambridge University Press.

Hwang EK, Baek JM, Park CS (2007) Assessment of optical depth and photon irradiance for
cultivation of the brown alga, Sargassum fulvellum (Turner) C. Agardh. J Appl Phycol
19:787-793

Hwang EK, Cho YC, Shon CH (1999) Reuse of holdfasts in Hizikia cultivation. J Korean Fish
Soc 32:112-116 (in Korean with English abstract)

Hwang EK, Dring MJ (2002) Quantitative photoperiodic control of erect thallus production in
Sargassum muticum. Bot Mar 45:471-475

Hwang EK, Park CS, Baek JM (2006) Avrtificial seed production and cultivation of the edible
brown alga, Sargassum fulvellum (Turner) C. Agardh: developing a new species for seaweed
cultivation in Korea. In: Anderson R, Brodie J, Onsgyen E, Critchley AT (eds) Eighteenth
International Seaweed Symposium Springer, Dordrecht, pp 25-31

Hwang PA, Phan NN, Lu WJ, Hieu BTN, Lin YC (2016) Low-molecular-weight fucoidan and
high-stability fucoxanthin from brown seaweed exert prebiotics and anti-inflammatory
activities in Caco-2 cells. Food Nutr Res 60:1-9

Ichikawa S, Kamoshida M, Hanaoka K, Hamano M, Maitani T, Kaise T (2006) Decrease of

arsenic in edible brown algae Hizikia fusiformis by the cooking process. Appl Organomet

45



Chem 20:585-590

lese V, N'Yeurt ADR (2018) Final Report for Seaweed Monitoring Survey in Tuvalu. Ministry
of Environment, Government of Tuvalu, Funafuti

Ikehara K (1987) Sargassum (Sargassum fulvellum and S. horneri) as a food in the coast of the
Japan Sea. Japanese J Phycol 35:233-234 (In Japanese)

Ismail GA, Gheda SF, Abo-Shady AM, Abdel-Karim OH (2020) In vitro potential activity of
some seaweeds as antioxidants and inhibitors of diabetic enzymes. Food Sci Technol
40:681-691

Ito R, Terawaki T, Satuito CG, Kitamura H (2008) Cultivation of Hiziki, Sargassum fusiforme,
on culture ropes using naturally growing plants. The Aquaculture 56:97-103 (In Japanese
with English abstract)

Ito R, Terawaki T, Satuito CG, Kitamura H (2009) Storage, cutting and culture conditions of
filamentous roots of Hiziki Sargassum fusiforme. The Aquaculture 57:579-585 (In Japanese
with English abstract)

Ito T, Borlongan IA, Nishihara GN, Endo H, Terada R (2021) The effects of irradiance,
temperature, and desiccation on the photosynthesis of a brown alga, Sargassum muticum
(Fucales), from a native distributional range in Japan. J Appl Phycol 33:1777-1791

Jantasrirad S, Mayakun J, Numnuam A, Kaewtatip K (2021) Effect of filler and sonication time
on the performance of brown alga (Sargassum plagiophyllum) filled cassava starch
biocomposites. Algal Res 56:102321

Jayawardena TU, Kim H-S, Asanka Sanjeewa KK, Han EJ, Jee Y, Ahn G, Rho J-R, Jeon Y-J
(2021) Loliolide, isolated from Sargassum horneri; abate LPS-induced inflammation via
TLR mediated NF-xB, MAPK pathways in macrophages. Algal Res 56:102297

Jeon H, Yoon W-J, Ham Y-M, Yoon S-A, Kang SC (2019) Anti-arthritis effect through the
anti-inflammatory effect of Sargassum muticum extract in collagen-induced arthritic (CIA)
Mice. Molecules 24:276

Jin W, He X, Wu W, Bao Y, Wang S, Cai M, Zhang W, Wang C, Zhang F, Linhardt RJ, Mao
G, Zhong W (2020) Structural analysis of a glucoglucuronan derived from laminarin and the
mechanisms of its anti-lung cancer activity. Int J Biol Macromol 163:776-787

Johns EM, Lumpkin R, Putman NF, Smith RH, Muller-Karger FE, Rueda-Roa T, Hu D, Wang
C, Brooks MT, Gramer LJ, Werner FE (2020) The establishment of a pelagic Sargassum
population in the tropical Atlantic: biological consequences of a basin-scale long distance

46



dispersal event. Prog Oceanogr 182:102269-102269

Joniver CFH, Photiades A, Moore PJ, Winters AL, Woolmer A, Adams JMM (2021) The global
problem of nuisance macroalgal blooms and pathways to its use in the circular economy.
Alg Res 58:102407

Kachaanun P, Numnuam A, Mayakun J, Kaewtatip K (2022) Utilization of brown alga
(Sargassum plagiophyllum) as an efficient reinforcement material for application in wheat
gluten biocomposites. J Appl Polym Sci 139:52080

Kalasariya HS, Yadav VK, Yadav KK, Tirth V, Algahtani A, Islam S, Gupta N, Jeon B-H
(2021) Seaweed-Based Molecules and Their Potential Biological Activities: An Eco-
Sustainable Cosmetics. Molecules 26:5313

Kamiya M, Nishio T, Yokoyama A, Yatsuya K, Nishigaki T, Yoshikawa S, Ohki K (2010)
Seasonal variation of phlorotannin in sargassacean species from the coast of the Sea of Japan.
Phycol Res 58:53-61

Kang JI, Yoo ES, Hyun JW, Koh YS, Lee NH, Ko MH, Ko SK, Kang HK (2016) Promotion
Effect of Apo-9'-fucoxanthinone from Sargassum muticum on Hair Growth via the
Activation of Wnt/B-Catenin and VEGF-R2. Biol Pharm Bull 39:1273-1283

Kang M-C, Ding Y, Kim E-A, Choi YK, De Araujo T, Heo S-J, Lee S-H (2017) Indole
derivatives isolated from brown alga Sargassum thunbergii inhibit adipogenesis through
AMPK activation in 3T3-L1 preadipocytes. Mar Drugs 15:119

Karpinski TM, Ozarowski M, Alam R, Lochynska M, Stasiewicz M (2022) What Do We Know
about Antimicrobial Activity of Astaxanthin and Fucoxanthin? Mar Drugs 20:36

Katayama M, Sugawa-Katayama Y (2007) Effect of temperature on the diminution of retained
arsenic in dried Hijiki, Sargassum fusiforme (Harvey) Setchell, by water-soaking. J Home
Econ Japan 58:75-80

Katayama M, Sugawa-Katayama Y, Murakami K (2015) Pre-cooking of edible marine brown
algae for reduction of arsenic contents. J Food Nut Sci 3:84-87

Katayama M, Sugawa-Katayama Y, Sawada R, Yamamoto Y (2008a) Distribution of
accumulated arsenic in the body of Akamoku, Sargassum horneri. Trace Nut Res 25:129-
133

Katayama M, Sugawa-Katayama Y, Yamaguchi Y, Murakami K (2019) Arsenic distribution in
organs of rats fed brown algae, Akamoku (Sargassum horneri). Trace Nut Res 36:54-57

Katayama M, Sugawa-Katayama Y, Yamaguchi Y, Murakami K, Hirata S (2008b) Effect of

temperature on the extraction of the various arsenic compounds from dried hijiki, Sargassum

47



fusiforme by water-soaking as a precooking process. Trace Nut Res 25:134-138

Kendrick GA, Walker D1 (1991) Dispersal distances for propagules of Sargassum
splnuligerum (Sargassaceae, Phaeophyta) measured directly by vital staining and venturi
suction sampling. MEPS 79:133

Khan AA, lJilani G, Akhtar MS, Naqvi SMS, Rasheed M (2009) Phosphorus solubilizing
bacteria: occurrence, mechanisms and their role in crop production. J Agric Biol Sci 1(1):48-
58

Kilar JA (1992) Seasonal and between-plant variability in the morphology of Sargassum
mathiesonii sp. nov. (Phaeophyta) from the Gulf of Mexico. J Phycol 28:114-126

Kilar JA, Hanisak MD (1989) Phenotypic variability in Sargassum polyceratium (Fucales,
Phaeophyta). Phycologia 28:491-500

Kilar JA, Hanisak MD, Yoshida T (1992) On the expression of phenotypic variability: Why is
Sargassum so taxonomically difficult? In: Abbott IA (ed.), Taxonomy of Economic
Seaweeds with Reference to Some Pacific and Western Atlantic Species vol. 3. La Jolla:
California Sea Grant College Program, pp 95-117

Kim D-S, Sung N-Y, Han I-J, Lee B-S, Park S-Y, Nho EY, Eom J, Kim G, Kim K-A (2019)
Splenocyte-mediated immune enhancing activity of Sargassum horneri extracts. J Nut
Health 52:515-528

Kim H-S, Han EJ, Fernando IPS, Sanjeewa KKA, Jayawardena TU, Kim H-J, Jee Y, Kang S-
H, Jang J-H, Jang J-P, Herath KHINM, Jeon Y-J, Ahn G (2020) Anti-allergy effect of
mojabanchromanol isolated from Sargassum horneri in bone marrow-derived cultured mast
cells. Algal Res 48:101898

