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Abstract

Chondracanthus teedei is a small red alga, whose fronds are cartilaginous membranous, dark crimson to red black, turning
yellow-green due to decay. The main frond axes, due to their broad branches, reach 1 cm in the oldest portions in the case of the
lusitanicus variety. Originally described in Portugal, C. teedei is found widespread in the Atlantic, Mediterranean, Black Sea and
Indian Ocean. This cosmopolitan species is typical of lower intertidal and shallow subtidal habitats, of sciophilous habitats in
semi-exposed or protected areas, and tolerates the presence of mud and sand. Its composition may vary according to the
geographical location of origin, and the time of year when it is collected. It has relatively high levels of protein (14.66%), ash
(28.68%), fibres (2.21%), lipids (1.82%) and moisture (86.73%), making this alga able to be considered for its implementation as
food. In addition, C. teedei var. lusitanicus produces hybrid carrageenans belonging to the lambda family (xi-theta hybrid
carrageenans), in the case of tetrasporophytes, and kappa-iota-mu-nu hybrid carrageenans, in the case of female gametophytes
and non-fruited thalli. The carrageenans extracted from this species have antifungal and antiviral activities, and the dry ground
biomass of C. feedei has potential to be used in cosmetic formulations.
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Identity

Nomenclature

Valid scientific names

Hommersand et al. (1993) transferred this species to the
genus Chondracanthus; Chondracanthus teedei (Mertens

ex Roth) Kiitzing (basionym: Ceramium teedei Mertens
ex Roth; synonym: Gigartina teedei (Mertens ex Roth)
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J.V. Lamouroux). Chondracanthus teedei was originally
described from Portugal (Guiry 1984), is widespread in
the northeastern Atlantic, Mediterranean and the Black
Sea (Ardré 1970, Orfandis 1993). It has also been re-
ported from Japan (Mikami 1965), the Indian Ocean
(Silva et al. 1996) and Brazil (Ugadim 1975). In
France, Spain and Portugal, the species is frequent in
the lower intertidal zone on sheltered habitats.
Rodrigues (1958) described it as a new variety,
C. teedei var. lusitanicus (Rodrigues) Barbara and
Cremades (basionym: Gigartina teedei (Roth) J.V.
Lamouroux var. lusitanica Rodrigues). Ardré (1970)
and Barbara and Cremades (1996) reported this variety
in several Portuguese localities and the North West
coast of Spain (Ria de A Corufla), respectively
(Pereira and Mesquita 2004, Gaspar et al. 2019).
Nomenclatural synonyms (after Guiry and Guiry 2020)
Homotypic synonyms of Chondracanthus teedei:
Ceramium teedei Mertens ex Roth 1806
Gigartina teedei (Mertens ex Roth) J.V. Lamouroux 1813
Sphaerococcus teedei (Mertens ex Roth) C. Agardh 1817
Fucus teedii (Mertens ex Roth) Turner 1819
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Chondroclonium teedii (Mertens ex Roth) Kiitzing 1845

Mammillaria teedei (Mertens ex Roth) Kuntze 1891

Homotypic synonym of Chondracanthus teedei var.
lusitanicus:

Gigartina teedei var. lusitanica J.E. De Mesquita
Rodrigues 1958

Origin of species name

Chondracanthus comes from the Greek words chondrus
(cartilage) and akanthos (thorn, alluding to its spiny appear-
ance); and teedei derives from the name of its collector, the
British Tedde.

Vernacular names

Japan: Cata-nori (Smith 1904), Shikin-nori (Chapman and
Chapman 1980).

Sicily: Mauru (Pérez-Lloréns et al. 2018).

Portugal: Musgos (Pereira and Correia 2015, Pereira 2016).

Taxonomy
Affinities and diagnosis

Chondracanthus teedei belongs to the family
Gigartinaceae of the order Gigartinales, red algae (class
Florideophyceae, phylum Rhodophyta). The genus
Chondracanthus belongs to a well-defined group within
Gigartinaceae, which have cystocarps in which gonimoblasts
tend to penetrate the surrounding envelope, as in the genera
Rhodoglossum and Gigartina (Hommersand et al. 1999).

