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Abstract: This review focuses on the diversity of French
tropical overseas macroalgae and their biotechnologi-
cal applications. After listing the specific diversity, i.e.
641 species in French Antilles in the Atlantic Ocean,
560 species in the Indian Ocean, and 1015 species in the
South Pacific Ocean, we present the potential of their
metabolites and their main uses. Among the great diver-
sity of metabolites, we focus on carbohydrates, proteins,
lipids, pigments and secondary metabolites, in particular
terpenes and phenolic compounds. The main applications
of reef macroalgae are described in human and animal
consumptions, phycocolloids extraction, production of
active ingredients for health, cosmetics, agriculture, and
bioremediation. For each application, we list what has
been done, or will be done in French tropical overseas
territories and point out the challenges faced when using
this chemo-diversity, and problems linked to their exploi-
tation. Finally, we discuss challenges to develop seaweed
farming, their uses in carbon sequestration and resil-
ience to global change, their uses for alternative proteins
together with the production of bioenergy and biomate-
rials. As a conclusion, we encourage the research on the
chemo-diversity of French reef macroalgae for industrial
applications as these organisms represent a reservoir of
active ingredients that is still insufficiently explored.
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diversity; French territories; seaweeds.
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Introduction

Macroalgae are key members of marine ecosystems that
provide ecological functions and further ecosystem ser-
vices. Currently, 11,017 species of macroalgae are known
on our planet, divided into 1901 Ulvophyceae (green
algae), 7083 red algae, and 2033 Phaeophyceae (brown
algae) (Guiry and Guiry 2019). These numerous species
are distributed in polar, temperate and tropical areas. In
this review, we present the diversity and the uses of tropi-
cal macroalgae living in coral reefs, commonly known as
reef macroalgae, growing in French overseas territories.
Algae present in the mangrove and brackish ecosystems
are not taken into consideration. France, including its
overseas territories (Figure 1), is the only country with
coral reefs represented in the three oceans of the world
(Gardes and Salvat 2008). The reefs and their lagoons
cover more than 55,000 km?, on average twice the area
of the surrounding land (Andréfouét 2008). French ter-
ritories obtained the fourth world ranking for countries
with coral reefs, as they are home to 10% of the world’s
coral reefs (Andréfouét 2008), spread over many overseas
communities whose local economies depend heavily on
this ecosystem. Those French overseas territories sur-
rounded by coral reefs are presented on Figure 1 and are
as follows: (1) in the Atlantic Ocean: Guyana, Martinique,
Guadeloupe, Marie-Galante, the Saintes, Désirade, Saint-
Barthélemy and Saint-Martin; (2) in the Indian Ocean:
Reunion Island, Mayotte and the Scattered Islands; and
(3) in the Pacific Ocean: New Caledonia, French Polyne-
sia, Wallis and Futuna and Clipperton. Since this covers
Atlantic, Indian and Pacific oceans, these islands offer an
exceptional diversity to explore (Gardes and Salvat 2008);
it also invests France with an international responsibil-
ity in the area of conservation. Moreover, 95% of French
coral reefs are located in the Pacific Ocean (French Poly-
nesia, New Caledonia, Wallis & Futuna, Clipperton), with
those from New Caledonia declared as a World Heritage
Site in 1998, and also endowed with the largest lagoon
in the world. For France, this is a worldwide recognition
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Clipperton

Figure 1: Distribution of French tropical overseas coral reef territories.
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Named and surrounding territories are those studied in this review: four in Pacific Ocean, three in Atlantic Ocean and three in Indian Ocean.

Adapted from the website pinterest.com

of the originality and importance of its reefs, which rep-
resent 15,000 km? of the protected coral ecosystem out
of the 40,000 km? existing in French overseas territories
(Payri 2018). The types of islands and reefs, i.e. continen-
tal islands with barrier reefs, high islands surrounded by
fringing reefs, and atolls, are very diverse (Gardes and
Salvat 2008). Coral reefs are scattered over shallow and
well-illuminated tropical oceans. They are the refuge
of thousands of species and the life that develops there
takes many forms, hence coral reefs represent environ-
ments of great biological richness. Coral reef ecosystems
cover less than 0.1% of the oceans but can contain nearly
one-third of the diversity of some taxa (Bowen et al. 2013).
They are therefore a crucial part of our natural heritage
and the biological diversity of the planet. The productivity
of coral reefs supports a very rich set of inter-dependent
species. Moreover, it is the main source of food and vital
resources for many islands and coastal communities.
Coral reefs also act as natural breakwaters, which protect
the fertile coastlines of many islands and continental
countries from erosion by cyclonic swells (Ferrario et al.
2014). In addition to their intrinsic ecological value, coral
reefs provide many ecosystem services that are both eco-
nomically and culturally important to human populations
that depend, directly or indirectly, on them (Moberg and
Folke 1999). The beauty and diversity of coral reefs have

always amazed the inhabitants of coastal and inland
regions and constitute an important economic resource
through fishing (Newton et al. 2007) and tourism (Moberg
and Folke 1999) for many territories (Cinner et al. 2009).

State of coral reefs in French overseas
territories in relation to global change

Gardes and Salvat (2008) provided some information
relating to the state of health of coral communities in
French tropical overseas territories that was divided into
two categories following analysis of information gath-
ered within the framework of permanent monitoring
networks. Pacific territories (e.g. Clipperton, Polynesia,
Wallis and Futuna, New Caledonia) and Mayotte, where
the general state of health of coral reefs appears to have
been maintained in the sites which have had long-term
monitoring, owing to the reef communities’ good resil-
ience and moderate pressure from human activity (Moritz
et al. 2018). Unfortunately, the French West Indies (e.g.
Guadeloupe, Martinique, Saint-Barthélemy and Saint-
Martin) and Reunion Island, demonstrate a progressive
loss in coral cover to the benefit of algal communities,
particularly on the outer reef slopes, despite periods of
several years of stability and even recovery. Bellwood
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etal. (2004) demonstrated the different phase-shifts taken
by coral reefs following an increase of nutrients together
with an increase of fishing pressure, resulting in algal
biomass (macroalgae or turf) on coral reefs. Additionally,
Bellard et al. (2012) argued that the multiple components
of climate change were anticipated to affect all levels
of biodiversity, from organism to biome levels. Under
such a scenario, macroalgae on coral reefs would not be
spared. Harley et al. (2012) demonstrated the separate
impacts of global warming and ocean acidification (i.e.
decreased pH) on seaweed communities and showed that
the physiological responses of seaweeds are still poorly
known, with different responses to be expected, depend-
ing on region but also on algal communities. Nonethe-
less, the combined impacts of simultaneous warming and
acidification in a more realistic climate change scenario
remain poorly understood. Although global warming
and ocean acidification are difficult to reverse in the near
term, we can manage coral reef resilience by conserving
herbivore diversity and abundance and reducing nutrient

V. Stiger-Pouvreau and M. Zubia: French reef macroalgae and sustainable development =— 19

loads (Hoegh-Guldberg et al. 2007). In some parts of the
Caribbean, this strategy appeared to work in practice;
following high temperature and hurricane disturbances,
coral recovery rates were higher in protected areas where
algal cover was more effectively controlled by herbivores
(Mumby and Harborne 2010). However, such control of
coral resilience is no longer a priority in many countries
and direct action to reduce carbon emissions has to be
implemented with urgency to ensure the persistence of
coral reefs into the near future (Bruno et al. 2019).

Reef macroalgae, taxonomy and diversity

Seaweeds are photosynthetic, eukaryotic organisms which
include green, red and brown macroalgae. “Algae” is a
generic, but not taxonomic term, as members belong to
different phylogenetic lineages at the origin of their mor-
phological, physiological and metabolic diversity (Stengel
et al. 2011). Figure 2 presents this polyphyletic group with
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Figure 2: (A) Phylogenetic tree showing the polyphyletic group of seaweeds positioned in several lineages.

(B, C, D) Illustrations of species belonging to green, red and brown macroalgae that are commonly visible on French overseas territories:

(B) Halimeda macroloba, Caulerpa chemnitzia, Boodlea composita; (C) Ganonema farinosum, Asparagopsis taxiformis, Lithophyllum
kotschyanum; (D) Lobophora sp., Turbinaria ornata, Colpomenia sinuosa. Photo credits: V. Stiger-Pouvreau (T. ornata), M. Zubia (all others).
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examples of reef species, which will be dealt with in this
review. Green macroalgae are distributed from cold tem-
perate to tropical waters, but their highest diversity and
natural abundance occurs in tropical and sub-tropical
regions, with the abundance of several families such as
the Caulerpaceae and Udoteaceae in coral reefs and asso-
ciated seagrass habitats (Fong and Paul 2011). The genus
Udotea JV. Lamouroux is present only in tropical areas,
the genus Halimeda JV. Lamouroux (Figure 2B) is present
in warm-temperate (i.e. the Mediterranean Sea) and tropi-
cal areas, while the complex Ulva Linnaeus/Enteromorpha
Link is present anywhere in temperate and tropical areas.
Different forms of green algae can be observed in coral
reefs: filamentous (e.g. Chlorodesmis Harvey & Bailey,
Cladophora Kiitzing, Derbesia Solier), foliaceous (e.g.
Ulva) and calcifying forms (e.g. Halimeda, Udotea). Red
macroalgae represent the most diverse group, with the
most common types found in coral reefs being the crus-
tose coralline algae (CCA) and algal turf dominated by
members of the Ceramiales (Fong and Paul 2011). Brown
macroalgae, belonging to the Phaeophyceae, include
fucoids, kelps, and members of the Ectocarpales and Dic-
tyotales (Figure 2D). Phaeophyceae are dominant in tem-
perate waters while on coral reefs, brown seaweeds are not
as diversified; nevertheless, some genera, such as Sargas-
sum C. Agardh and Turbinaria JV. Lamouroux (Figure 2D)
may dominate exposed reef areas (Fong and Paul 2011).