Kim J-A, Karadeniz F, Ahn B-N, Kwon MS, Mun O-J, Bae MJ, Seo Y, Kim M, Lee S-H, Kim
YY, Mi-Soon J, Kong C-S (2016) Bioactive quinone derivatives from the marine brown alga
Sargassum thunbergii induce anti-adipogenic and pro-osteoblastogenic activities. J Sci Food
Agric 96:783-790

Kim J-Y, Lee J-A, Kim K-N, Yoon W-J, Lee WJ, Park S-Y (2007) Antioxidative and
antimicrobial activities of Sargassum muticum extracts. J Kor Soc Food Sci Nut 36:663-669

Kim KN, Ham YM, Moon JY, Kim MJ, Kim DS, Lee WJ, Lee NH, Hyun C-G (2009) In vitro
cytotoxic activity of Sargassum thunbergii and Dictyopteris divaricata (Jeju seaweeds) on
the HL-60 tumour cell line. Int J Pharmacol 5:298-306

Kim M-J, Kim K-B, Jeong D-H, Ahn D-H (2013) Anti-inflammatory activity of ethanolic

48



extract of Sargassum sagamianum in RAW 264.7 cells. Food Sci Biotechnol 22:1113-1120

Kokubu S, Nishihara GN, Watanabe Y, Tsuchiya Y, Amano Y, Terada R (2015) The effect of
irradiance and temperature on the photosynthesis of a native brown alga, Sargassum
fusiforme (Fucales) from Kagoshima, Japan. Phycologia 54:235-247

Komatsu T, Tatsukawa K, Filippi JB, Sagawa T, Matsunaga D, Mikami A, Ishida K, Ajisaka
T, Tanaka K, Aoki M, Wang W-D, Liu H-F, Zhou M-D, Sugimoto T (2007) Distribution of
drifting seaweeds in eastern East China Sea. J Mar Syst 67(3-4):245-252

Koyama T (2011) Extracts of marine algae show inhibitory activity against osteoclast
differentiation. Adv Food Nut Res 64:443-454

Krause-Jensen D, Duarte C (2016) Substantial role of macroalgae in marine carbon
sequestration. Nat Geosci 9:737-742

Kumar Y, Tarafdar A, Kumar D, Verma K, Aggarwal M, Badgujar PC (2021) Evaluation of
Chemical, Functional, Spectral, and Thermal Characteristics of Sargassum wightii and
Ulva rigida from Indian Coast. J Food Qual 2021:9133464

Kumar A, AbdElgawad H, Castellano I, Lorenti M, Delledonne M, Beemster GT, Asrad H,
Buia MC, Palumbo A (2017) Physiological and biochemical analyses shed light on the
response of Sargassum vulgare to ocean acidification at different time scales. Front Plant
Sci 8:570

Kumar G, Sahoo D (2011) Effect of seaweed liquid extract on growth and yield of
Triticum aestivum var. Pusa Gold. J Appl Phycol 23:251-255

Kumar NA, Vanlalzarzova B, Sridhar S, Baluswami M (2012) Effect of liquid seaweed
fertilizer of Sargassum wightii Grev. on the growth and biochemical content of green gram
(Vigna radiata (L.) R. wilczek). Rec Res Sci Technol 4:40-45

Kuniyoshi M (1985) Germination inhibitors from the brown alga Sargassum crassifolium
(Phaeophyta, Sargassaceae). Bot Mar 28:501-503

Kwon M, Lee B, Lim S-J, Choi JS, Kim H-R (2019) Sargahydroquinoic acid, a major
compound in Sargassum serratifolium (C. Agardh), widely activates lipid catabolic
pathways, contributing to the formation of beige-like adipocytes. J Funct Foods 58:355-366

Kwon M, Lim S-J, Joung E-J, Lee B, Oh C-W, Kim H-R (2018) Meroterpenoid-rich fraction
of an ethanolic extract from Sargassum serratifolium alleviates obesity and non-alcoholic
fatty liver disease in high fat-fed C57BL/6J mice. J Funct Foods 47:288-298

Lapointe BE (1986) Phosphorus-limited photosynthesis and growth of Sargassum natans and

Sargassum fluitans (Phaeophyceae) in the western North Atlantic. Deep-Sea Res 33:391-

49



399

Lapointe BE, Brewton RA, Herren LW, Wang M, Hu C, McGillicuddy DJ, Lindell S,
Hernandez FJ, Morton PL (2021) Nutrient content and stoichiometry of pelagic Sargassum
reflects increasing nitrogen availability in the Atlantic Basin. Nature Commun 12:3060

Laporte D, Vera J, Chandia NP, Zufiga EA, Matsuhiro B, Moenne A (2007) Structurally
unrelated algal oligosaccharides differentially stimulate growth and defense against tobacco
mosaic virus in tobacco plants. J Appl Phycol 19:79-88

Lavers JL, Dicks L, Dicks MR, Finger A (2019) Significant plastic accumulation on the Cocos
(Keeling) Islands, Australia. Sci Rep 9:1-9

Leandro A, Pacheco D, Cotas J, Marques JC, Pereira L, Gongalves AMM (2020) Seaweed’s
Bioactive Candidate Compounds to Food Industry and Global Food Security. Life 10:140

Le Cam S, Daguin-Thiébaut C, Bouchemousse S, Engelen AH, Mieszkowska N, Viard F (2019)
A genome-wide investigation of the worldwide invader Sargassum muticum shows high
success albeit (almost) no genetic diversity. Evol Appl 13:500-514

Lee JA, Cho Y-R, Hong SS, Ahn E-K (2017) Anti-Obesity Activity of Saringosterol Isolated
from Sargassum muticum (Yendo) Fensholt Extract in 3T3-L1 Cells. Phytother Res
31:1694-1701

Lee J-E, Xu X, Jeong S-M, Kang W-S, Ryu S-H, Kim H-H, Kim S-R, Lee G-H, Kim M-J, Ahn
D-H (2022) Characterization of Sargassum patens C. Agardh Enzymatic Extracts Using
Crude Enzyme from Shewanella oneidensis PKA 1008 and Their Anti-inflammatory
Effects. Biotechnol Bioprocess Eng 27:61-69

Lee JI, Kwakb MK, Parka HY, Seob Y (2013) Cytotoxicity of Meroterpenoids from Sargassum
siliqguastrum against Human Cancer Cells. Natural Product Communications 8:431-432

Lee J-S, Han J-S (2018) Sargassum sagamianum extract alleviates postprandial hyperglycemia
in diabetic mice. Preventive Nutrition and Food Science 23:122-126

Le Lann K, Connan S, Stiger-Pouvreau V (2012a) Phenology, TPC and size-fractioning
phenolics variability in temperate Sargassaceae (Phaeophyceae, Fucales) from Western
Brittany: Native versus introduced species. Mar Env Res 80:1-11

Le Lann K, Ferret C, VanMee E, Spagnol C, Lhuillery M, Stiger-Pouvreau V (2012b) Total
phenolic, size-fractionated phenolics and fucoxanthin content of tropical Sargassaceae
(Fucales, Phaeophyceae) from the South Pacific Ocean: Spatial and specific variability.
Phycol Res 60:37-50

Le Lann K, Jégou C, V Stiger-Pouvreau (2008) Impact of different conditioning treatments on

50



total phenolic content and antioxidant activities in two Sargassacean species: comparison of
the frondose Sargassum muticum (Yendo) Fensholt and the cylindrical Bifurcaria bifurcata
R Ross. Phycol Res 56:238-245

Le Loeuff J, Boy V, Morangais P, Colinart T, Bourgougnon N, Lanoisellé J-L (2021)
Mathematical Modeling of Air Impingement Drying of the Brown Algae Sargassum
muticum (Fucales). Chem Eng Technol 44:2073-2081

Li J, Han K, Li S (2018) Porous carbons from Sargassum muticum prepared by HsPO4 and
KOH activation for supercapacitors. J Mater Sci-Mater EI 29:8480-8491

Li Y, Zheng Y, Zhang Y, Yang Y, Wang P, Imre B, Wong ACY, Hsieh YSY, Wang D (2021)
Brown Algae Carbohydrates: Structures, Pharmaceutical Properties, and Research
Challenges. Mar Drugs 19:620

Liu J, Xia J, Zhuang M, Zhang J, Sun Y, Tong Y, ... He P (2021) Golden seaweed tides
accumulated in Pyropia aquaculture areas are becoming a normal phenomenon in the Yellow
Sea of China. STOTEN 774:145726

Liu F, Li X, Che Z (2017) Mitochondrial genome sequences uncover evolutionary relationships
of two Sargassum subgenera, Bactrophycus and Sargassum. J Appl Phycol 29:3261-3270

LiuF,Pang S, Gao S, Shan T (2013) Intraspecific genetic analysis, gamete release performance,
and growth of Sargassum muticum (Fucales, Phaeophyta) from China. Chin J Oceanol Limn
31:1268-1275

Liu J, Luthuli S, Wu Q, Wu M, Choi J-i, Tong H (2020) Pharmaceutical and Nutraceutical
Potential Applications of Sargassum fulvellum. BioMed Res Int 2020:2417410

Liu L, Lin L (2020) Effect of heat stress on Sargassum fusiforme leaf metabolome. J Plant Biol
63:229-241

Lodeiro P, Cordero B, Grille Z, Herrero R, Sastre, De Vicente ME (2004) Physicochemical
studies of cadmium(ll) biosorption by the invasive alga in Europe, Sargassum muticum.
Biotechnol Bioeng 88:237-247