Thalli of Chondracanthus are composed of one or more
erect axes from a discoid or crustose holdfast, the erect axes
initially cylindrical and either remaining cylindrical or becom-
ing compressed or flattened; axes repeatedly pinnately
branched or foliaceous and either simple or basally or margin-
ally proliferous, often bearing numerous vegetative or repro-
ductive branchlets, or sparsely to thickly covered by vegeta-
tive or reproductive papillac (Hommersand et al. 1993).

Currently, there are 28 species names in AlgaeBase, as well
as 1 infraspecific name. Of the species names, 23 have been
flagged as accepted taxonomically based on the listed litera-
ture under the species name (Guiry and Guiry 2020).

Infraspecific name
The specimens present in Buarcos Bay (Figueira da
Foz, Portugal) show very evident differences in relation

to the specimens present in the English Channel (French
coastline), in Biscay (Spain), or in the Mediterranean.
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Due to the existence of a set of distinctive characteris-
tics, in relation to C. feedei, the specimens present in
Buarcos Bay were included in a distinct taxon (Fig. la—
1), called Chondracanthus teedei var. lusitanicus
(Rodrigues 1957, 1958, Barbara and Cremades 1996).

Morphology and anatomy
External morphology

Chondracanthus teedei (Fig. 1a-h) is very easily identifi-
able, developing fronds which can reach 15 cm in height, in
tufts from a small basilar disc that connects them to the sub-
strate; the main axes, attenuated for both ends, end in a point
and branches branch out once, twice or three times; the termi-
nal ramuli are small, with prickly appearance (spine-like) and
horizontally patent. Cystocarps (Fig. 1 e, f and h), few in
number, usually solitary, sessile and globose, are produced
in the pinnules or in the enlarged part of the margins of the
branches, and the tetrasporangial sori also have a marginal
location (Pereira 2004).

Chondracanthus teedei present flattened main axes, regu-
larly pinnately branched (Guiry 1984; Zinoun 1993; Zinoun
et al. 1993). The fronds, cartilaginous membranous, have a
purplish-violet colour that darkens by desiccation, becoming
greenish-yellow through decay (Fig. 1 h and i) (Rodrigues
1957; Gayral 1982; Guiry and Maggs 1985).

In C. teedei var. lusitanicus (Fig. 2a—f), the main axes of the
fronds, as well as their branches, are broader (reaching 1 cm in
the older portions) and, therefore, the plants look more robust,
often reaching 20 cm in height; the branching is more dense
and luxuriant and the pinnula develops not only on the mar-
gins of the branches but also on their surface; the pinnula is
patent, simple—rarely bifid—and very sharp, giving fronds a
prickly appearance; cystocarps, globose and sessile are very
numerous (Rodrigues 1957, 1958; Pereira 2004). This variety
is confused sometimes with the red alga Calliblepharis jubata
(Pereira 2010; Pereira 2020b).

Anatomy and cytology

Thallus of multiaxial construction has two types of fil-
aments: undetermined and determined growth. Filaments
are determined in the medullary region, with elongated,
hyaline cells, with a starry outline, with 7 to 41 pum in
diameter, and anastomosed. The occasional presence of
medullary cells of circular contour, with 17 to 34.5 um
in diameter and walls with thickening between 2 and
6 um (Fig. 3 a and e). Filaments of determined growth
are located laterally, forming the cortex; on the inside
with hyaline cells of irregular contour, turning to ellip-
tical and rounded, towards the edges; cells in the inner
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Fig. 1 Chondracanthus teedei: non-fructified thalli collected in Roscoff,
France (a, b); tetrasporic thalli collected in Baleal, Portugal (¢, d); female
thallus collected in Baleal, Portugal (e); illustration from William H.

layers of the cortex 4 to 10.5 pm high by 3.5 to 9 um
wide; outermost cells 4 to 12 um high by 2.5 to 5 um
wide. Cortex near the base and in the median region of
the thallus with 6 to 7 (£ 2) layers of cells; apical
region with 5 to 6 layers of cells (Fig. 3b-d)
(Rodrigues 1957; Guiry 1984; Braga 1985; Percira
et al. 2007).