Macroalgae and ecological functions

Macroalgae, as key components of reef communities,
provide primary production, provision of trophic resources,
nutrient retention and recycling, stabilization of the reef
structure through calcification, contribution to sand for-
mation, and provision of habitats, including nursery areas
for juvenile fish (Fong and Paul 2011, Koch et al. 2013, Evans
et al. 2014). They contribute significantly to the structure
of coral reefs as primary producers, key coral reefs build-
ers, autogenic engineers and sediment producers (Fong
and Paul 2011). Non-geniculate coralline macroalgae
(large forms, e.g. Hydrolithon (Foslie) Foslie) contribute
to the cementation of reefs, while geniculate coralline
macroalgae (articulated forms, e.g. Jania JV. Lamouroux,
Amphiroa JV. Lamouroux) or some green calcareous mac-
roalgae (e.g. Halimeda) contribute to the formation of sand
(Montaggioni and Braithwaite 2009). The capacity of each
macroalgal species to contribute to ecosystem processes,
depends on several biological traits related to growth,
primary productivity, fixation to the substratum and repro-
duction (see Loiseau et al. 2019). Consequently, reef algae
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are often subdivided into different functional groups to
better assess their functional diversity (Littler et al. 1983,
Steneck and Dethier 1994). The main functional groups
are the ACG (Articulated Calcified Group; e.g. Halimeda),
the CCA (Crustose Coralline Algae; e.g. Hydrolithon), turf
(filamentous algae <3cm) and fleshy macroalgae (e.g. Sar-
gassum, Asparagopsis Montagne). Seaweeds are also at the
base of food webs and provide food for invertebrates and
fishes, especially in a reef environment where herbivores
are numerous (Burkepile and Hay 2006). Hence, a loss of
algal diversity could lead to chain disturbances through-
out the food web (Hughes et al. 2007).

Diversity of algae in French tropical
overseas territories

Specific diversity

Within the three oceans surrounding the French overseas
territories, 2223 species of macroalgae are recognized, con-
sisting of 1251 species of red macroalgae, 652 species of
Ulvophyceae and 320 species of Phaeophyceae (Table 1).
The richest diversity of macroalgae is observed in the
Pacific Ocean, which comprises 1015 species, followed
by the Atlantic Ocean (641 species) and the Indian Ocean
(567 species). In the most diverse Pacific Ocean, red
algae are the most diversified taxonomical group with
587 species, followed by 286 species of green macroalgae
(Chlorophyceae) and brown seaweeds represented by only
142 species (Table 1). New Caledonia is the most diverse
locality, followed by French Polynesia, Wallis and Futuna
and at the extreme of this gradient of biodiversity, the iso-
lated island of Clipperton with only 83 species (Table 1).
The 641 species found in the Atlantic Ocean are grouped
differently according to their geographical area. The diver-
sity is the greatest for Martinique (332 species) and declines
towards Saint Martin (187 species) and Guadeloupe
(122 species). From a general point of view concerning
the Caribbean Islands, the Ulvophyceae are represented
by 203 species grouped into five orders, the Phaeophy-
ceae by 97 species grouped also into five orders while the
Florideophyceae is a more diversified class represented by
341 species, belonging to 14 orders. For the Rhodophyta,
no Bangiales have yet been observed in French overseas’
Atlantic areas. Amongst the brown algae, the orders with
the most numerous species are the Dictyotales and Ecto-
carpales. Within green seaweeds, the orders Bryopsidales,
Cladophorales and to a lesser extent the Ulvales are the
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Table 1: Number of marine algal species described for overseas communities studied in this review from published literature (references

indicated below).

Ocean Green Brown Red Total per Total per
macroalgae macroalgae macroalgae region Ocean
Atlantic Ocean 203 97 341
Guadeloupe 37 15 70 122
Martinique 100 51 181 332 641
Saint Martin 66 31 90 187
Indian Ocean 163 81 323
Scattered Islands 51 24 66 141
Reunion Island 65 33 127 225 567
Mayotte 47 24 130 201
Pacific Ocean 286 142 587
Clipperton 23 11 49 83
French Polynesia 82 32 195 309
New Caledonia 140 88 215 443 1015
Wallis et Futuna 41 11 128 180
Total 652 320 1251 2223

Atlantic Ocean: Gargominy et al. 2017, Rodriguez-Prieto et al. 1999. Indian Ocean: Mayotte: Gargominy et al. 2017. Reunion Island: Payri
1985, Ballesteros 1994, Zubia et al. 2018. Scattered Islands: Mattio et al. 2016. Pacific Ocean: French Polynesia: N’Yeurt and Payri 2006,
2007, 2010. Wallis and Futuna: N’Yeurt and Payri 2004. Clipperton: Payri et al. 2009. New Caledonia: Payri 2007.

most diverse. In the red macroalgae, the most numerous
orders are the Ceramiales, followed by the Nemaliales, and
to a lesser extent the Gigartinales and Rhodymeniales. The
567 species reported from the Indian Ocean are grouped
differently depending on the geographical area (Table 1
and references therein). The highest diversity is found
in Reunion Island (225 species), following by Mayotte
(201 species) and by Scattered Islands (141 species) (Table
1). Only one inventory was performed for Mayotte (Coque-
gniot et al. unpubl. data) and another single one for the
Scattered Islands (i.e. Gloriosos, Juan De Nova and Europa;
Mattio et al. 2016), whereas many studies on algal compo-
sition have been made recently in Reunion Island (Balles-
teros 1994, Zubia et al. 2018). The diversity of macroalgae
varies in accordance with the habitat diversity and the
surface of each territory, but also depends on the sampling
effort and that had varied with the territory.

From a general point of view, among the coral reefs
covered by this review, differences noted in the diver-
sity of macroalgae between the three oceans could be
explained by the fact that the macroalgae belong to two
different biogeographic regions. Indeed, the global pat-
terns in reef development can be explained by looking
at the tectonic and climatic history of reefs. With the
closure of the Tethys Sea, the waters of the Indian Ocean
and Western Pacific Ocean were separated from those of
the Atlantic Ocean and far Eastern Pacific. Macroalgal
communities in each began to develop distinctive char-
acteristics (Johnson et al. 1996, Spalding 2001; for more