Lopez-Miranda JL, Celis LB, Estévez M, Chavez V, van Tussenbroek Bl, Uribe-Martinez A,
Cuevas E, Rosillo Pantoja I, Masia L, Cauich-Kantun C, Silva R (2021) Commercial
Potential of Pelagic Sargassum spp. in Mexico. Front Marine Sci 812:768470

Loughnane C, Stengel DB (2002) Attached Sargassum muticum (Yendo) Fensholt found on the
west coast of Ireland. The Irish Naturalists' Journal 27:70-72

Lunde G (1970) Analysis of trace elements in seaweed. J Sci Food Agric 21:416-418

Luo D, Wang Z, Nie K (2019) Structural characterization of a novel polysaccharide from

51



Sargassum thunbergii and its antioxidant and anti-inflammation effects. PLoS ONE
14:e0223198

Machado CB, Maddix G-M, Francis P, Thomas SL, Burton JA, Langer S, Larson TR, Marsh
R, Webber M, Tonon T (2022) Pelagic Sargassum events in Jamaica: Provenance,
morphotype abundance, and influence of sample processing on biochemical composition of
the biomass. Sci Tot Environ 817:152761

Machado L, Magnusson M, Paul NA, de Nys R, Tomkins N (2014) Effects of marine and
freshwater macroalgae on in-vitro total gas and methane production. PLoS ONE 9:e85289

Madhiyazhagan P, Murugan K, Kumar AN, Nataraj T, Dinesh D, Panneerselvam C,
Subramaniam J, Kumar PM, Suresh U, Roni M, Nicoletti M, Alarfaj AA (2015) Sargassum
muticum-synthesized silver nanoparticles: an effective control tool against mosquito vectors
and bacterial pathogens. Parasitol Res 114:4305-431726

Mageswaran R, Sivasubramaniam S (1984) Mineral and protein contents of some marine algae
from the coastal areas of Northern Sri Lanka. J Nat Sci Council of Sri Lanka 12:179-189

Maneesh A, Chakraborty K (2018) Previously undescribed antioxidative O-heterocyclic
angiotensin converting enzyme inhibitors from the intertidal seaweed Sargassum wightii as
potential antihypertensives. Food Res Int 13:474-486

Manggau M, Kasim S, Fitri N, Aulia AN, Raihan M, Nurdin WB (2022) Antioxidant, anti-
inflammatory and anticoagulant activities of sulfate polysaccharide isolate from brown alga
Sargassum polycystum. IOP Conf Ser Earth Env Sci 967:012029

Manzoor Z, Mathema VB, Chae D, Yoo E-S, Kang H-K, Hyun J-W, Lee NH, Ko M-H, Koh
Y-S (2014) Extracts of the seaweed Sargassum macrocarpum inhibit the CpG-induced
inflammatory response by attenuating the NF-xB pathway. Food Sci Biotechnol 23:293-297

Maréchal JP, Hellio C, Hu C (2017) A simple, fast, and reliable method to predict Sargassum
washing ashore in the Lesser Antilles. RSASE 5:54-63

Matanjun P, Mohamed S, Mustapha NM, Muhammad K (2009) Nutrient content of tropical
edible seaweeds, Eucheuma cottonii, Caulerpa lentillifera and Sargassum polycystum.
J Appl Phycol 21:75-80

Mattio L, Payri CE (2009) Taxonomic revision of Sargassum (Fucales, Phaeophyceae) from
New Caledonia based on morphological and molecular analysis. J Phycol 45:1374-1388

Mattio L, Payri C (2010) Assessment of five markers as potential barcodes for identifying

Sargassum subgenus Sargassum species (Phaeophyceae, Fucales). Cryptogamie Algol

52



31:467

Mattio L, Payri C (2011) 190 years of Sargassum taxonomy, facing the advent of DNA
phylogenies. Bot Rev 77:31-70

Mattio L, Payri CE, Stiger-Pouvreau V (2008) Taxonomic revision of the genus Sargassum
(Fucales, Phaeophyceae) from French Polynesia based on morphological and molecular
analyses. J Phycol 44:1541-1555

Mattio L, Payri CE, Verlague M (2009) Taxonomic revision and geographic distribution of the
subgenus Sargassum (Fucales, Phaeophyceae) in the Western and Central Pacific Islands
based on morphological and molecular analyses. J Phycol 45:1213-1227

Mattio L, Payri CE, Verlagque M, de Reviers B (2010) Taxonomic revision of Sargassum sect.
Acanthocarpicae (Fucales, Phaeophyceae). Taxon 59:896-904

Mattio L, Zubia M, Loveday B, Crochelet E, Duong N, Payri CE, Bhagooli R, Bolton JJ (2013)
Sargassum (Fucales, Phaeophyceae) in Mauritius and Réunion, western Indian Ocean:
Taxonomic revision and biogeography using hydrody- namic dispersal models. Phycologia
52:578-594

May DI, Clayton MN (1991) Oogenesis, the formation of oogonial stalks and fertilization in
Sargassum vestitum (Fucales, Phaeophyta) from southern Australia. Phycologia 30:243-256

Michalak I, Dmytryk A, Chojnacka K (2020) Algae Cosmetics. In: Se-Kwon K (ed.)
Encyclopedia of Marine Biotechnology: Five Volume Set, First Edition. John Wiley and
Sons Ltd

Milledge JJ, Harvey PJ (2016) Ensilage and anaerobic digestion of Sargassum muticum. J Appl
Phycol 28:3021-30301

Milledge JJ, Harvey PJ (2016) Golden tides: problem or golden opportunity? The valorisation
of Sargassum from beach inundations. J Mar Sci Eng 4(3):60

Milledge JJ, Maneein S, Arribas Lopez E, Bartlett D (2020) Sargassum Inundations in Turks
and Caicos: Methane Potential and Proximate, Ultimate, Lipid, Amino Acid, Metal and
Metalloid Analyses. Energies 13:1523

Milledge JJ, Nielsen BV, Bailey D (2016) High-value products from macroalgae: the potential
uses of the invasive brown seaweed, Sargassum muticum. Rev Environ Sci Biotechnol
15:67-88

Milledge JJ, Nielsen BV, Sadek MS, Harvey PJ (2018) Effect of freshwater washing
pretreatment on Sargassum muticum as a feedstock for biogas production. Energies 11:1771

Miller KA, Engle JM, Uwai S, Kawai H (2007) First report of the Asian seaweed Sargassum

53



filicinum Harvey (Fucales) in California, USA. Biol Invasions 9:609-613

Modestin E, Devault DA, Baylet A, Massat F, Dolique F (2022) Arsenic in Caribbean bivalves
in the context of Sargassum beachings: A new risk for seafood consumers. Environ Monit
Assess 194:553

Moerdijk-Poortvliet TCW, de Jong DLC, Fremouw R, de Reu S, de Winter JM, Timmermans
K, Mol G, Reuter N, Derksen GCH (2022) Extraction and analysis of free amino acids and
5’-nucleotides, the key contributors to the umami taste of seaweed. Food Chem 370:131352

Montero L, Sanchez-Camargo AP, Garcia-Canas V, Tanniou A, Stiger-Pouvreau V, Russo MT,
Rastrelli L, Cifuentes A, Herrero M, lbanez E (2016) Anti-proliferative activity and
chemical characterization by comprehensive two-dimensional liquid chromatography
coupled to mass spectrometry of phlorotannins from the brown macroalga Sargassum
muticum collected on North-Atlantic coasts. J Chromatogr A 1428:115-125

Morais T, Cotas J, Pacheco D, Pereira L (2021) Seaweeds Compounds: An Ecosustainable
Source of Cosmetic Ingredients? Cosmetics 8:8

Munsu E, Mohd Zaini H, Matanjun P, Ab Wahab N, Sulaiman NS, Pindi W (2021)
Physicochemical, Sensory Properties and Lipid Oxidation of Chicken Sausages
Supplemented with Three Types of Seaweed. Applied Sci 11:11347

Murakami K, Yamaguchi Y, Noda K, Fujii T, Shinohara N, Ushirokawa T, Sugawa-Katayama
Y, Katayama M (2011) Seasonal variation in the chemical composition of a marine brown
alga, Sargassum horneri (Turner) C. Agardh. J Food Compos Anal 24:231-236

Murase N, Kito H (1998) Growth and maturation of Sargassum macrocarpum C. Agardh in
Fukawa Bay, the Sea of Japan. Fish Sci 64:393-396

Nadi I, Belattmania Z, Sabour B, Reani A, Sahibed-dine A, Jama C, Bentiss F (2019)
Sargassum muticum extract based on alginate biopolymer as a new efficient biological
corrosion inhibitor for carbon steel in hydrochloric acid pickling environment: Gravimetric,
electrochemical and surface studies. Int J Biol Macromol 141:137-149

Nakajima Y, Endo Y, Inoue Y, Yamanaka K, Kato K, Wanibuchi H, Endo G (2006) Ingestion
of hijiki seaweed and risk of arsenic poisoning. Appl Organomet Chem 20:557-564

Nakamura H, Ohnuki N, Sadamasu K, Sekine H, Tanaka J, Okada Y, Okuyama T (1994) Anti-
human immunodeficiency virus (HIV) activities of agueous extracts from marine algae. Nat
Med 48:173-179