Ultrastructural features during carposporogenesis (Fig.
3f), in addition to typical features of the Rhodophyta
(chloroplasts with peripheral thylakoid and non-
associated internal thylakoids, extra-plastidial floridean
starch grains, etc.), show well-developed Golgi appara-
tus which are very active with an abundance of dictyo-
somes and cored vesicles. As already mentioned, this
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Harvey (Plate CLXXXI, Phycologia Britannica, 1846—1951) (f); non-
fructified thallus collected in Baleal, Portugal (g), and cystocarps detail
(h)

would appear to play a key role in the genesis of fibril-
lar vacuoles and subsequent cell wall formation (Fig.
3g) (Pereira 2004).

Genetic data

Molecular analysis

Recently, the specimens recognised as C. teedei from
Bermuda has been assigned to a new species,
Chondracanthus saundersii, using the ribulose-1,5-

bisphosphate carboxylase/oxygenase (RuBisCo) gene
(RbcL) marker (Schneider and Lane 2005).
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Fig. 2 Chondracanthus teedei var. lusitanicus: fertile female gametophytes, with cystocarps, collected in Buarcos, Portugal (a, b); tetrasporic thalli (e,
d); non-fertile thalli (e, f)

Yang et al. (2015), using molecular data (cytochrome  specimens from Spain and Brazil were grouped as
¢ oxidase I gene—COI and RbcL), reported that many  C. teedei, refuting for now the presence of
samples classified in North Pacific as C. teedei are, in  C. chamissoi in these two countries.
fact, specimens of Chondracanthus chamissoi, previous- According to Rocha-Jorge et al. (2018), sequences of rtbcL
ly known as an endemic species in Chile. In their study, = were obtained for four samples of C. teedei and comparing the
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samples of C. teedei sequenced from Brazil with the ones
available from France and Spain, there was an intraspecific
variation of 14 base pairs (1%).

Distribution, ecology and metabolism
Distribution

Originally described from Portugal, C. teedei, is wide-
spread in the northeastern Atlantic, Mediterranean and
the Black Sea (Ardré 1970; Guiry 1984; Orfandis 1993).
It has also been reported from Japan (Mikami 1965), the
Indian Ocean (Silva et al. 1996), Venezuela (Taylor 1942,
1960) and Brazil (Joly 1957, 1965, Ugadim 1975).
According to Yang et al. (2015), C. teedei is found in
the Atlantic and not in the western Pacific region, being
absent in Korea and Japan (Fig. 4).

In the eastern Atlantic the species is found from southwest
England to south South Africa, and in the Azores and Cabo
Verde Islands (Dizerbo 1974; Dixon and Irvine 1977). In the
British Isles, it is confined to south Devon and Cornwall
(Parke 1952; Dixon and Irvine 1977).

Ardré (1970), Barbara and Cremades (1996), Pereira and
Mesquita (2004), Araujo et al. (2009) and Pereira (2020a, b)
reported the variety lusitanicus in several Portuguese localities
(Viana do Castelo, Castelo do Neiva, A-Ver-o-Mar,
Agucadoura, Mindelo, Lavadores, Aguda, Buarcos Bay,
Peniche) and the northwest coast of Spain (Galicia - Ria de A
Coruiia; Lugo, San Ciprian; Pontevedra, Ria de Vigo) (Fig. 4).