details on the geological events, see Coastes and Obando
1996). One would expect a low diversity of macroalgae
in the Atlantic Ocean due to massive extinctions, which
occurred during the Pliocene/Pleistocene glaciations
(Coastes and Obando 1996). Conversely, higher diversity
exists in the Indo-Pacific region, as the period of extinc-
tion was not so extreme (Spalding 2001). Bellwood et al.
(2004) also noted a difference in species richness and
taxonomic composition among functional groups, mark-
edly different between the Great Barrier Reef and Carib-
bean region. These authors underlined that this difference
was largely due to a biogeographic legacy of the evolution-
ary history of isolation and loss of taxa in the Caribbean
Basin. However, these assumptions should be considered
with caution since the sampling effort between these dif-
ferent territories is not comparable. Some territories were
extensively sampled (e.g. French Polynesia, New Caledo-
nia) whilst others were sampled only once (e.g. Scattered
Islands). Moreover, some inventories are not comparable
because some studies use molecular tools while others
only use traditional morphological identification. Tra-
ditional morphological species definitions show insuf-
ficient resolution in seaweeds presenting morphological
plasticity due to their environment, but also due to evo-
lutionary events such as convergence and cryptic specia-
tion (Saunders and Lehmkuhl 2005, Verbruggen 2014).
The development of high-performance molecular tools
now makes it possible to improve species identification
or delimitation in different ways. Molecular analyses
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have shown the existence of cryptic species, i.e. species
that cannot be morphologically resolved but are geneti-
cally different (Bickford et al. 2007). The recent adoption
of molecular approaches has thus revealed unsuspected
genetic diversity within several groups of marine macroal-
gae (De Clerck et al. 2013). A notable example is the brown
genus Lobophora J. Agardh (Dictyotales, Phaeophyceae)
that until 2014 included only 6 taxonomically accepted
species. Recent molecular studies have revealed the pres-
ence of more than 100 evolutionary taxonomic units of
Lobophora around the world, from tropical to warm tem-
perate regions (Vieira et al. 2014). Conversely, the highly
morphologically plastic genus Sargassum, with 484 mor-
phologically recognized species (Mattio and Payri 2011)
was resolved in French Polynesia from 18 taxa to only 3
valid species using molecular tools (Mattio et al. 2008). In
the Western Atlantic, the genus Sargassum is composed
of 38 taxa and main species inhabit the shallow rocky
bottoms (benthic species) of the Caribbean coastlines;
however, only two species are known to be holo-pelagic,
i.e. entirely pelagic throughout the entire life cycle, i.e.
S. fluitans (Bgrgesen) Bgrgesen and S. natans (Linnaeus)
Gaillon, with different morphological types described in
both species (Schell et al. 2015), that are known to form
the Sargasso Sea, and which can become stranded on the
coasts (see later in this manuscript on Sargassum beach-
ings). The delineation between different Sargassum vari-
eties and morphotypes still remains unclear (Mattio and
Payri 2011). For instance, the concatenated sequences
of nuclear and cytoplasmic markers did not separate
S. natans and S. fluitans from other related species inside
the Sargassum section (Mattio and Payri 2011, Amaral-
Zettler et al. 2017, Sissini et al. 2017). An oceanographic
expedition was organized by the Mediterranean Institute
of Oceanography from Marseille (Thibaut 2017), in which
the first author participated, and during which numer-
ous Sargassum samples were collected from Guyana to
Sargasso Sea, and highlighting the identification of three
holo-pelagic morphotypes. Analyses are underway on the
specific identification of holo-pelagic Sargassum (Thibaut,
pers. com.). One should also point out the existence of
cryptic diversity at different levels of the taxonomy in some
macroalgae. As an example, in the red genus Asparagop-
sis, using molecular tools, Dijoux et al. (2014) highlighted
two cryptic species and then a new clade within the
species A. armata Harvey as well as a new clade within
A. taxiformis (Delile) Trevisan. These authors demonstrated
the need for geographically extensive sampling efforts
when studying taxa that have been introduced globally
and that are likely to hide species complexes. Similarly,
Kooistra et al. (2002) studied different species of Halimeda
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sampled worldwide and described the historical ecology
and phylogeography of this genus using morphological
and molecular tools. These authors showed that, follow-
ing the closure of the Panamanian Isthmus, allopatric
speciation through vicariance gave rise to two sister taxa,
i.e. Atlantic and Indo-Pacific sister groups; each daughter-
pair giving rise to additional convergent species in similar
habitats of these different oceans (Kooistra et al. 2002).
Recently, new chemo-taxonomic tools for the differen-
tiation of macroalgal species have emerged (Fiehn 2002,
Jégou et al. 2010, Govindaraghavan et al. 2012, Kumar
et al. 2016), especially metabolomic approaches using
analytical techniques such as high-resolution magic angle
spinning nuclear magnetic resonance (HR-MAS NMR) or
liquid chromatography-mass spectrometry (LC-MS) analy-
sis and allowing species identification. For example, the
widespread tropical brown genus Turbinaria was used
for developing chemo-taxonomical procedures (Le Lann
et al. 2008). In the Atlantic Ocean, T. turbinata (Linnaeus)
Kuntze is present (Rohfritsch et al. 2007), while in the
Indian and Pacific Oceans, three other species can be
observed: T. ornata (Turner) J. Agardh in French Polynesia,
T. conoides (J. Agardh) Kiitzing and T. ornata in New Cal-
edonia, and three different species, T. conoides, T. ornata
and T. decurrens Bory in the Indian Ocean with a genetic
diversity extremely low in French Polynesia (Rohfritsch
et al. 2010). Despite the limited number of species, i.e.
almost 22 recognized species (Guiry and Guiry 2019), this
genus is morphologically complex as authors recognize
a wide variety of forms (see Wynne 2002 for a review of
the genus). Moreover, the use of morphological characters
only has led to many taxonomic errors (Rohfritsch et al.
2007). For this genus, Le Lann et al. (2008) used HR-MAS
NMR spectra combined to molecular analysis (as a ref-
erence) with the aim to find chemical differences at the
species level, leading, without error, to the specific iden-
tification of Turbinaria samples. Le Lann et al. (2014) iso-
lated a lipidic chemical marker, turbinaric acid, specific to
T. conoides. A metabolomic approach was also carried out
in the red alga Asparagopsis taxiformis from French over-
seas territories (SEAPROLIF program) in order to assess
links between bioactivities and metabotypes with mac-
roalgal invasiveness (Greff et al. 2017).

From algal diversity to valorization

As described in Stengel et al. (2011), the diversity of mac-
roalgae, belonging to several different lineages, living
in diverse environments (i.e. rocky shores, salt marshes,
intertidal and subtidal areas, sheltered versus exposed
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areas) has forced these organisms to optimize their com-
petitive survival in a range of ecological niches and has
then led to the co-evolution of a diverse array of biochemi-
cal constituents. The diversity of macroalgae, and the
molecules they produce, has therefore led to their exploi-
tation in many industrial sectors worldwide, particularly
in Asia and Europe, strongly for the food market (76% of
the world market) (Chopin 2012).

Diversity of metabolites produced
by French overseas reef macroalgae

As mentioned in Lucena et al. (2018), the ocean shelters
most of the global biodiversity that makes the marine envi-
ronment a great reservoir of bioactive natural products
that are mostly not found in the terrestrial environment.
Seaweeds are a great source of bioactive natural products,
as demonstrated by many reviews on this subject (e.g.
Holdt and Kraan 2011, Wijesinghe et al. 2011, Pereira et al.
2012, Pal et al. 2014, Blunt et al. 2015, Hamed et al. 2015).
There is no doubt that French tropical overseas territories
present a potential of valorization of their main macroal-
gal orders known to produce active compounds (Korn-
probst 2014, Blunt et al. 2015). Among the many groups of
biologically active molecules found in macroalgae, some
examples are shown in Figure 3 and discussed below.
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Carbohydrates

Depending on the class of macroalgae, different polysac-
charides can be isolated from them. Stiger-Pouvreau et al.
(2016) reviewed carbohydrates produced by seaweeds.
Among them, starting with cell-wall polysaccharides,
there are carrageenans and agar extracted from red sea-
weeds, alginates and sulfated polysaccharide from brown
seaweeds and ulvan from green seaweeds (see Figure 3 for
some structures of polysaccharides). Small carbohydrates
with osmo-regulatory properties, i.e. osmolytes, can be
extracted from seaweeds, including floridoside from red
seaweeds, dimethylsulfoniopropionate (DMSP) in green
seaweeds and mannitol in brown seaweeds (Figure 3).
These carbohydrates are not all studied in macroalgae
encountered in the French overseas territories. Experimen-
tal cultivation of Caribbean seaweeds as potential sources of
carrageenan for the extractive industry began in the 1970s.
Using seed material from St. Martin, Barbaroux et al.
(1964) attempted to cultivate Eucheuma J. Agardh species,
i.e. E. isiforme (C. Agardh) J. Agardh and E. spinosum J.
Agardh, in Guadeloupe and Martinique. They concluded
that the economic returns would have been too low for
production in the Atlantic Ocean as compared to Asian
sources of carrageenophytes. In the Pacific Ocean, algi-
nate yields in two Sargassaceae species, i.e. Sargassum
pacificum Bory and Turbinaria ornata were in the range of
6.0-21.1% DW, with the highest values shown in T. ornata
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(Zubia et al. 2008). These ratios are lower than those from
other alginophytes normally used in the industry (e.g. 13—
38% DW; Perez 1992). Zubia et al. (2008) demonstrated that
the viscosities of Polynesian seaweed alginates were low
(e.g. 9-78 mPa-s), which was in agreement with the fre-
quent observations of low viscosity in alginates obtained
from tropical or sub-tropical species, as compared to
cold-water species (McHugh 1987). The M:G ratios, i.e.
the ratio between mannuronic and guluronic acids, were
quite high (e.g. 1.25-1.42) and favored the use of Polyne-
sian seaweed alginates for the manufacture of strong gels,
as reported previously for species of the genera Sargas-
sum and Turbinaria (Minghou et al. 1984, McHugh 1987,
Larsen et al. 2003, Davis et al. 2004, Jothisaraswathi et al.
2006). Sulfated polysaccharides, rich in fucose, including
fucoidans, were also extracted from French Polynesian T.
ornata and presented anti-tumoral activities (Deslandes
et al. 2000). Mannitol (Figure 3), a sugar alcohol found in
brown seaweeds, was studied in Polynesian seaweeds and
its content ranged from 3.90 to 14.42% DW, with S. pacifi-
cum displaying a higher mannitol content than T. ornata
and other Sargassaceae (Zubia et al. 2008).

Proteins

The protein content of seaweeds has received little atten-
tion to date. In their meta-analysis of protein founds in
seaweeds, Angell et al. (2016a) determined the protein
and amino-acid contents of seaweeds, according to their
classes and origin (i.e. temperate, tropical or polar). The
protein content varied significantly with the species and
the period of the year, with green and red seaweeds having
a protein content almost 33-45%, higher than that of
brown seaweeds (e.g. 27-31%, Angell et al. 2016a). These
authors showed also that the highest amino acid content
was 32.2% DW for green seaweeds, 28.7% DW for red sea-
weeds and 15.9% DW for brown seaweeds, with tropical
species in an intermediate position, compared to temper-
ate and polar examples. Moreover, certain amino acids
present potential biological activity, i.e. mycosporine-
like amino acids (MAAs) and taurine (Figure 3, with the
example of Porphyra-334) that have been studied to some
extent. MAAs are molecules of low molecular weight
(< 400 Da), water-soluble, with a high molar extinction
coefficient (between 28,000 and 50,000 M™-cm™), with
an absorption maximum (Amax) between 310 and 362 nm
(reviewed in Lalegerie et al. 2019). Taurine recently became
popular as an ingredient in dietary supplements, func-
tional foods, and beverages, and it has been used in infant
milk formulas since the 1980s to mimic human milk (Surget
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et al. 2017). The genera Gelidium J.V. Lamouroux, Gracilaria
Greville and Grateloupia C. Agardh, which occur in tropi-
cal areas, present high levels of taurine and also contain
interesting MAAs that could be targeted in French over-
seas territories. Phycobiliproteins, another group of bioac-
tive proteins found in marine red algae, are water soluble,
colored, and highly fluorescent compounds consisting of a
protein backbone to which prosthetic bilin chromophores
(tetrapyrolic open chain) are covalently bound. Major phy-
cobiliproteins including phycoerythrin, phycocyanin, allo-
phycocyanin, and phycoerythrocyanin, most of which are
not well studied and would benefit from being evaluated
in French overseas territories. Moreover, some interesting
bioactive peptides such as kahalalides (e.g. Kahalalide F,
Figure 3) have been found in tropical species (Hammann
et al. 1996). Kahalalides were isolated from the tropical
green seaweed genus Bryopsis JV. Lamouroux (Hamann
et al. 1996), and the University of Hawaii later licensed this
compound to the industrial Spanish Company PharmaMar.