Nazarudin MF, Alias NH, Balakrishnan S, Wan Hasnan WNI, Noor Mazli NAI, Ahmad M,
Md Yasin I-S, Isha A, Aliyu-Paiko M (2021) Chemical, Nutrient and Physicochemical

54



Properties of Brown Seaweed, Sargassum polycystum C. Agardh (Phaeophyceae) Collected
from Port Dickson, Peninsular Malaysia. Molecules 26:5216

Newton L (1951) Animal and human nutrition from seaweed resources in Europe: uses and
potential. In: Chapman VJ (ed) Seaweed utilization. Sampson Low, London, pp 31-57

van Nguyen TV, Boo SM (2020) Distribution patterns and biogeography of Sargassum
(Fucales, Phaeophyceae) along the coast of Vietnam. Bot Mar 63:463-468

Nie J, Chen D, Ye J, Lu Y, Dai Z (2021) Preparative separation of three terpenoids from edible
brown algae Sargassum fusiforme by high-speed countercurrent chromatography combined
with preparative high-performance liquid chromatography. Algal Res 59:102449

Nisizawa K, Noda H, Kikuchi R, Watanabe T (1987) The main seaweed foods in Japan.
Hydrobiology 151/152:5-29

Norton TA (1992) Dispersal by macroalgae. Br Phycol J 27:293-301

Novaczek | (2001) A Guide to the Common Edible and Medicinal Sea Plants of the Pacific
Islands. Community Fisheries Training Pacific Series 3A. The University of the South
Pacific and Secretariat of the Pacific Community, Suva.

Novaczek I, Athy A (2001) Sea Vegetable Recipes for the Pacific Islands. Community Fisheries
Training Pacific Series 3B. The University of the South Pacific and Secretariat of the Pacific
Community, Suva

Noviendri D, Jaswir |, Salleh HM, Taher M, Miyashita K, Ramli N (2011) Fucoxanthin
extraction and fatty acid analysis of Sargassum binderi and S. duplicatum. J Med Plants
Res 5:2405-2412

Nufiez-Lopez RA, Casas Valdez M (1998) Seasonal variation of seaweed biomass in San
Ignacio Lagoon, Baja California Sur, Mexico. Bot Mar 41:421-426

N’Yeurt ADR, Chynoweth DP, Capron ME, Stewart JR, Hasan MA (2012) Negative carbon
via ocean afforestation. Process Saf Environ 90:467-474

N'Yeurt ADR, lese V (2015a) Marine plants as a sustainable source of agrifertilizers for Small
Island Developing States (SIDS). In: Ganpat WG, Isaac W-A (eds) Impacts of Climate
Change on Food Security in Small Island Developing States. IGI Global, Hershey,
Pennsylvania, pp 280-311

N'Yeurt ADR, lese V (2015b) The proliferating brown alga Sargassum polycystum in Tuvalu,
South Pacific: Assessment of the bloom and applications to local agriculture and sustainable
energy. J Appl Phycol 27:2037-2045

N’Yeurt ADR, Payri CE (2004) A preliminary annotated checklist of the marine algae and

55


http://www.scopus.com/source/sourceInfo.url?sourceId=17300&origin=resultslist

seagrasses of the Wallis Islands (French Overseas Territory of Wallis and Futuna), South
Pacific. Aust Sys Bot 17:367-397

N’Yeurt ADR, South GR, Keats DW (1996) A revised checklist of the benthic marine algae of
the Fiji Islands, South Pacific (including the island of Rotuma). Micronesica 29:49-96

Ody A, Thibaut T, Berline L, Changeux T, André J-M, Chevalier C, Blanfuné A, Blanchot J,
Ruitton S, Stiger-Pouvreau V, Connan S, Grelet J, Aurelle D, Guéné M, Bataille H,
Bachelier C, Guillemain D, Schmidt N, Fauvelle V, Guasco S, Ménard F (2019) From in
situ to satellite observations of pelagic Sargassum distribution and aggregation in the
Tropical North Atlantic Ocean. PL0oS One 14:e0222584

Ofusa T (2011) Recent trends of edible seaweed industries and prospects in Japan. Algal Res
4:15-21 (In Japanese with English abstract)

Olabarria C, Rodil IF, Incera M, Troncoso JS (2009) Limited impact of Sargassum muticum on
native algal assemblages from rocky intertidal shores. Mar Env Res 67:153-158

Ortega-Flores PA, Serviere-Zaragoza E, De Anda-Montafiez JA, Freile-Pelegrin Y, Robledo D,
Méndez-Rodriguez LC (2022) Trace elements in pelagic Sargassum species in the Mexican
Caribbean: Identification of key variables affecting arsenic accumulation in S. fluitans. Sci
Total Environ 806:150657

Oxenford HA, Cox S-A, van Tussenbroek BI, Desrochers A (2021) Challenges of turning the
Sargassum crisis into gold: current constraints and implications for the Caribbean.
Phycology 1:27-48

Oyesiku OO, Egunyomi A (2014) Identification and chemical studies of pelagic masses of
Sargassum natans (Linnaeus) Gaillon and S. fluitans (Borgessen) Borgesen (brown algae),
found offshore in Ondo State, Nigeria. Afr J Biotechnol 13:1188-1193

Pang SJ, Shan TF, Zhang ZH, Sun JZ (2008) Cultivation of the intertidal brown agal
Hizikia fusiformis (Harvey) Okamura: mass production of zygote-derived seedlings under
commercial cultivation conditions, a case study experience. Aquacult Res 39:1408-1415

Paraguay-Delgado F, Carrefio-Gallardo C, Estrada-Guel I, Zabala-Arceo A, Martinez-
Rodriguez HA, Lardizabal-Gutierrez D (2020) Pelagic Sargassum spp. capture CO; and
produce calcite. Env Sci Poll Res 27:25794-25800

Parente JF, Sousa VI, Marques JF, Forte MA, Tavares CJ (2022) Biodegradable Polymers for
Microencapsulation Systems. Adv Polymer Technol https://doi.org/10.1155/2022/4640379

Park GY, Kang DE, Davaatseren M, Shin C, Kang GJ, Chung MS (2018) Reduction of total,

organic, and inorganic arsenic content in Hizikia fusiforme (Hijiki). Food Sci Biotechnol

56



28:615-622

Park S-B, Chun K-R, Jung Y-M, Kim J-K, Suk K, Lee W-H (2010) The differential effect of
high and low molecular weight fucoidans on the severity of collagen-induced arthritis in
mice. Phytother Res 24:1384-1391

Patron-Prado M, Casas-Valdez M, Serviere-Zaragoza E, Zenteno-Savin T, Lluch-Cota DB,
Méndez-Rodriguez L (2011) Biosorption capacity for Cadmium of brown seaweed
Sargassum sinicola and Sargassum lapazeanum in the Gulf of California. Water Air Soil
Pollut 221:137-144

Peng Y, Xie E, Zheng K, Fredimoses M, Yang X, Zhou X, Wang Y, Yang B, Lin X, LiuJ
(2012) Nutritional and chemical composition and antiviral activity of cultivated seaweed
Sargassum naozhouense Tseng et Lu. Mar Drugs 11:20-32

Pérez L, Conde E, Dominguez H (2014) Microwave hydrodiffusion and gravity processing of
Sargassum muticum. Process Biochem 49:981-988

Pérez-Larran P, Torres MD, Flérez-Fernandez N, Balboa EM, Moure A, Dominguez H (2019)
Green technologies for cascade extraction of Sargassum muticum bioactives. J Appl Phycol
31:2481-2495

Perumal B, Chitra R, Maruthupandian A, Viji M (2019) Nutritional assessment and bioactive
potential of Sargassum polycystum C. Agardh (brown seaweed). Ind J Geo Mar Sci 48:492-
498

Phang SM, Yoshida T (1997) Sargassum stolonifolium Phang et Yoshida sp. nov. from Penang
Island, Peninsular Malaysia. In: Abbott IA (ed) Taxonomy of Economic Seaweeds, Vol. VI.
California Sea Grant College Program, La Jolla pp 61-73

Phillips NE (1998) Molecular phylogenetic analysis of the pan-Pacific genus Sargassum. PhD
dissertation, University of Hawai'i at Manoa, Hawaii

Phillips J, Blackshaw J (2011) Extirpation of macroalgae (Sargassum spp.) on the subtropical
East Australian Coast. Conserv Biol 25:913-921

Piao MJ, Kim KC, Zheng J, Yao CW, Cha JW, Boo SJ, Yoon WJ, Kang HK, Yoo ES, Koh YS,
Ko MH, Lee NH (2014) The ethyl acetate fraction of Sargassum muticum attenuates
ultraviolet B radiation-induced apoptotic cell death via regulation of MAPK- and caspase-
dependent signaling pathways in human HaCaT keratinocytes. Pharm Biol 52:1110-1118

Piao MJ, Yoon WJ, Kang HK, Yoo ES, Koh YS, Kim DS, Lee NH, Hyun JW (2011) Protective
effect of the ethyl acetate fraction of Sargassum muticum against ultraviolet B-irradiated

57



damage in human keratinocytes. Int J Mol Sci 12:8146-8160

Piccini M, Raikova S, Allen MJ, Chuck CJ (2019) A synergistic use of microalgae and
macroalgae for heavy metal bioremediation and bioenergy production through hydrothermal
liquefaction. Sustain Energy Fuels 3:292-301