Vertical distribution

This comopolitan species is typical of the lower intertidal and
shallow subtidal habitats of sciophilous habitats in semi-
exposed or protected areas, supporting the presence of mud
and sand (Pérez-Lloréns et al. 2016). In France, Spain and
Portugal, the species is frequent in the lower intertidal zone
on sheltered habitats (Pereira and Mesquita 2004). In Brazil,
plants growing in intertidal zone, on rocks, are protected from
the waves (Rocha-Jorge et al. 2018).

Coverage, biomass and plant size

Despite not being a harvested seaweed, it is surprising that,
among the carrageenophytes studied by Pereira and Mesquita
(2004) and Pereira (2013), C. teedei var. lusitanicus is the one
which had the highest values of average length with 7.7 +
0.4 cm (7 = 100) in summer and a minimum of 2.9 = 0.2 cm
(n = 100) in winter, and coverage (Fig. 5). The biomass (dry
weight) values ranged between 110 £ 1.9 g m > (n = 8) in
summer and 594 + 10.5 g m 2 (n = 8) in late spring. Biomass
and length showed low values in autumn and winter, a small

increase occurred in early spring, and the highest values were
recorded in early summer (Pereira et al. 2013).

Accompanying species
Flora

According to Pereira (1994, 2004), C. teedei var. lusitanicus
constitutes one of the dominant algal species in Buarcos Bay
(Portugal), and in the studied area, there are several species of
red (Rhodophyta) and green (Chlorophyta) algae, some of them
maintaining a neighbourhood relationship (species that live near-
by) and others an epiphytic (growing on another plant but not
parasitic) relationship. Three species of Rhodophyta always ap-
pear in the samples of C. teedei var. lusitanicus: Osmundea
pinnatifida, Corallina officinalis and Ceramium sp. With the first
two species, C. teedei var. [usitanicus maintained a
neighbourhood relationship, while with the latter, a hostess rela-
tionship. The chlorophyte Ulva rigida was always present in the
samples, as a neighbour and in some cases as an epiphyte.

In addition to these species, other species were also asso-
ciated, as mentioned below: Ulva clathrata, U. compressa,
Cladophora spp. (Chlorophyta), Chondria coerulescens,
Chondria dasyphylla, Chondrus crispus, Gigartina pistillata,
Gracilaria multipartita, Gymnogongrus crenulatus and
Polysiphonia spp. (Rhodophyta) (Pereira 2004).

Epi-endophytes

Tsekos (1982) described the fine structure of bacteria-
induced galls on the field material of C. teedei (as Gigartina
teedii).

Guimaraes (2006) made the first reference to Colaconema
infestans (Colaconemataceae, Rhodophyta) in Brazil from
Espirito Santo State, which was found as endophytic in
C. teedei.

Life history
Life cycle

Chondracanthus teedei and C. teedei var. lusitanicus have
an isomorphic triphasic life cycle (see Fig. 6) (Guiry
1984; Braga 1985, 1990; Guiry et al. 1987; Pereira
2012, 2013; Contador et al. 2020).

This cycle is the typical one for most Florideophyceae, in
which the diploid zygote develops directly in situ, parasitizing
the female gametophyte, giving rise to a second phase, with
reduced vegetative structure, the carposporophyte, a carpo-
spore producer. Carpospores, in turn, give rise to a third phase
of independent life, the tetrasporophyte, whose vegetative
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dFig. 3 Chondracanthus teedei var. lusitanicus: optical microscope
observations of thallus cross-sections (a, and b); details of cortex (c),
transition zone (d) and medulla (e); staining with lactophenol blue (a—
e). Cytology (f): electron microscope observations of floridean starch (af),
chloroplasts (cl), Golgi (G), nucleus (n), nucleolus (nu) and cored vesicles
(vn); note the abundance of florid starch grains that give a positive reac-
tion to the “Thiéry test” (G) (after Pereira 2004)

apparatus is in most cases morphologically identical to that of
gametophytes, although diploid. The tetrasporophyte has
tetrasporangial sori that release, after meiosis, tetraspores that
will originate new gametophytes. This three-phase cycle then
comprises the succession of a haploid generation
(gametophyte) and two diploid generations (carposporophyte
and tetrasporophyte) (Hommersand et al. 1999).