Lipids

The term lipid includes a wide range of molecules, such
as fatty acids and their derivatives, carotenoids, terpe-
nes, steroids, but also some lipidic compounds grafted
on phenolic compounds such as meroditerpenes (Jégou
et al. 2010, 2012) or on carbohydrates, such as glycolip-
ids encountered in the genus Sargassum (Plouguerné
et al. 2010). Generally, the lipid content of seaweeds is
very low, from 0.9 to 4% DW, i.e. representing a low-fat
food. On the other hand, because of seasonal variability
in Total Lipids (TL), some Dictyotales brown seaweeds
could reach a TL of 10-12% dw and, could contain over
40% of the TL in w-3 PUFAs (polyunsaturated fatty acids)
(Gosch et al. 2012). It was reported that tropical seaweeds
have significantly lower lipid contents than cold-water
ones (Sanchez-Machado et al. 2004). In spite of their low
contents, seaweed-derived lipids contain many types of
bioactive lipidic compounds, such as ®-3 PUFAs, w-6 ara-
chidonic acid, fucoxanthin (Figure 3), fucosterol, terpe-
nes, glycolipids and some polyphenols (Fleurence et al.
2012, Wells et al. 2017). Some species of macroalgae could
therefore be used as feedstock for dietary supplementation
(Angell et al. 2016b). Zubia et al. (2003) reported the fatty
acid composition of the two brown macroalgae, S. pacifi-
cum and T. ornata from French Polynesia. Both species
showed a similar fatty acid composition with palmitic
acid (16:0), oleic acid (18:1n9) and arachidonic acid as the
main components (Zubia et al. 2003). Fatty acids could
represent chemo-taxonomic markers, as demonstrated
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previously with turbinaric acid produced in T. conoides
(Le Lann et al. 2014). Terpenes will be discussed in the
section devoted to secondary metabolites.

Pigments

Macroalgae are autotrophic organisms, which use diverse
types of photosynthetic pigments for harvesting light. The
variability of the fucoxanthin content was studied in some
South Pacific Sargassaceae species (Le Lann et al. 2012).
These authors demonstrated that the fucoxanthin content
varied between (a) genera, i.e. Sargassum versus Turbina-
ria; (b) the archipelago from which the material was col-
lected, i.e. New Caledonia, Solomon and Fiji Islands; (c)
geomorphological features, i.e. fringing, inner and outer
barrier reefs and the depth of each collection site. Sargas-
sum species produced more fucoxanthin than those of Tur-
binaria and species near the surface had more fucoxanthin
thandeeperspecies(Le Lannetal.2012). Theseauthors dem-
onstrated that Sargassum aquifolium (Turner) C. Agardh,
from deep and intermediate areas in the water column
of the fringing reef, produced respectively 103.5+3.8 and
148.2+2.4 mg g DW of fucoxanthin. Turbinaria conoides
and T. ornata from New Caledonia produced less fucoxan-
thin (58.361+4.235 and 15.016+1.392 mg g DW) for indi-
viduals living in intermediate water depths of the fringing
reef (Le Lann et al. 2012). Moreover, they hypothesized that
in tropical Sargassaceae, fucoxanthin could play a key role
in the photo-protection of the thallus, as demonstrated for
other Sargassum species by Heo and Jeon (2009). Fucoxan-
thin is known to be an antioxidant molecule; Le Lann et al.
(2012) demonstrated that all fucoxanthin extracts from
those Sargassaceae tested presented a radical scaveng-
ing activity using the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay, as already shown in fucoxanthin
extracted from edible Sargassum species (Yan et al. 1999,
Heo and Jeon 2009).

Secondary metabolites

In tropical regions, and particularly in coral reefs, eco-
logical pressures on marine organisms are very high due
to the high biodiversity of these ecosystems. Defense
against predators, competition for space, maintenance
of an epiphyte-free surface, defense against pathogenic
microorganisms and successful reproduction require
the production of many secondary metabolites (Hay
1997). Algae have thus acquired diversified chemical
defenses over a long evolutionary history. Algae have had
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to develop multiple defensive strategies against herbi-
vores, sometimes making some of them very unpalatable
through molecules or carbonates they have concentrated.
However, herbivores have responded by developing
counter-offensive strategies (Hay 1997). This “chemical
arms race” has led to a great diversification of secondary
metabolites in algae, particularly in coral reefs where her-
bivore pressure is very high (Demko et al. 2017). Addition-
ally, there is significant competition for space between
algae and corals, resulting in the production of many sec-
ondary metabolites (Rasher and Hay 2010, 2014).

From a general point of view, there are two main families
of secondary metabolites in algae: terpenes and phenolic
compounds, which differ depending on the species; brown
seaweeds are known to produce both as secondary metabo-
lites. For example, the genus Lobophora from the Dictyota-
ceae has many biological activities such as anti-microbial,
anti-viral, anti-coagulant and anti-inflammatory activities
(Vieira et al. 2017). Dictyotacean species have proven to be
a particularly rich and diverse source of natural products
(Maschek and Baker 2008, Blunt et al. 2015). The family
Sargassaceae and, in particular, the genera Sargassum
and Turbinaria, also show original and active molecules.
Their ubiquity in many regions (for instance the Caribbean
and volcanic islands in French Polynesia), would facilitate
their exploitation (Zubia et al. 2003), although the high
arsenic content of Caribbean Sargassum species does not
allow their use in certain industrial sectors, such as direct
applications to crops or for animal and human consump-
tion (Milledge and Harvey 2016). In red seaweeds, the most
characteristic aspect of the chemistry of secondary metabo-
lites is the extreme abundance of halogenated derivatives,
particularly bromophenols that have a wide range of bio-
logical activities (antioxidant, anti-microbial, anti-tumor,
anti-viral and anti-inflammatory) (Kornprobst 2014). As an
example, Asparagopsis spp. are particularly interesting due
the production of a high diversity of low molecular weight,
halogenated compounds, which exhibit an array of biologi-
cal activities (Greff et al. 2014). Phytochemical investiga-
tions performed on A. taxiformis gametophyte stages from
Mayotte revealed two new highly brominated cyclopen-
tenones named mahorone and 5-bromomahorone (Figure
3; Greff et al. 2014). They are the first examples of natural
2,3-dibromocyclopentenone derivatives. A standardized
eco-toxicological assay on the bioluminescent marine
bacterium Vibrio fischeri Beijerinck was used as an assess-
ment of their role in the environment, revealing high tox-
icities (reduction of the initial bioluminescence of bacteria)
for both compounds (Greff et al. 2014). Additionally, both
compounds exhibited mild anti-bacterial activities against
the human pathogen Acinetobacter baumannii Bouvet &
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Grimon. Samples from Martinique and French Polynesia
showed the lowest bioactivities, whereas samples from
Mayotte showed the highest values. Asparagopsis taxi-
formis from other tropical sites (New Caledonia, Reunion
Island and Guadeloupe) exhibited intermediate bioactivi-
ties. The production of chemical defenses by A. taxiformis
does not match the macroalgal genetic lineage and seems
more driven by the environment (Greff et al. 2017). Most of
the secondary metabolites of green seaweeds comprise ter-
penes and derivatives of aromatic compounds (Kornprobst
2014). The Order Bryopsidales, which includes the genera
Avrainvillea Decaisne, Bryopsis, Caulerpa JV. Lamouroux,
Codium Stakhouse, Halimeda and Udotea, is very interest-
ing for its richness in secondary metabolites, especially in
tropical species. A total of four bromophenols were isolated
from Avrainvillea, including brominated diphenylmeth-
anes, monoaryl phenol, and tetra-arylphenol (Jesus et al.
2019). An avrainvilleol was isolated from A. longicaulis
(Kiitzing) G. Murray & Boodle and A. nigricans Decaisne
and showed inhibitory activities against many bacteria and
the human KB cancer cell line (Colon et al. 1987). Species of
Caulerpa were among the first green algae that were inves-
tigated by natural product chemists (Paul et al. 1987). The
chemo-diversity of this genus is particularly high with 125
compounds isolated so far (MarinLit 2019). Many bioactive
compounds, essentially sesquiterpenoid and diterpenoid
metabolites, are of cosmetic, cosmeceutical, nutraceuti-
cal, and pharmaceutical importance (Kornsprobst 2014, De
Gaillande et al. 2017, Maximo et al. 2018). However, caution
should be taken with the use of Caulerpa extracts for bio-
technological purposes since this genus is also very well
known for its high toxicity (Pesando et al. 1996). Caulerpe-
nyne represents the most abundant cytotoxic sesquiterpe-
noid in Caulerpa. It inhibits the growth of microorganisms,
interferes with the development of fertilized sea urchin
eggs, and some of its degradation products reduce the pal-
atability of the alga thereby lowering grazing pressure by
some fishes and invertebrates (Tejada et al. 2016). However,
the toxicological risks to humans are considered minimal
according to the study of Parent-Massin (1996). In New
Caledonia, Caulerpa species were investigated for cauler-
picin activity in the 1980s for cosmetic purposes, but the
highly publicized invasion of Caulerpa taxifolia (M. Vahl) C.
Agardh in the Mediterranean Sea brought the project to an
immediate halt (Vidal et al. 1984).