Pien S, Brebion J, Jacquette JM, Rusig AM, Lefebvre V, Dehail M, Mussion |, Maine L (2016)
Etude de I’algue invasive Sargassum muticum en vue d’une exploitation et d’une
valorisation en Normandie (In French)

Pinteus S, Lemos MFL, Alves C, Neugebauer A, Silva J, Thomas OP, Botana LM, Gaspar H,
Pedrosa R (2018) Marine invasive macroalgae: Turning a real threat into a major opportunity
- the biotechnological potential of Sargassum muticum and Asparagopsis armata. Algal Res
34:217-234

Plouguerné E, Hellio C, Deslandes E, Véron B, Stiger-Pouvreau V (2008) Anti-microfouling
activities in extracts of two invasive algae: Grateloupia turuturu and Sargassum muticum.
Bot Mar 51:202-2081

Plouguerné E, loannou E, Georgantea P, Vagias C, Roussis V, Hellio C, Kraffe E, Stiger-
Pouvreau V (2010) Anti-microfouling activity of lipidic metabolites from the invasive
brown alga Sargassum muticum (Yendo) Fensholt. Mar Biotechnol 12:52-61

Plouguerné E, Le Lann K, Connan S, Jechoux G, Deslandes E, Stiger-Pouvreau V (2006)
Spatial and seasonal variation in density, reproductive status, length and phenolic content of
the invasive brown macroalga Sargassum muticum (Yendo) Fensholt along the coast of
Western Brittany (France). Aquat Bot 85:337-344

Praiboon J, Palakas S, Noiraksa T, Miyashita K (2018) Seasonal variation in nutritional
composition and anti-proliferative activity of brown seaweed, Sargassum oligocystum.
J Appl Phycol 30:101-111

Quintal-Novelo C, Rangel-Méndez J, Ortiz-Tello A, Graniel-Sabido M, Pérez-Cabeza de Vaca
R, Moo-Puc R (2018) A Sargassum fluitans Borgesen ethanol extract exhibits a
hepatoprotective effect in vivo in acute and chronic liver damage models. Biomed Res Int
20:6921845

Raghavendran BH, Sathivel A, Devaki T (2005) Antioxidant effect of Sargassum polycystum
(Phaeophyceae) against acetaminophen induced changes in hepatic mitochondrial enzymes
during toxic hepatitis. Chemosphere 61:276-281

Ramkissoon A, Ramsubhag A, Jayaraman J (2017) Phytoelicitor activity of three Caribbean

seaweed species on suppression of pathogenic infections in tomato plants. J Appl Phycol

58



29:3235-3244

Robin A, Sack M, Israel A, Frey W, Miller G, Golberg A (2018) Deashing macroalgae biomass
by pulsed electric field treatment. Biores Technol 255:131-139

Rodriguez-Martinez RE, Roy PD, Torrescano-Valle N, Cabanillas-Teran N, Carrillo-
Dominguez S, Collado-Vides L, Garcia-Sanchez M, van Tussenbroek Bl (2020) Element
concentrations in pelagic Sargassum along the Mexican Caribbean coast in 2018-2019. PeerJ
8:e8667

Rossignolo JA, Felicio Peres Duran AJ, Bueno C, Martinelli Filho JE, Savastano Junior H,
Tonin FG (2022) Algae application in civil construction: A review with focus on the
potential uses of the pelagic Sargassum spp. Biomass. J Env Management 303:114258

Rubin E, Rodriguez P, Herrero R, Sastre de Vicente ME (2006) Biosorption of phenolic
compounds by the brown alga Sargassum muticum. J Chem Technol Biotechnol 81:1093-
1099

Rushdi MI, Abdel-Rahman 1AM, Saber H, Attia EZ, Abdelraheem WM, Madkour HA, Hassan
HM, Elmaidomy AH, Abdelmohsen UR (2020) Pharmacological and natural products
diversity of the brown algae genus: Sargassum. RSC Advances 10(42):24951-24972

Sabour B, Reani A, EL Magouri H, Haroun R (2013) Sargassum muticum (Yendo) Fensholt
(Fucales, Phaeophyta) in Morocco, an invasive marine species new to the Atlantic coast of
Africa. Aquat Invasions 8:97-102

Safhi MM, Alam MF, Sivakumar SM, Answer T (2019) Hepatoprotective Potential of
Sargassum muticum against STZ-Induced Diabetic Liver Damage in Wistar Rats by
Inhibiting Cytokines and the Apoptosis Pathway. Analytical Cellular Pathology
https://doi.org/10.1155/2019/7958701

Saldarriaga-Hernandez S, Hernandez-Vargas G, Igbal HMN, Barcel6 D, Parra-Saldivar R

(2020) Bioremediation potential of Sargassum sp. biomass to tackle pollution in coastal
ecosystems: Circular economy approach. Science of The Total Environment 715:136978
Saldarriaga-Hernandez S, Melchor-Martinez EM, Carrillo-Nieves D, Parra-Saldivar R, Igbal
HMN (2021) Seasonal characterization and quantification of biomolecules from Sargassum
collected from Mexican Caribbean coast — A preliminary study as a step forward to blue
economy. J Environ Manage 298:113507

Salvaterra T, Green DS, Crowe TP, O’Gorman EJ (2013) Impacts of the invasive alga

Sargassum muticum on ecosystem functioning and food web structure. Biol Invasions

59


https://doi.org/10.1155/2019/7958701

15:2563-2576

Sanaeimehr Z, Javadi I, Namvar F (2018) Antiangiogenic and antiapoptotic effects of green-
synthesized zinc oxide nanoparticles using Sargassum muticum algae extraction. Cancer
Nanotechno 9:3

Sanchez I, Fernandez C, Arrontes J (2005) Long-term changes in the structure of intertidal
assemblages after invasion by Sargassum muticum (Phaeophyta). J Phycol 41:942-949

Sanders JG (1979) The concentration and speciation of Arsenic in marine macro-algae. Estuar
Coast Sci 9:95-99

Sanjeewa KKA, Kang N, Ahn G, Jee Y, Kim Y-T, Jeon Y-J (2018) Bioactive potentials of
sulfated polysaccharides isolated from brown seaweed Sargassum spp in related to human
health applications: A review. Food Hydrocolloid 81:200-208

Santos JP, Guihéneuf F, Fleming G, Chow F, Stengel DB (2019) Temporal stability in lipid
classes and fatty acid profiles of three seaweed species from the north-eastern coast of Brazil.
Algal Res 41:101572

Saraswati, Giriwono PE, Iskandriati D, Tan CP, Andarwulan N (2019) Sargassum seaweed as
a source of anti-inflammatory substances and the potential insight of the tropical species:
A review. Mar Drugs 17:590

Schell JM, Goodwin DS, Siuda ANS (2015) Recent Sargassum inundation events in the
Caribbean: Shipboard observations reveal dominance of a previously rare form.
Oceanography 28:8-10

Schwartz N, Dobretsov S, Rohde S, Schupp PJ (2017) Comparison of antifouling properties of
native and invasive Sargassum (Fucales, Phaeophyceae) species. Eur J Phycol 52:116-1312

Setyati WA, Pramesti R, Zainuddin M, Puspita M, Renta PP (2018) Cytotoxicity and
phytochemical profiling of Sargassum sp. extract as anti-MDR bacteria. IOP Conf Ser Earth
and Env Sci 116:012024

Setyawidati NAR, Kaimiuddin AH, Wati P, Helmi M, Widowati I, Rossi N, Liabot P-O, Stiger-
Pouvreau V (2018a) Percentage cover, biomass, distribution, and potential habitat mapping
of natural macroalgae, based on high-resolution satellite data and in situ monitoring, at
Libukang Island, Malasoro Bay, Indonesia. J Appl Phycol 30:159-171

Setyawidati NAR, Puspita M, Kaimuddin AH, Widowati I, Deslandes E, Bourgougnon N,
Stiger-Pouvreau V (2018b) Seasonal biomass and alginate stock assessment of three

abundant genera of brown macroalgae using multispectral high-resolution satellite remote

60



sensing: a case study at Ekas Bay (Lombok, Indonesia). Mar Poll Bull 131:40-48

Shao-Hua W, Chih-Yu H, Chun-Yen C, Chia-Che C, Chun-Yung H, Cheng-Di D, Jo-Shu C
(2020) Structure and Biological Activity Analysis of Fucoidan Isolated from Sargassum
siliguosum. ACS Omega 5:32447-32455

Sharma HS, Fleming C, Selby C, Rao JR, Martin T (2014) Plant biostimulants: a review on the
processing of macroalgae and use of extracts for crop management to reduce abiotic and
biotic stresses. J Appl Phycol 26:465-490

Sharma SHS, Lyons G, McRoberts C, McCall D, Carmichael E, Andrews F, Swan R,
McCormack R, Mellon R (2012) Biostimulant activity of brown seaweed species from
Strangford Lough: Compositional analyses of polysaccharides and bioassay of extracts using
mung bean (Vigno mungo L.) and pak choi (Brassica rapa chinensis L.). J Appl Phycol
24:1081-1091

Sharmila S, Kowsalya E, Kamalambigeswari R, Poorni S, Jeyanthi Rebecca L (2019)
Bioremediation of nitrate reduction present in leather industries effluent by using marine
algae. Res J Pharm Technol 12:3522-3526