According to Braga (1980, 1990), there always seems to be
a higher proportion of gametophytes than tetrasporophytes.
However, a population of C. teedei var. lusitanicus from
Buarcos Bay (Figueira da Foz, Portugal) has shown to have
a larger percentage of fertile tetrasporophytes than fertile fe-
male gametophytes (Pereira and Mesquita 2004; Pereira
2004). In Buarcos Bay population, the non-fructified thalli
were dominant in all samples; the percentage varied from
43% (early autumn) to 82.5% (early summer). The female

0)®
o

Fig. 4 World distribution of Chondracanthus teedei (red dotes are
records of occurrence) and Chondracanthus teedei var. lusitanicus (blue
dotes are records of occurrence). Adapted from the Ocean Biogeographic
Information System (OBIS 2020), incorporating all records included in

gametophytes were present in all samples, varying the propor-
tion of 3% (late autumn) to 29% (late summer). The
tetrasporophytes were also present in all samples, with a max-
imum of 32.5% in autumn and a minimum of 4% in summer.
As compared to fructified thalli, namely, the female gameto-
phytes bearing cystocarps (9.6 = 1.7%, n = 17), the
tetrasporophytes are, generally, more abundant (21 £ 1.7%,
n = 17). The average percentage of non-fertile thalli was 69.4
+2.2% (n = 17) (Pereira 2013).

Reproductive structures and reproduction

Chondracathus teedei var. lusitanicus tetrasporophytes (Fig.
7) exhibit tetrasporangial sori with the appearance of dark red
spots, prominent in the thallus, on the main axis and lateral
branches (Fig. 7a). Sori, with cruciately divided tetrasporangia
(Fig. 7 c and d), are released by rupturing of the cortex and old
sori, after tetraspore liberation, are filled with medullary fila-
ments (Guiry 1984; Pereira 2004; Pereira et al. 2007).

In Fig. 7 (panels b and c) (semi-thin sections at the level of
tetrasporangial sorus), the regions most intensely stained by

)
o °

OBIS and complemented with geographical distribution data of works
cited in AlgaeBase (Guiry and Guiry 2020), and validated for these
species
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Mastocarpus
stellatus

Chondracanthus
teedei var. lusitanicus

Chondracanthus
acicularis

Chondrus
crispus

O Autumn/Winter M Spring/Summer

Gymnogongrus
crenulatus

Ahnfeltiopsis
devoniensis

Gigartina
pistillata

Calliblepharis
Jubata

Fig. 5 Carrageenophytes coverage in Buarcos Bay, in the Autumn/Winter and Spring/Summer periods (mean + standard error, n = 46)

toluidine blue were located in the intercellular spaces, espe-
cially in the cortical zone. The ultrastructure of
tetrasporogenesis (Fig. 7 e and h) in C. teedei var. lusitanicus
can be summarised as follows: the nucleus with a well-
developed nucleolus, contains little condensed chromatin;
chloroplasts, in addition to their typical non-association with
internal and peripheral thylakoids, show several areas of DNA
and electron-dense inclusions; in addition to floridean starch

Cruciate tetraspore (n)

Meiosis

Tetrasporangial sori

grains, which represent the most abundant cellular compo-
nent, a large part of the remaining cytoplasm is occupied by
very active dictyosomes producing numerous vesicles with a
dense core (cored vesicles). As in tetrasporogenesis in
Chondria capillaris (formerly Chondria tenuissima) (Tsekos
et al. 1985; Pereira et al. 2007), the ultrastructure of C. teedei
var. lusitanicus during tetrasporogenesis shows straight, large

Male Gametophyte (n)

Fecundation .
Cystocarp cross section

Carposporophyte (2n)

Tetrasporophyte (2n)

Carpospores (2n) inside »
the cystocarp

Fig. 6 Triphasic, isomorphic, life cycle of Chondracanthus teedei var. lusitanicus (scale bars in red = 100 um)
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dictyosomes which produce cored vesicles, an abundance of
starch grains and form fully developed chloroplasts (Fig. 7h).