Chemically, all terpenes are built from a similar rami-
fied hydrocarbon chain: isoprene, which gives the mole-
cule an apolar characteristic. Terpenes can have a linear,
monocyclic, bicyclic or rearranged (cyclization by a het-
eroatom) structure. In brown algae, terpenes are known
in two main orders: the Fucales and the Dictyotales.
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Fucales possess only linear diterpenes and Dictyotales
only cyclic diterpenes and sesquiterpenes (Kornprobst
2014). Meroterpenes (Figure 3) are composed of a complex
of terpenic and aromatic parts that gives interesting prop-
erties to these compounds. The brown genus Lobophora
(Dictyotales) represents an important algal component in
coral reef ecosystems (Vieira et al. 2017) and is particu-
larly rich in natural products and predominantly diterpe-
nes. The terpenoids isolated from the Dictyotaceae exhibit
various types of bioactivity, such as feeding deterrence,
anti-fungal, cytotoxic, antibiotic, anti-inflammatory,
insecticidal or anti-viral activities (Vieira et al. 2017).
However, in the study by Gaubert et al. (2019), no terpene
derivatives were identified in the metabolome of the four
species of Lobophora studied from New Caledonia. This
observation could lead to interesting chemo-taxonomic
considerations for this group and the search for terpene
synthases in a larger set of Dictyotales. In the Atlantic
Ocean, Paul et al. (1987) isolated terpenes from the red
macroalga Ochtodes secundiramea (Montagne) M. Howe,
collected at Pointe Dunkerque (Martinique, French Antil-
les) which presented deterrent activities against herbi-
vores (amphipods, parrot fishes). In the same area, lipidic
compounds from the brown alga Sargassum polyceratium
Montagne showed antifouling activities against terrestrial
and marine bacteria and interfered with embryonic devel-
opment in three marine tropical invertebrates, namely a
sea urchin, a bivalve and a worm (Thabard et al. 2011).
Phenolic compounds represent molecules made up of
one or more hydroxyl groups (—OH) directly bonded to an
aromatic hydrocarbon group, and include a large range
of compounds, from simple molecules such as phenolic
acids and polyphenolic compounds, that are produced by
all classes of macroalgae, to more complex polyphenols
such as phlorotannins (Figure 3), encountered in brown
seaweeds (reviewed by Gager et al. 2019). Phenolic com-
pounds can be halogenated or sulfated, conferring dif-
ferent and often stronger biological activities than those
without these functional groups (Gager et al. 2019). As
phenolic compounds contain at least one aromatic ring,
they show intense absorption near 270 nm in the UV-B
region of the spectrum. In the green algae, non-typical
phenolic compounds have been characterized, such as
bromophenols, coumarins and trihydroxycoumarin,
occurring in green seaweeds such as Caulerpa species or
Dasycladus vermicularis (Scopoli) Krasser (Pérez-Rodri-
guez et al. 2003, reviewed in Gager et al. 2019). In the latter
species, Kurth et al. (2015) described a sulfated hydroxy-
lated coumarin derivative as a storage metabolite involved
in activated defense against fouling organisms. Another
example of phenolic compounds in green seaweeds, is
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salicylic acid, also known as 2-hydroxybenzoic acid, pro-
duced by the green calcified Halimeda incrassata (J. Ellis)
JV. Lamouroux (Novoa et al. 2011). Simple brominated
polyphenolic compounds, together with flavonoids and
catechins, were isolated from Halimeda opuntia (Lin-
naeus) J.V. Lamouroux which was proven to be a source of
natural antioxidants, such as cinnamic, gallic and caffeic
acids (Mancini-Filho et al. 2009). In brown seaweeds,
phenolic compounds or phlorotannins are polymers of
phloroglucinol and are classified into five groups, i.e.
fucols, phlorethols, fucophloroethols, fuhalols and eckols
(Figure 3), according to their chemical structure (reviewed
in Stiger-Pouvreau et al. 2014, Gager et al. 2019). Several
studies on phenolic content were carried out in French
tropical overseas territories in order to examine the varia-
bility of phenolic content of Fucales in relation to the type
of biomass, i.e. fixed/floating thalli (Zubia et al. 2003), the
sites and the season of harvest (Stiger et al. 2004, Zubia
et al. 2008, Le Lann et al. 2012), the ontogeny (Stiger et al.
2004), the position of algae in the water column and also
to variability among genera and species (Zubia et al. 2007,
2008, Le Lann et al. 2012). Moreover, the pool of phenolic
compounds from the South Pacific genera Turbinaria
and Sargassum is mainly composed of compounds of low
molecular weight <2000 Da (Le Lann et al. 2012).

Applied uses of French tropical
overseas macroalgae

The diversity of molecules produced by seaweeds around
the world, has led people to value them in different fields.
The following sections present, by industrial sector, the
use of tropical macroalgae from the French overseas
territories.

Algae as vegetables for human consumption

The use of algae for human food is an important market, due
to the extent of traditional algal consumption in Asian coun-
tries, particularly in China, Korea and Japan (FAO 2018). Over
the past decade, we have seen a boom in the use of edible
algae in Western countries (Le Bras et al. 2015). Algae are a
“healthy food” because of their many nutritional properties:
low lipid content, high content of polysaccharides which
act as dietary fiber, rich in minerals like calcium and mag-
nesium, and the presence of polyunsaturated fatty acids,
phenolic compounds, vitamins and various other biological
actives (for example, antioxidants; see the previous section
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on the chemo-diversity of macroalgae) (MacArtain et al.
2007, Mohammed et al. 2012, Wells et al. 2017). The global
trade in tropical algal species for food is much less devel-
oped in tropical countries than in temperate ones despite
their nutritional quality and extensive local consumption
(Matanjun et al. 2009, Kumari et al. 2010, Dixit et al. 2018).
For instance, Zubia and Mattio (2019) described 38 species
of tropical algae which are consumed in the Indo-Pacific
Islands, including French Polynesia which has, in some
islands, a great tradition of consuming edible seaweeds.
Polynesians consumed eleven species of seaweeds (Conte
and Payri 2002, 2006, De Gaillande et al. 2017), 6 of them of
the genus Caulerpa. Ancient inhabitants of the Marquesas
archipelago, especially Ua Uka Island, consumed five green
seaweeds (Caulerpa racemosa var. turbinata (J. Agardh)
Eubank, Cladophora patentiramea (Montagne) Kiitzing,
Codium arabicum Kiitzing, Ulva flexuosa Wulfen, Ulva
lactuca Linnaeus and the brown alga Chnoospora minima
(Hering) Papenfuss (Conte and Payri 2002). Harvesting of
seaweeds used to be preferentially reserved for women
(Chamberlain and Pickering 1998, Conte and Payri 2006).
In most of the Islands this tradition has been lost except in
the Australs Archipelago where Caulerpa is very often con-
sumed (De Gaillande et al. 2017). The main species collected
in these Islands (Tubuai, Raivavae, Rimatara, Rurutu and
Rapa) is Caulerpa chemnitzia (Esper) JV. Lamouroux (= C.
racemosa var. turbinata) known as sea grapes (“rému” or
“imu topua” in Polynesian language) but some other non-
grape species of Caulerpa could be collected occasionally
(C. bikinensis W.R. Taylor, C. cupressoides Vahl C. Agardh
var. lycopodium, C. sertularioides (S.G. Gmelin) M. Howe).
Caulerpa are collected on the shore of the lagoon, taking
care not to crush or tear the harvested pinnules. Then, the
harvested fronds are rinsed with seawater in colanders, and
deposited in wicker baskets, or packed in banana or papaya
leaves. Algae are not a dish, as such, but are served like a
salad and usually eaten with lemon juice and coconut milk.
Traditionally, the collection of seaweed was a family affair
and therefore harvested at subsistence level and consumed
locally. However, in recent years, the popularity of “rému”
has increased and now this alga, collected in Tubuai, is
sold frequently in Polynesian markets. In 2014, a pilot farm
for the cultivation of C. racemosa (Forsskal) J. Agardh var.
turbinata was built to increase the production but without
success (research program “CAVIAR VERT”, de Gaillande
et al. 2017, https://wwz.ifremer.fr/umr_eio/Vie-scientifique/
Programmes/CAVIAR-VERT). As part of this project, a land-
based mariculture of Caulerpa in artificial tanks is now con-
sidered in order to prevent crop loss and to achieve better
control of the quality of seaweeds and also more regular
and better yields. The culture of other edible species will be
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tested including the two red algae Acanthophora spicifera
(M. Vahl) Bergesen and Gracilaria parvispora 1.A. Abbott.
Acanthophora spicifera is used in several tropical Pacific
countries and is consumed as salads, as a spice, and as a
thickening ingredient in cooking (South 1993, Trono 1999,
Payri et al. 2000, Duarte et al. 2004, Dhargalkar and Pereira
2005). Gracilaria parvispora, known also as “long 0go”,
was formerly the most important edible seaweed in Hawaii
(Glenn et al. 1998). Caution needs to be taken with seaweed
farming projects as A. spicifera and G. parvispora have
become invasive in some regions (O’Doherty and Sherwood
2007, Nelson et al. 2009, Garcia-Rodriguez et al. 2013). The
quantity of seaweeds consumed as food in Atlantic overseas
territories, and the Caribbean in general, is small compared
to the amounts used in Pacific islands. In Caribbean Islands,
most of the population collects red macroalgae, such as
Eucheuma spp., Gracilaria spp., consuming them as food or
using them to prepare locally-important drinks and desserts
with aphrodisiac properties (Espinoza-Avalos 1994). Fur-
thermore, Diaz-Piferrer (1969) noted six genera of Chloro-
phyta, in which 20 species were useful for nutritional flours.