Shobharani P, Halami PM, Sachindra NM (2013) Potential of marine lactic acid bacteria to
ferment Sargassum sp. for enhanced anticoagulant and antioxidant properties. J Appl
Microbiol 114:96-107

Silva J, Alves C, Pinteus S, Mendes S, Pedrosa R (2018) Neuroprotective effects of seaweeds
against 6-hydroxidopamine-induced cell death on an in vitro human neuroblastoma model.
BMC Complem Altern M 18:58

Siniamin R (2019) Technique de fabrication d’un cercueil ecologique pour la crémation a base
d’algues sargasse. Patent FR1870756 (in French)

Singh S (2018) Profiling Bioactive Compounds and Key Nutrients in Pacific Island Crops and
Marine Resources. The University of the South Pacific, Suva and the Technical Centre for
Agricultural and Rural Cooperation, Wageningen

Smetacek V, Zingone A (2013) Green and golden seaweed tides on the rise. Nature 504:84

Sobhani A, Eftekhaari TE, Shahrzad ME, Natami M, Fallahi S (2015) Antioxidant effects of
brown algae Sargassum on sperm parameters: CONSORT-compliant article. Medicine
94:21938

Song JH, Piao MJ, Han X, Ah Kang K, Kang HK, Yoon WJ, Ko MH, Lee NH, Lee MY, Chae
S, Hyun JW (2016) Anti-wrinkle effects of Sargassum muticum ethyl acetate fraction on

ultraviolet B-irradiated hairless mouse skin and mechanistic evaluation in the human HaCaT

61



keratinocyte cell line. Mol Med Rep 14:2937-2944

Soreh CT (2019) Assessing the Effects of Liquid Seaweed Extracts from Sargassum polycystum
and Gracilaria edulis on Selected Agricultural Crops. Masters Thesis, the University of the
South Pacific, Suva, Fiji. 240 p

Soto M, Vazquez MA, de Vega A, Vilarifio JM, Fernandez G, de Vicente MES (2015) Methane
potential and anaerobic treatment feasibility of Sargassum muticum. Biores Technol 189:53-
61

Steen H (2004) Effects of reduced salinity on reproduction and germling development in
Sargassum muticum (Phaeophyceae, Fucales). Eur J Phycol 39:293-299

Stiger V, Deslandes E, Payri CE (2004) Phenolic contents of two brown algae, Turbinaria
ornata and Sargassum mangarevense on Tahiti (French Polynesia): interspecific, ontogenic
and spatio-temporal variations. Bot Mar 47:402-409

Stiger V, Horiguchi T, Yoshida T, Coleman AW, Masuda M (2003) Phylogenetic relationships
within the genus Sargassum (Fucales, Phacophyceae), inferred from ITS-2 ntDNA, with an
emphasis on the taxonomic subdivision of the genus. Phycol Res 51:1-10

Stiger V, Horiguchi T, Yoshida T, Coleman AW, Masuda M (2000) Phylogenetic relationships
of Sargassum (Sargassaceae, Phaeophyceae) with reference to a taxonomic revision of the
section Phyllocystae based on ITS-2 nrDNA sequences. Phycol Res 48:251-260

Stiger V, Payri CE (1999a) Spatial and temporal patterns of settlement of the brown
macroalgae, Turbinaria ornata and Sargassum mangarevense in a coral reef on Tahiti.
MEPS 191:91-100

Stiger V, Payri CE (1999b) Spatial and seasonal variations in the biological characteristics of
two invasive brown algae, Turbinaria ornata (Turner) J. Agardh and
Sargassum mangarevense (Grunow) Setchell (Sargassaceae, Fucales) spreading on the reefs
of Tahiti (French Polynesia). Bot Mar 42:295-306

Stiger-Pouvreau V, Bourgougnon N, Deslandes E (2016) Chapter 8. Carbohydrates from
seaweeds. In: Fleurence J, Levine | (eds). Seaweed in Health and Disease Prevention,
Elsevier, pp 223-274

Stiger-Pouvreau V, Jégou C, Cérantola S, Guérard F, Le Lann K (2014) Phlorotannins in
Sargassaceae species from Brittany (France): interesting molecules for ecophysiological and
valorisation purposes. Adv Bot Res 71:379-412

Stiger-Pouvreau V, Zubia M (2020) Macroalgal diversity for sustainable biotechnological

62



development in French tropical overseas territories. Bot Mar 63:17-41

SuL, Shan T, Pang S, Li J (2018) Analyses of the genetic structure of Sargassum horneri in the
Yellow Sea: implications of the temporal and spatial relations among floating and benthic
populations. J Appl Phycol 30:1417-1424

Sudaryono A, Chilmawati D, Susilowati T (2018) Oral administration of hot-water extract of
tropical brown seaweed, Sargassum cristaefolium, to enhance immune response, stress
tolerance, and resistance of white shrimp, Litopenaeus vannamei, to Vibrio
parahaemolyticus. J World Aquacult Soc 4:877-888

Sugawa-Katayama Y, Katayama M, Arikawa Y, Yamamoto Y, Sawada R, Nakano Y (2005)
Diminution of the arsenic level in Hijiki, Sargassum fusiforme (Harvey) Setchell, through
pre-cooking treatment. Trace Nut Res 22:107-109

Sugawa-Katayama Y, Katayama M, Imanishi H, Tomita K (2010) Effects of digestive enzymes
on the retained arsenic in dried Hijiki, Sargassum fusiforme. Trace Nut Res 27:84-87

Sun N, Tan B, Sun B, Zhang J, Li C, Wenge Y (2021) Evaluation of protein digestibility and
iodine bioavailability in raw and cooked Sargassum fusiforme (Harvey) Setchell using in
vitro methods. Brit Food J 124:2722-2739

Supraja N, Dhivya J, Prasad TNVKYV, David E (2018) Synthesis, characterization and dose
dependent antimicrobial and anticancerous efficacy of phycogenic (Sargassum muticum)
silver nanoparticles against Breast Cancer Cells (MCF 7) cell line. Adv Nano Res 6:183-200

Suzuki N, lwata Y (1990) Determination of arsenic and other elemental abundances in marine
macro-algae by photon activation analysis. Applied Organometal Chem 4:287-291

Sweetly J, Sakthivel S, Uthirakrishnan U, Packiavathy SV, Danaraj J (2021) Uptake of heavy
metal Cd (I1) from aqueous solutions using brown algae Sargassum myriocystum. Indian J
Chem Technol 28:207-216

Syad AN, Shunmugiah KP, Kasi PD (2013) Antioxidant and anti-cholinesterase activity of
Sargassum wightii. Pharm Biol 51:1401-1410

Tanniou A Serrano Léon E, Vandanjon L, Ibanez E, Mendiola JA, Cérantola S, Kervarec N, La
Barre S, Marchal L, Stiger-Pouvreau V (2013) Green improved processes to extract
bioactive phenolic compounds from brown macroalgae using Sargassum muticum as model.
Talanta 104:44-52

Tanniou A, Vandanjon L, Gongalves O, Kervarec N, Stiger-Pouvreau V (2015) Rapid
geographical differentiation of the European spread brown algae Sargassum muticum using

63



HRMAS NMR and Fourier-Transform Infrared spectroscopy. Talanta 132:451-456

Tanniou A, Vandanjon L, Incera M, Serrano Léon E, Husa V, Le Grand J, Nicolas JL, Poupart
N, Kervarec N, Engelen A, Walsh R, Guérard F, Bourgougnon N, Stiger-Pouvreau V (2014)
Assessment of the spatial variability of phenolic contents and associated bioactivities in the
invasive alga Sargassum muticum sampled along its European range from Norway to
Portugal. J Appl Phycol 26:1215-1230

Taylor VF, Jackson BP (2016) Concentrations and speciation of arsenic in New England
seaweed species harvested for food and agriculture. Chemosphere 163:6-13

Terada R, Nakashima Y, Borlongan IA, Shimabukuro H, Kozono J, Endo H, Shimada S,
Nishihara GN (2020) Photosynthetic activity including the thermal-and chilling-light
sensitivities of a temperate Japanese brown alga Sargassum macrocarpum. Phycol Res 68
:70-79

Terada R, Matsumoto K, Borlongan IA (2018) The combined effects of PAR and temperature
including the chilling-light stress on the photosynthesis of a temperate brown alga,
Sargassum patens (Fucales), based on field and laboratory measurements. J Appl Phycol
30:1893-904

Terasaki M, Hirose A, Narayan B, Baba Y, Kawagoe C, Yasui H, Saga N, Hosokawa
M, Miyashita K (2009) Evaluation of recoverable functional lipid components of several
brown seaweeds (Phaeophyta) from Japan with special reference to fucoxanthin and
fucosterol contents. J Phycol 45:974-980

Terme N, Boulho R, Kucma J-P, Bourgougnon N, Bedoux G (2018) Radical scavenging
activity of lipids from seaweeds isolated by solid-liquid extraction and supercritical fluids.
OCL 25:D505

Thadhani VM, Lobeer A, Zhang W, Irfath M, Su P, Edirisinghe N, Amaratunga G (2019)
Comparative analysis of sugar and mineral content of Sargassum spp. collected from
different coasts of Sri Lanka. J Appl Phycol 31:2643-2651