Algae as a source of phycocolloids

The market of hydrocolloids from algae constitutes a large
percentage of the world production of colloids (Buschmann
et al. 2017, Bixler and Porse 2011). Carrageenans are mainly
extracted from two genera of tropical red seaweeds:
Eucheuma and Kappaphycus Doty (Setyawidati et al. 2017,
2018a). However, in French overseas territories, this produc-
tion has not been fully developed. Some trials were done
in the 1980s to exploit natural populations of Eucheuma
occurring in the Lesser Antilles (Guadeloupe, Saint Martin)
but these efforts were abandoned quickly (Barbaroux et al.
1964). Indeed, these authors explained this abandonment
citing the high labor costs and the high cost of seeding by
cuttings. As long as the cultivation of Eucheuma spino-
sum is done by cuttings, it cannot be a main activity in the
French West Indies; at most it would be a secondary activity
because it is not profitable enough. Kappaphycus farming
has been strongly promoted in the Pacific region, i.e. South
Pacific countries such as Fiji, Kiribati, the Solomon Islands
and French territories, because it requires a low level of
technology and investment, can be operated at the family
level, has relatively little environmental impact, does not
require refrigeration or high-tech, post-harvest processing
within the country, and is normally compatible with tra-
ditional fishing and other subsistence uses of the inshore
environment. However, these crops are not profitable in
French Polynesia and New Caledonia due to the high cost of
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living. More than ten different species of Gracilaria are used
for agar extraction (Zubia and Mattio 2019). In French Poly-
nesia, a new project driven by the second author on seaweed
farming of Gracilaria is being implemented to develop a
market for that genus, drawing on existing multi-trophic
aquaculture studies on this genus: Gracilaria/Eucheuma
and abalone in the Philippines (Largo et al. 2016), Graci-
laria/Caulerpa and molluscs in Thailand (Chaitanawisuti
et al. 2011) and Gracilaria and prawns in Hawaii (Nelson
et al. 2001). While the main focus is human food, agar
extraction for cosmetic applications is also considered.
Although most brown algae contain alginic acid, only a few
tropical species are sufficiently abundant and have inter-
esting physical characteristics (for example, viscosity) for
commercial production: Sargassum, Turbinaria and Padina
Adanson (mainly China, Philippines, India and Vietnam;
Zubia et al. 2008, Setyawidati et al. 2018b). Brown algae har-
vested in the warm waters of tropical regions are less inter-
esting from a biochemical perspective for the production of
alginates, as was demonstrated in French Polynesia (Zubia
et al. 2008, see carbohydrate section). Additionally, these
tropical species often have raised concentrations of poly-
phenols and terpenes that complicate the process of extrac-
tion and decrease the quality of the alginate.

Algae for agriculture (compost, fertilizers)

Globally, many people depend on agriculture for their liveli-
hood. With the aim to meet the ever-increasing demand for
food, there is an urgent need to find new ways to increase
agricultural resistance to stressors and boost productivity.
As an alternative to traditional fertilizers, mainly obtained
by agrochemical processes, seaweeds can be used for many
agricultural applications, such as bio-fertilizers, soil con-
ditioners, and enhancers because of their high amounts
of micro- and macro-nutrients, vitamins, amino acids and
growth regulators (Kumar and Sahoo 2011, Arioli et al.
2015). Used as a regular component of agricultural pro-
grams, seaweed extracts have the potential to significantly
enhance crop gain and resistance to stress and disease in
the future (Arioli et al. 2015). Seaweed fertilizers improve
not only plant growth and vigor but also soil health by
increasing moisture content, growth, and health of soil
microbes. Among seaweeds, brown algae are known as
being good fertilizers (Levine 2016). Fertilizers made from
brown seaweeds contain alginates and sulfated polysac-
charides having extensive chelating properties, combining
with the metallic ions present in the soil and forming the
chelates that absorb moisture, which improves the growth
of soil bacteria (Cardozo et al. 2007, Khan et al. 2009).
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Macroalgae and their extracts have a long tradition of
being used within French coastal agriculture (Brittany,
Normandy, Vendée, Pays Basque) as a soil conditioner to
enhance crop productivity, but some examples could also
be found in French tropical overseas territories. In French
Polynesia, agronomical enrichment trials were conducted
using the brown drifting algae S. pacificum and T. ornata
as organic additives. The study of Zubia et al. (2014) dem-
onstrated that low supplements of drift algae (1 and 3%)
to plant compost significantly improved maize growth.
They noticed a 32-45%, 74-117% and 156-196% increase
in stem length, aerial plant dry mass and root dry mass,
respectively. This preliminary study suggested that an eco-
friendly bio-fertilizer, without any contaminant in the final
product, could be made from the drift algae S. pacificum and
T. ornata. Agriculture in a tropical country such as French
Polynesia, owing to its climatic conditions and its isolated
environment, is sensitive to pests. Polynesian farmers need
effective tools to fight pathogens and the use of eco-friendly
bio-pesticides such as seaweeds has gained momentum
(Zubia et al. 2014). Marine algae contain numerous bioactive
molecules effective against predators, parasites or diseases.
Enhanced resistance to fungal, bacterial and insect attack
has been observed with seaweed preparations (Metting
et al. 1988, Arioli et al. 2015). The oligo- and polysaccharides
can act as signals in eliciting plant defenses (Laporte et al.
2007) and several molecules extracted from algae (e.g. ter-
penoids, phenolic compounds, alkaloids) exhibited strong
biological activities, such as anti-bacterial, anti-fungal,
anti-helminthic, and nematicidal properties (see reviews in
Mayer et al. 2013). Previous studies in India (Sahayaraj and
Jeeva 2012) found some insecticidal activities in Sargassum
extracts useful for pest management. In the Fiji Islands, large
amounts of Gracilaria edulis (S.G. Gmelin) P.C. Silva and
Sargassum polycystum C. Agardh biomass occur as coastal
drift in Suva, and also in Tuvalu in the lagoon of the main
atoll (N’Yeurt and Iese 2015a,b). Such over-abundant
seaweeds make good candidates for the production of
seaweed fertilizers. In the Caribbean region, some research
was carried out in Martinique, on applied uses for massive
beachings of Sargassum species. For example, SME Holdex
Environnement, a company that produces fertilizers and
composts from various sources, obtained financial support
from ADEME (Environment and Energy Management
Agency) in 2015, to use and valorize Sargassum beachings
as biomass for compost in Martinique (Milledge and Harvey
2016). Nevertheless, some precautions were highlighted
concerning the richness in arsenic and chlordecone in some
beached Sargassum species. Ramkinsoon et al. (2017) found
some phyto-elicitor activity (e.g. efficacy in suppressing path-
ogens from tomato plants) in extracts from three Caribbean
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species, Sargassum filipendula C. Agardh, Ulva lactuca Lin-
naeus and Gelidium serrulatum J. Agardh from Trinidad.
The authors showed a suppression of infection in cultivated
tomato plants and highlighted the interest for local seaweed
extracts to create an environmentally friendly, alternative
for farmers of the Southern Caribbean to manage diseases.
Algas Organics (https://www.algasorganics.com), a SME in
Sainte Lucie, has received awards from the Commonwealth
for the production of a liquid fertilizer, Algas Total Plant
Tonic, which is a Sargassum-based plant product, efficient
in the agriculture sector, and sold in St. Lucia, Barbados,
Cayman Islands, Trinidad & Tobago, Canada and the USA.

Algae for animal nutrition

There is significant potential to use algae as functional
feeds for marine and terrestrial farm animals. As with
human functional foods or nutraceuticals, feed addi-
tives or supplements can offer a range of benefits that are
highly relevant to the production of healthier animals.
Algae provide trace elements (especially iodine), vita-
mins, antioxidants and polysaccharides that act as dietary
fibers and facilitate digestion (Holdt and Kraan 2011). The
effectiveness of algal supplementation varies according
to the species of alga and the animals considered. Feed
supplements or additives are designed to improve growth
rates, taste, color, disease resistance, content of beneficial
compounds (e.g. iodine concentration; Holdt and Kraan
2011), or even to reduce the impact of animals on the envi-
ronment (Kinley et al. 2016).

Many experiments are currently underway in tropi-
cal and sub-tropical regions, mainly in the field of aqua-
culture, for the incorporation of algae (e.g. Asparagopsis,
Gracilaria, Hypnea JV. Lamouroux, Ulva) in shrimp and fish
feeds (Nelson et al. 2001, Reverter et al. 2014). These algae
or seaweed extracts are used either to replace proteins of
animal origin or for their prebiotic or anti-microbial effects,
usually in the context of Integrated Multi-Trophic Aquacul-
ture (IMTA) projects. Reverter et al. (2016) studied the effects
of local Polynesian plants and the red alga Asparagopsis
taxiformis on the orbicular batfish when orally adminis-
tered. Weight gain and expression of two immune-related
genes (i.e. lysozyme G and transforming growth factor beta-
TGF-B1) were studied to analyze immunostimulant activity
on orbicular batfish (Platax orbicularis Forsskél). Aspara-
gopsis taxiformis was the organism displaying the most
promising results, promoting a weight gain of 24% after three
weeks of oral administration and significantly increased the
relative amount of both Lys G and TGF-B1 transcripts in the
kidney and spleen of the fish (Reverter et al. 2016).


https://www.algasorganics.com
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Bioremediation potential of macroalgae

Seaweeds present a promising resource to be used to
remove excess nutrients and various pollutants from
aquaculture, agricultural, urban and industrial efflu-
ents; they are also a good carbon sink (Chung et al. 2017).
Their uses for environmental decontamination are an
interesting field of research and development. Different
molecules extracted from macroalgae could be used as
sorbents, as some species present the capacity of remov-
ing toxic pollutants from water and then provide a pos-
sible way to manage wastewaters. Altenor et al. (2012)
produced different activated carbons, i.e. pyrolysis,
physically and chemically activated carbons, from the
widely distributed brown seaweed Turbinaria turbinata
from Guadeloupe. The authors assessed treatment of
methylene blue and demonstrated that the chemically
activated carbon was the most efficient existing sorbent
to remove it from aqueous solutions. Interestingly, raw
and untreated thalli of T. turbinata showed a high sorp-
tion capacity (Altenor et al. 2012). In tropical regions, the
bioremediation capacity of certain algal species (e.g. Caul-
erpa, Gracilaria and Ulva) is used in aquaculture to purify
the waters of shrimp, mollusc or fish basins (Nelson et al.
2001, Chaitanawisuti et al. 2011, Largo et al. 2016). This
IMTA approach will therefore be tested in French Polyne-
sia in integrative systems with shrimp and Platax orbicu-
laris. This applied project will be developed to achieve two
objectives: effluent purification and improved livestock
health. Algae assimilate ammonia, phosphate and CO,
excreted by fish, and convert these wastes into biomass
(Lietal. 2016). Purification will minimize the environmen-
tal impact of aquaculture activities. Water from the algal
production unit can also provide therapeutic benefits to
animals, particularly against marine pathogenic bacteria
(Pang et al. 2006, Mata et al. 2013). Pathogen management
could therefore be achieved both through food but also
through the excretion of biocidal molecules directly into
water (Schmitt et al. 1995, Mata et al. 2013).

Active ingredients (cosmetics and health)
Cosmetics sector

Cosmetics are defined as products developed to be
applied, usually externally, to the human body for cleans-
ing, beautifying, and promoting attractiveness (Anunciato
and da Rocha Filho 2012). In French Polynesia, valoriza-
tion of the brown alga Sargassum pacificum in the cosmet-
ics sector was carried out with the cosmetics company
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Tikitea (Zubia 2003). This work led to the production of
an extract of S. pacificum (www.nardev.com/UploadSec-
tion/ProdCat-327-1448524951.pdf) which is formulated in
several galenics and produced a new range of cosmetics,
e.g. monoi or oily macerat, milk, cream, shampoo, shower
gel and soaps. This hydroglycolic extract is rich in min-
erals and contains phenolic compounds, mannitol, sul-
fated polysaccharides and laminarans. In addition, the
skin and eye tolerances of this extract are satisfactory and
the levels of heavy metals are negligible (Zubia 2003). A
significant antioxidant activity has also been detected in
the extract and it is claimed to control skin ageing (Zubia
2003). Additionally, the manufacture of soap containing
dried seaweed flakes from T. ornata and/or S. pacificum
has been developed. The French Polynesian on-going
research program POLYALG is searching for a new candi-
date for use in cosmetic products. The red algae, Amansia
rhodantha (Harvey) J. Agardh (strong antioxidant activity)
or Asparagopsis taxiformis (strong antimicrobial activity),
could be interesting candidates for the development of
new products (Zubia and Mattio 2019, Zubia et al. 2019).

Health

Seaweeds are rich in several dietary fibers, minerals and
vitamins, and also contain numerous proteins/peptides,
polyphenols and polyunsaturated fatty acids (omega-3);
they are hence strongly recommended as food, as ingredi-
ents and as dietary supplements (Holdt and Kraan 2011,
Mouritsen et al. 2013, Cardoso et al. 2015, Chapman et al.
2015, Le Rioux et al. 2017). A diet rich in seaweeds or the
intake of seaweed extracts have been associated with
health benefits, including cardioprotective, neuroprotec-
tive and anti-inflammatory effects as well as beneficial
impacts on gut function and microbiota or a low incidence
of cancers (Zubia et al. 2009, Cian et al. 2015, Liu et al. 2015).
Nevertheless, some precautions are necessary before any
consumption of wild algae, as some are not safe, since they
may be rich in heavy metals and/or arsenic. Rawsonol, a
brominated diphenyl methane derivative, extracted from
the tropical green alga Avrainvillea rawsonii (Dickie) M.
Howe inhibited the activity of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, implicated in choles-
terol biosynthesis (Carte et al. 1989). Turbinaric acid, iso-
lated from Turbinaria conoides from New Caledonia (Le
Lann et al. 2014) is a tris-nor-triterpene (C27), a derivative
of squalene, which possesses cytotoxic properties (Korn-
probst2014). Studying brown seaweeds in French Polynesia,
Bernardini et al. (2018) highlighted interesting pharmaco-
logical and health-protecting effects, i.e. anti-proliferative


www.nardev.com/UploadSection/ProdCat-327-1448524951.pdf
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and pro-apoptotic activities against two osteo-sarcoma cell
lines, for phlorotannins isolated from Padina. Hydroalco-
holic extracts from S. pacificum and T. ornata displayed
a great antioxidant activity whatever the site and the
season (Zubia et al. 2008). In French Polynesia, a screen-
ing of biological activities of 26 species of macroalgae has
been performed to develop new economic opportunities.
The organic extracts have been tested for their enzymatic
activity (o-glucosidase and acetylcholinesterase, respec-
tively, involved in diabetes and Alzheimers), and for their
cytotoxic activity against melanoma cells (Zubia and
Mattio 2019). Regarding enzymatic activities, the highest
acetylcholinesterase inhibition was found in Spatoglos-
sum asperum J. Agardh extract and a strong o-glucosidase
inhibition found in Caulerpa chemnitzia extract. In French
Polynesia, 10% of the population has diabetes (Caisse de
prévoyance sociale 2013). This non-communicable disease
is the second most important chronic disease in this area
after arterial hypertension. Diabetes being a health priority
in French Polynesia, the o-glucosidase inhibitory activity
of seaweeds is of great interest. The cytotoxic activity was
the highest in the brown algae Dictyota hamifera Setchell,
Chnoospora minima, T. ornata, and Padina boryana Thivy,
and in the red alga Amansia rhodanta (Zubia and Mattio
2019, Zubia et al. 2019).

Opportunities offered by tropical
macroalgae

We have listed above the impressive diversity and poten-
tials of macroalgae living in French overseas territories,
many of which could be valorized in several industrial
sectors. Their uses as a raw material for numerous
new applications open up various opportunities and
perspectives.

The great chemo-diversity of macroalgae

Within coastal ecosystems where the biodiversity is often
high and interactions between organisms is also impor-
tant, macroalgae produce various molecules essentially
for their defense and communication. This is especially
true in coral reefs where interactions between organisms
are important, as described earlier in this review. Chemo-
diversity usually refers to small molecules, as described in
La Barre (2014), who explained that the extraordinary bio-
diversity of coral reefs is maintained by a highly complex
chemical network of signaling (offensive or defensive)
functions, implying sometimes protective molecules.
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The great chemo-diversity found in French tropical over-
seas macroalgae represents a reservoir of important value-
added molecules with a host of applications. Nevertheless,
some issues remain when we want to valorize seaweeds,
and notably two of the technological bottlenecks are:
(1) wastes generated during processing, which could be
overridden by a biorefinery processing approach, adapted
tolocal conditions to maximize the biomass utilization and
to lower the waste fractions or prevent any waste materials
re-enforcing the circular economy (Torres et al. 2019), and
(2) maintaining the supply of biomass as the aquaculture
production cost in overseas territories is expensive.