Thinh PD, Menshova RV, Ermakova SP, Anastyuk SD, Ly BM, Zvyagintseva TN (2013)
Structural characteristics and anticancer activity of fucoidan from the brown alga
Sargassum mcclurei. Mar Drugs 11:1456-1476

Thibaut T (2017) SARGASSES (set of cruises) http://dx.doi.org/10.18142/246

Thompson TM, Ramin P, Udugama I, Young BR, Gernaey KV, Baroutian S (2021) Techno-
economic and environmental impact assessment of biogas production and fertiliser recovery

from pelagic Sargassum: A biorefinery concept for Barbados. Energ Convers Manage

64



245:114605

Thompson TM, Young BR, Baroutian S (2020) Pelagic Sargassum for energy and fertiliser
production in the Caribbean: A case study on Barbados. Renew Sust Energ Rev 118:109564

Tonon T, Machado CB, Webber M, Webber D, Smith J, Pilsbury A, Cicéron F,
HerreraRodriguez L, Jimenez EM, Suarez JV (2022) Biochemical and Elemental
Composition of Pelagic Sargassum Biomass Harvested across the Caribbean. Phycology
2:204-215

Torres MD, Flérez-Fernandez N, Simén-Vazquez N, Giménez-Abian JF, Diaz JF, Gonzéalez-
Fernandez A, Dominguez H (2020) Fucoidans: The importance of processing on their anti-
tumoral properties. Algal Res 45:101748

Tremearne TH, Jacob KD (1941) Arsenic in Natural Phosphates and Phosphate Fertilizers.
United States Department of Agriculture Technical Bulletin No. 781:40 pp

Trivedi S, Alshehri MA, Aziz AT, Panneerselvam C, Al-Aoh HA, Maggi F, Sut S, Dall'Acqua
S (2021) Insecticidal, antibacterial and dye adsorbent properties of Sargassum muticum
decorated nano-silver particles. S Afr J Bot 139:432-441

Tsuda RT (1964) Floristic report on the marine benthic algae of selected islands in the Gilbert
Group. Atoll Res Bull 105:1-13

Tsukidate J (1984) Studies on the regenerative ability of the brown algae Sargassum muticum
(Yendo) Fensholt and Sargassum tortile C. Agardh. In: Bird CJ, Ragan MA (eds) Eleventh
International Seaweed Symposium, Springer, Dordrecht, pp 393-397

Uchida T (1993) The life cycle of Sargassum horneri (Phaeophyta) in laboratory culture.
J Phycol 29:231-235

Ungureanu G, Santos S, Boaventura R, Botelho C (2015) Biosorption of antimony by brown
algae S. muticum and A. nodosum. Env Engin Manage J 14:455-463

Ungureanu G, Santos SCR, Volf I, Boaventura RAR, Botelno CMS (2017) Biosorption of
antimony oxyanions by brown seaweeds: Batch and column studies. J Env Chem Engin
5:3463-3471

Urrea-Victoria V, Furlan CM, dos Santos DYAC, Chow F (2022) Antioxidant potential of two
Brazilian seaweeds in response to temperature: Pyropia spiralis (red alga) and Sargassum
stenophyllum (brown alga). J Exp Mar Biol Ecol 549:151706

Usol’tseva RV, Zhao P, Kusaikin ML, Jia A, Yuan W, Zhang M, Liu C, Ermakova SP (2017)
Structural Characteristics and Antitumor Activity of Fucoidans from the Brown Alga

65



Sargassum muticum. Chem Nat Compd 53:219-223

Ververis C, Georghiou K, Christodoulakis N, Santas P, Santas R (2004) Fiber dimensions,
lignin and cellulose content of various plant materials and their suitability for paper
production. Ind Crop Prod 19:245-254

Vijayan R, Chitra L, Penislusshiyan S, Palvannan T (2018) Exploring bioactive fraction of
Sargassum wightii: In vitro elucidation of angiotensin-l-converting enzyme inhibition and
antioxidant potential. Int J Food Properties 21:674-684

Wang L, Cui YR, Oh S, Paik M-J, Je J-G, Heo J-H, Lee T-K, Fu X, Xu J, Gao X, Jeon Y-J
(2022) Arsenic removal from the popular edible seaweed Sargassum fusiforme by sequential
processing involving hot water, citric acid, and fermentation. Chemosphere 292:133409

Wang M, Hu C (2016) Mapping and quantifying Sargassum distribution and coverage in the
Central West Atlantic using MODIS observations. Remote Sens Env 183:350-367

Wang, M, Hu C, Barnes BB, Mitchum G, Lapointe B, Montoya JP (2019) The great Atlantic
Sargassum belt. Science 365:83-87

Wang M, Hu C, Cannizzaro J, English D, Han X, Naar D, Lapointe B, Brewton R and
Hernandez F (2018) Remote sensing of Sargassum biomass, nutrients, and pigments.
Geophysical Research Letters 45:12,359-12,367

Wang W, Lu J-B, Wang C, Wang C-S, Zhang H-H, Li C-Y, Qian G-Y (2013) Effects of
Sargassum fusiforme polysaccharides on antioxidant activities and intestinal functions in
mice. Int J Biol Macromol 58:127-132

Wen J, Zou D (2021) Interactive effects of increasing atmospheric CO, and copper exposure
on the growth and photosynthesis in the young sporophytes of Sargassum fusiforme
(Phaeophyta). Chemosphere 269:129397

Wen Z-S, Liu L-J, OuYang X-K, Qu Y-L, Chen Y, Ding G-F (2014) Protective effect of
polysaccharides from Sargassum horneri against oxidative stress in RAW264.7 cells.
Int J Biol Macromol 68:98-106

Williams A, Feagin R (2010) Sargassum as a natural solution to enhance dune plant growth.
Environ Manage 46:738-747

Wong K, Cheung PC (2001) Influence of drying treatment on three Sargassum species. J Appl
Phycol 13:43-50

Xie Y, Gao P, He F, Zhang C (2022) Application of Alginate-Based Hydrogels in Hemostasis.
Gels 8:109

Yamashita Y (2014) Method of removing arsenic from dried hijiki seaweed products. Nippon

66



Suisan Gakk 80:973-978

YanF, Li L, YuD, Cui C, Zang S, Xu Z, Wu H (2021) Physiological Responses of Sargassum
muticum, a Potential Golden Tide Species, to Different Levels of Light and Nitrogen. Front
Ecol Evol 91:759732

Yang E-J, Ham YM, Lee WJ, Lee NH, Hyun C-G (2013) Anti-inflammatory effects of apo-9'-
fucoxanthinone from the brown alga, Sargassum muticum. DARU, J Pharm Sci 21:62

Yang Y, Zhang M, Alalawy Al, Almutairi FM, Al-Duais MA, Wang J, Salama E-S (2021)
Identification and characterization of marine seaweeds for biocompounds production.
Environ Technol Innov 24:101848

Yatsuya K, Kiyomoto S, Yoshida G, Yosimura T (2012) Regeneration of the holdfast in
13 species of the genus Sargassum grown along the western coast of Kyushu, south-western
Japan. Japanese J Phycol (Sorui) 60:41-45 (in Japanese with English abstract)

Ye Y, Ji D, You L, Zhou L, Zhao Z, Brennan C (2018) Structural properties and protective
effect of Sargassum fusiforme polysaccharides against ultraviolet B radiation in hairless Kun
Ming mice. J Funct Foods 43:8-16

Yip ZT, Quek RZ, Huang D (2020) Historical biogeography of the widespread macroalga
Sargassum (Fucales, Phaeophyceae). J Phycol 56:300-309

Yip ZT, Quek RZ, Low JK, Wilson B, Bauman AG, Chou LM, Todd PA, Huang D (2018)
Diversity and phylogeny of Sargassum (Fucales, Phaeophyceae) in Singapore. Phytotaxa
369:200-210

Yokoi K, Konomi A (2012) Toxicity of so-called edible hijiki seaweed (Sargassum fusiforme)
containing inorganic arsenic. Regul Toxicol Pharmacol 63:291-297

Yonemori Y, Kokubu S, Nishihara GN, Endo H, Terada R (2022) The effects of desiccation
and salinity gradients on the PSII photochemical efficiency of an intertidal brown alga,
Sargassum  fusiforme  from  Kagoshima, Japan. Phycol Res 71(1):3-12
https://doi.org/10.1111/pre.12491

Yoon W-J, Ham YM, Lee WJ, Lee NH, Hyun C-G (2010) Brown alga Sargassum muticum
inhibits proinflammatory cytokines, iINOS, and COX-2 expression in macrophage RAW
264.7 cells. Turk J Biol 34:25-34

Yoshida G (2005) Phenological differentiation among populations of Sargassum horneri

(Fucales, Phaeophyta) in Hiroshima Bay, Seto Inland sea, Japan. Bull Fish Res Agency
15:27-126
Yoshida G, Murase N, Arai S, Terawaki T (2004) Ecotypic differentiation in maturation

67


https://doi.org/10.1111/pre.12491

seasonality among Sargassum horneri (Fucales, Phaeophyta) in Hiroshima Bay, Seto Inland
Sea, Japan. Phycologia 43:703-710

Yoshida G, Yoshikawa K, Terawaki T (2001) Artificial seedlings of Sargassum macrocarpum
developed from adventive embryos. Fish Sci 67:352-364