Availability of macroalgal biomass

Currently, most industries present in French overseas ter-
ritories use wild stocks of macroalgae. The proliferation of
certain species offers new opportunities for the collection
of wild species. These blooms are increasing in number,
due to climate change and increasing anthropogenic
pressures (Fong and Paul 2011, N’Yeurt and Iese 2015a).
These algae become bulky waste that is often costly and
difficult to manage. One of the solutions considered is
industrial valorization, which consists of transforming
them into an economic value. This is the case in the South
Pacific Ocean, in Tuvalu where islands are facing prolif-
eration and beaching of Sargassum polycystum (N’Yeurt
and Iese 2015a, Andréfouét et al. 2017). In Fiji, there is a
very rapid proliferation of Gracilaria edulis and S. poly-
cystum (N’Yeurt and Iese 2015a), but also in French Poly-
nesia, where a proliferation of S. pacificum and T. ornata
began in the 1990s (Stiger and Payri 1999a,b, Andréfouét
et al. 2004, Zubia et al. 2008). On the Caribbean coasts,
the problem of mass beaching of Sargassum species has
not been solved yet (Smetacek and Zingone 2013, Gower
et al. 2013, Johnson et al. 2013, Oyesiku and Egunyomi
2014, Wang and Hu 2016, Maréchal et al. 2017, Ody et al.
2019). Since 2011, the Caribbean has been suffering recur-
rently from massive strandings of pelagic Sargassum.
Huge amounts of Sargassum have been washed onshore,
with a negative socio-economic impact on tourism and
fishing, and consequences for health. Numerous remote
sensing observations around 7°N, might indicate the
presence of a new “Sargasso Sea” in the Tropical North
Atlantic (Gower et al. 2013). In 2015 the mean Sargassum
summer 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
onshore increased in the Lesser Antilles between 2011
and 2015 (Maréchal et al. 2017). The factors leading to the
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Sargassum blooms remain unknown with regard to both
the dynamics and the source regions of these rafts. In
the French Antilles, some assays were carried out to val-
orize the beachings of Sargassum in the Caribbean area,
such as the project ECOSAR3, financed by ADEME where
researchers have studied the possibility of using stranded
biomass of Sargassum for the agricultural sector, to make
compost. Other projects, like the project SAVE-C piloted by
the first author, have the objective to produce biomateri-
als with beached Sargassum, as is done in Brittany (Potin,
pers comm.). In addition to the cost, which remains high
compared to using petrochemical products, a difficulty
lies in the installation of a Sargasso Sea collection point.
All species of Sargassum have the ability to float more or
less along the surface of the ocean, and can proliferate,
as demonstrated in other French overseas territories, such
as French Polynesia where, for the last 30 years. S. pacifi-
cum and T. ornata have bloomed, accompanied by reef
degradation (Stiger and Payri 1999a,b, Andréfouét et al.
2004, Stiger and Payri 2005, Martinez et al. 2007, Zubia
et al. 2014). These changes have most likely negatively
impacted coral recruitment, and both species are now
dominant in several sections of reefs in Tahiti and Moorea
Islands in French Polynesia. These brown macroalgae
are naturally found attached to hard substrata (e.g. dead
corals, rubble and pavement), but form free-floating mats
after being ripped away by strong wave action. Developing
an economy on stranding algae is problematic since this
biomass represents an irregular supply and the quality of
the resource is also highly variable (Zubia 2003).

Towards the development of farming of
seaweeds

The global market for marine macroalgae was estimated at
over US$10 billion in 2016 (about 28 million tons of fresh
weight per year in 2016; Rebours et al. 2014, FAO 2016).
Seaweed farming has grown rapidly over the past 50 years
and is now a key sector of the global aquaculture indus-
try. A total of 50 countries produce seaweeds, and Asian
countries dominate the market (White and Wilson 2015).
Although aquaculture and the large-scale seaweed indus-
try are common practice and a valuable source of income
in Asia (FAO 2018, Buschmann et al. 2017, Chung et al.
2017), this is still in its infancy in other parts of the world,
particularly in many tropical countries that have a diver-
sity of algae still largely unexploited, as in French tropical
overseas territories. This diversity represents important
economic, innovation and sustainable development
opportunities, particularly for improving the livelihoods
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of coastal communities. Additionally, climate change mit-
igation could be achieved through Ocean deforestation
using seaweeds (N’Yeurt et al. 2012). In tropical countries,
the largest producer in 2016 was Indonesia (11,631,000 of
tons), followed by the Philippines (1,405,000), Malaysia
(206,000) and the United Republic of Tanzania and Zanzi-
bar (119,000) (FAO 2018).

Aquaculture represents a priority economic axis for
French Polynesia and the emphasis is placed on the develop-
ment of new sectors (clams, algae, etc...) in order to develop
an island rural aquaculture aiming at a better socio-territo-
rial balance. Algoculture has also been defined as a promis-
ing sector in the new master plan for aquaculture. A first
project has been set up in Tubuai for the development of a
Caulerpa pilot farm. Among the macroalgae consumed, the
genus Caulerpa is particularly popular in the Indo-Pacific
islands and Asia, and in particular two species C. lentillifera
J. Agardh and C. racemosa (Nagappan and Vairappan 2014).
Caulerpa culture is still relatively undeveloped in the world
today. The current production leaders are the Philippines,
Japan and Vietnam. This is a very recent activity in South
Pacific islands, most of which is still in the test phase with
limited success, but which is developing significantly in the
South Pacific islands (Fiji, Samoa and Tonga; Morris et al.
2014, De Gaillande et al. 2017). Concerning the Caribbean
area, Litzler (2010) studied the potential of phyco-culture
in this geographical area. Indeed, with a coastline of 26,826
km, the Caribbean region has a strong potential for the
development of marine micro- and macroalgal cultivation.
The Caribbean region has several advantages for facilitat-
ing the development of seaweed farming. On the one hand,
the geographical proximity to the United States (Florida)
and the presence of French territory can allow territorial
transfers of competence, technology and investments. On
the other hand, the climatic conditions of the intertropical
zone are favorable for the growth and massive cultivation
of algae: high insolation, stable temperature all year round,
high humidity levels.

Towards the development of novel bioenergy
and biomaterials

As world energy demand continues to increase and
fossil fuel resources are decreasing, marine seaweeds are
becoming an attractive renewable source for producing
biogas and bioplastics.

Biogas is a combustible gas resulting from the decom-
position of organic matter in an oxygen-deprived environ-
ment (anaerobic fermentation). It generally consists of
50-70% of methane.
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The systems of production — “digesters” — are rela-
tively simple, can be easily built from locally available
materials and can operate on a small and large scale
almost anywhere (N’Yeurt and Iese 2015a,b). For iso-
lated communities like in overseas French Territories,
this technology offers many advantages: reduction of
energy poverty (the gas produced free of charge is used
for lighting and/or cooking replacing domestic firewood,
kerosene etc.), improved sanitation (use of domestic and
agricultural waste in digesters), fertilizer production (the
residual organic waste can be used as compost), improv-
ing the quality of people’s lives (especially women’s lives:
reduction in firewood collection time, no production of
cooking smoke). The anaerobic digestion process also
makes it possible to significantly reduce greenhouse gas
emissions (nearly 70% compared to the aerobic decom-
position). This is a mature technology in Europe (nearly
150 years old), but its application in the Pacific is still in
its infancy. Given its potential, several pilot projects are
currently underway in the 15 ACP countries of the zone,
through the EU GCCA (“European Union Global Climate
Change Alliance”) led by the University of South Pacific in
Fiji. In French Polynesia, a project on biomethane produc-
tion is being discussed, this project could use 10% of the
Turbinaria ornata washed up on the beaches.

Bioplastic represents bio-sourced matter coming
from renewable resources and presenting biodegradable
properties that meet standards for biodegradability and
compostability in the context of microplastics pollution
issues. One such class of biodegradable polymers that
has generated much interest is polyhydroxyalkanoates
(PHAs), which are linear polyesters formed as cyto-
plasmic inclusions during the fermentation of sugars
or lipids by specific microorganisms (Bera et al. 2015).
Bacteria and cyanobacteria are reported to produce
polymers utilizing different carbon sources and under
various stress conditions (Shrivastav et al. 2010). The
widely known macroalgal-derived bioplastic agents are
starch and cellulose derivatives from green/red algae, as
well as alginate, agar and carrageenan (Hii et al. 2016,
Paula et al. 2018, Prabhu et al. 2019). Macroalgal carbo-
hydrates have several unique properties that allow their
use in cosmetics and tissue engineering and controlled
drug delivery systems as reviewed by Stiger-Pouvreau
and Guérard (2018). By processing phycocolloids from
brown and red algae, it is possible to obtain novel bio-
materials (Rinaudo 2008, Qin 2008) but also for tissue
engineering and to encapsulate cells (Kong et al. 2004).
In the French Antilles, this type of valorization has been
considered by the society Algoback (Saint Malo, France)
(http://www.algopack.com), to use the huge quantity
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of Sargassum that beaches regularly along Caribbean
coastal areas. The bioplastics produced from Sargas-
sum beachings are darker and slightly more brittle than
conventional plastics (Milledge and Harvey 2016). A
French project, SAVE-C, financed by ANR, ADEME, Mar-
tinique and Guadeloupe, will begin soon (https://anr.fr/
fileadmin/aap/2019/aap-sargasses-2019.pdf)  regroup-
ing several partners from the West Indies, metropolitan
France and Mexico in order to develop processes to use
Sargassum beachings to manufacture bioplastic bags
and some particular composites.

Conclusion

In this review, we demonstrate that coral reef macroalgae
offer a huge and attractive potential for developing new
drugs and biomaterials. Studies in chemical ecology (in
all the French overseas territories) and the traditional use
of macroalgae (such as in French Polynesia for instance)
could identify macroalgae that may represent an inter-
esting source of bioactive compounds. An area that is
expected to increase in overseas territories is the develop-
ment of macroalgal farms, especially in French Polynesia.
Nevertheless, this great diversity of interesting macroal-
gae encountered in French tropical overseas territories
is fragile because of anthropogenic and natural pres-
sures on these macroalgae (Harley et al. 2006). In many
places, all around the world, many seaweeds communi-
ties, dominated by large thalli, may disappear or suffer
from anthropogenic global climate change, and may be
replaced by turf algae or unfortunately coral rubble or
sterile substrata if the grazing is intensive (Harley et al.
2006, Johnson 2011, Filbee-Dexter and Wernberg 2018).
This phenomenon began in French tropical overseas ter-
ritories, especially in the Caribbean territories (http://
www.ifrecor.com) and in French Polynesia where large
seaweeds, such as large Sargassaceae or Dictyotaceae
species are proliferating, threatening the normal algal
biodiversity of coral reefs. Moreover, if tropical macroal-
gal chemo-diversity is well-managed in the future, this
economic resource could become the green/blue gold of
tomorrow.
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