Yoshida T (1983) Japanese species of Sargassum subgenus Bactrophycus (Phaeophyta,
Fucales). Journal of Faculty of Science, Hokkaido University, Series V (Botany) 13:99-246

Yoshida T, Stiger V, T Horiguchi (2000) Sargassum boreale sp. nov. (Fucales, Phaeophyceae)
from Hokkaido, Japan. Phycol Res 48:125-131

Yoshikawa S, Kamiya M, Ohki K (2014) Photoperiodic regulation of receptacle induction in
Sargassum horneri (Phaeophyceae) using clonal thalli. Phycol Res 62:206-213

Yu K-X, Norhisham SN, Ng CH (2019) Antimicrobial potential of Padina australis and
Sargassum polycystum against respiratory infections causing bacteria. Int J Med Toxicol
Legal Med 22:138-141

Zamboulis A, Michailidou G, Koumentakou I, Bikiaris DN (2022) Polysaccharide 3D Printing
for Drug Delivery Applications. Pharmaceutics 14:145

Zhang J, Shi J, Gao S, Huo Y, Cui J, Shen H, Liu G, He P (2019) Annual patterns of macroalgal
blooms in the Yellow Sea during 2007-2017. PLoS ONE 14:0210460

Zhang R, Zhang X, Tang Y, Mao J (2020) Composition, isolation, purification and biological
activities of Sargassum fusiforme polysaccharides: A review. Carbohyd Polym 228:115381

Zheng Y, Zhang Y, San S (2020) Efficacy of a novel ACE-inhibitory peptide from Sargassum
maclurei in hypertension and reduction of intracellular endothelin-1. Nutrients 12(3):653.
https://doi.org/10.3390/nu12030653

Zhu Y, Christakos G, Wang H, Jin R, Wang Z, Li D, Liu Y, Xiao X, Wu J (2022) Distribution,
accumulation and health risk assessment of trace elements in Sargassum fusiforme. Mar Poll
Bull 174:113155

Zou M, Zhang S-Y, Zhou X-J (2017) The influence of temperature and light intensity on

Sargassum vachellianum detritus decomposition. Chinese J Ecol 36:428-435

Zou XX, Xing SS, Su X, Zhu J, Huang HQ, Bao SX (2018) The effects of temperature, salinity
and irradiance upon the growth of Sargassum polycystum C. Agardh (Phaeophyceae). J Appl
Phycol 30:1207-1215

Zubia M, Andréfouét S, Payri C (2015) Distribution and biomass evaluation of drifting brown
algae from Moorea Lagoon (French Polynesia) for eco- friendly agricultural use. J Appl

68


https://doi.org/10.3390/nu12030653

Phycol 27:1277-1287
Zubia M, Payri C, Deslandes E (2008) Alginate, mannitol, phenolic compounds and biological

activities of two range-extending brown algae, Sargassum mangarevense and Turbinaria

69



ornata (Phaeophyta: Fucales), from Tahiti (French Polynesia). J Appl Phycol 20:1033-1043

TS s
Ve Rette’

VX V| a
v V¥

nnees

Fg.1 General morphology of Sarpassum, showing a) the general fragments of holopelagic Sarpasviem species structuring rafts in the
aspect of the thallus of the subgonus Sargassum with the type species central Atlantic Ocean, and g) individuals of S. homeri forming mac-
5. natans, b) the general aspect of the thallus of the subgenus Bactro- roalgal beds from Japan, Pacific Ocean. Photos ab.f2 V. StigerPou-
Phycus with the type species S. horner, ¢) detail of blades, d) detail vrean (LEMAR-IUEM-UBO, France), Photo cde from Mattio and
of floating vesicles and e) detail of receptackes within the genus, ) Payri (X011), Photo g: S. Uwai (Kobe University, Japan)
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FIg.2 Exumples of subtidal Sarpassum species forming plant forma-
toes, like lawns as a) S nignfolium and b) 5. patens in Japun, form-
ing marine meadows/bushes such as €) 5. macrocarpum in Jupan,
d) S. spiruliperum from New Caledonin, and true submarine forests

such xs e) 8 polycystum in Tovale, where thalli maching up to 2 min
height. Credit of Photos ab,c: S. Uwai (Kobe University, Japan): d:
C. Geoffray (New Cakedomia), e: ADR. N"Yeurt (The University of
the South Pacific, Fii)

Sexual reproduction a

Asexual reproduction b

Fragmentagion of the thallue (a3 in the Solapelagic speces)

= growisi of the halius (rilsmie )
unl o orifical size and with

Fragmaniation of e haliu

l

gl Growth of Fagils

Stalon-like t I Wegalative multiplication
(a5 in Polycyshin specis) [as in Sargasswm futans)

Fig.3 Sexmal and ssexual reprodur ton in the genus Serpavoum. 2) an
example of the bfe-cycle of the monoecions 5 muicum from Ewmope
(keft side, cycle produced by F. Laleperie @iwem-ubo) showing the
production of gametes (exwml wproduction). b) examples of asxual

mepmductions with the frapmentation known in holopelagic species.
the production of silons as desoribed m & polycysium by Mattio
et al. (2009) (scale bars for the thallus=3 cm). and ve peiative = prm-
duction of 5. fifiars in the central Atantic Oocan
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FIg.4 Examplks of menufactured products based on the uwe of Sar-
passwm specics, extracts, morphology. a) Fresh specimens of S
hormeri sold in Japancse markets, b) Cooked meal sold in Japanese
supermarkets and incloding Hijiki (8 fusiforme). ©) Dry specimens of
8. fusiforme used 25 1 vepetuble. d) Moisturising cream made from
Sarpassum mugicum from Brittany. €) A Sarpassum-derived com-
mercial product from Algas Organics, St Locia, Canibbean. The rw
materials used for the extraction wre derived from beach washups and

Algas Organics bolds a patent for the extraction process used to make
a plant growth stimulant. 1) Alginates fibers obtained from holope-
lagic Sarpassum. g) An exring jpwellery using Sarpasvem mugicum
fragments. Photos ab: S. Uwat (Kobe University, Japan). c: V. Stiger-
Pouvreau (LEMAR-IUEM-UBO, France). d: E. Deslande s (LEMAR-
IUEM-UBO, Frunce). e: AT. Critchley (VCSEE, Nova Scotiz,
Canada). f: V. Stiges-Pouvzau (LEMAR-IUEM-UBO, France). g: P.
Garnier Canaille ot Bidule, France)
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Tabde 1 Proximal che mical composition of Sarpassume spp. from different e mperate and ropical regions

Species Ash(%) Protein Lipids (%) Carbobydrases Sulphate (%) Fiber (%) Alginate (%) References
{aring (Fucoidan) (%)
arids) [ %)

Sarpavamsp. 2431 25111 L&3E  1&70 Saldarrizga Hernindez et al.
(021)

Sarpazaumsp. 211 61 M6 % Azcorra May et al. (2022)

5. aguiflim a0 417 137606 Hdsoet al. (071}

5 crawsifolium 415 612 03 18 245 Dewintwet al. {X130)

5 crassifoliem 2500 1259 16-31 Thadhani e1 al. (2015)

5 crivinefolium 41,3 B35 0.3 13 721 Dewintaet al. (A120)

5. fluttams 316 115 46 714 312 Milledge et all {020

5. fluttams 33.7-557 2335 0.6-1 431-658 400 51-163  Machadaetal (022)

5. fluttars 017 40 a4 Diavis etal (2021}

5. fusiforme 835 6] 1 19.6 Chui et all (020)

5. henslowignum 233 124 49 6.8 Wang and Cheung (20011

5. hemipivyllum 255 5K 33 196 5.1 Wang and Cheung (2001

5 horneri sk 16 08 412 Murakarmi etal (20113

£ ilicifolium a7 a4 w7 Cunapathi et al. (313

5 mugicum 26.0 692 L6 135 il Bk et al. (2016)

5. mugicum 6031 50770 125110

5. myrinepshum 152 0z 402 Gunapathi et al. (2013

5 notans [ 357 a8l 45 190 312 Milledge et all (X120

% natans 44 111 Diavis et al (021}

5 onotans VI 353 299 16 218 370 Milledge et 2l [2020)

5. natares VI 46 122 Diavisetal (A2}

5 batifolium 46 11 411 009 175 Dkl e4 al {2021}

5 oligoepaum 213225 71-93 1557 5L1-560 74126 Praiboan et al. (X118)

5. patens 181315 831216 0667 514509 561 324 Wang mnd Cheung (20011,
Lezetal (X123)

5. plagiopkyllum 123 016 134 Canapathi et al. (2013

5 polycprum 214 7373 ad 66 I8 Muarudinet al (H121)

5 polycptum 350 (18-5.6) 1830 Thadhani e1 al. (2015)

5 opolycptum MULM 52142 02476 250 21.3-380 Perumal et al (2019), Mansa
etal [M71)

5. subrepandum 29,5 31 16 70 Abou ELWafaet al (X111

5 thunbergii W& 71 19 17 Yemgetal. (021)

5 valgare 1094 84 0.6 42 45 Arguelles et al. (2019)

£ wightii 250 (18-4.6) 0 Thadhani 1 al. (3115)

5 wightii 199 11 457 250 Kumaret al [021)
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