Chondracanthus teedei var. lusitanicus female gameto-
phytes (Fig. 8a—f) present prominent spherical cystocarps
(Fig. 8a), producing carpospores (Fig. 8b—d). The thallus
transverse section shows a multiaxial structure (see Fig. 3a—
e), like that of tetrasporophyte one. In general,
carposporangial ultrastructure (female gametophyte) is not
significantly different from that observed during
tetrasporogenesis (tetrasporophyte), before cell division (Fig.
8 e and f) and similar to that described in C. teedei by Tsekos
and Schnepf (1983).

By analysing the ultrastructure of the cells involved in
carposporogenesis, we can see that in the auxiliary cell and
gonimoblast, it is possible to observe plastids with a homoge-
neous stroma a central region with gonophores and a plastidial
envelope with a peripheral thylakoid or, more rarely, without
an internal lamellar structure. After the appearance of the first
internal membrane system, the formation of thylakoids be-
gins, structures that are in contact with or are derived from
the peripheral thylakoid (Fig. 8f) (Tsekos 1981).

Chemical composition
Average composition
Organic constituents

The average composition of C. feedei is important because,
according to Schwochow and Zanboni (2007), macroalgal
composition may vary with the time of year when it is collect-
ed. In a comparison carried out with native Brazilian
macroalgae for implementation in food, C. feedei had the fol-
lowing levels of protein (14.66%), ash (28.68%), fibres
(2.21%), lipids (1.82%) and humidity (86.73%) (Bastos
et al. 2012). Despite the variability, it is verified that the bio-
mass in this study yields acceptable values that can be imple-
mented in food since its protein content is higher than
K. alvarezii and its fat content is lower than C. feedei while
the fibre content is higher (Menezes et al. 2015).
Chondracanthus teedei var. lusitanicus volatile com-
pounds were identified by Moreira-Leite (2017) with mass
spectrometry analysis (GC-MS), and 21 substances were con-
firmed in fresh C. teedei var. lusitanicus (Fig. 9). According to
the author, “Musgos”, C. teedei var. lusitanicus vernacular
name, have a mild mushroom and earthy aroma. The three
profiles analysed were dominated by trans-2-nonenal, 2,4
decadienal and (3-ionone; however, the marked presence of
hexanal (capric aldehyde), representing 71.87% of the highest
peak area and 16.50% of the total relative area of the chro-
matogram, should be highlighted. This aldehyde has a sweet,
citrus and floral aroma, and, together with the cucumber

aldehyde, it adds a certain freshness to the seaweed.
“Musgos” seem suitable for preparing salads with seaweed
(see Fig. 10), due to their pleasant texture and neutral flavour.
However, the presence of bromoform was detected in the
sample analysed, which suggests some caution in the con-
sumption of C. teedei var. lusitanicus.

Source of hydrocolloids and sulphated
polysaccharides

Carrageenans

Carrageenan is an industrially important hydrocolloid pro-
duced by several species of red algae (Gigartinales,
Rhodophyta), generically called “carrageenans” (van de
Velde and de Ruiter 2002; Pereira and van de Velde 2011;
Pereira 2018a). Carrageenans are a family of linear, sulphated
and water-soluble galactans. composed of alternating (3-d-
galactopyranose (G units) and 4 «-d-galactopyranose bonds
(D units) or 3,6-anhydrous-4--d-galactopyranose bond (DA
units), forming the disaccharide unit of repeat carrageenan.
The most common types of carrageenans are traditionally
identified by a Greek prefix and, more recently, by the letter
codes developed by Knutsen et al. (1994). The three most
commercially important carrageenans are called iota-, kappa-
and lambda-carrageenan. The letter codes of these types of
carrageenan are G4S-DA, G4S-DA2S and G2S-D2S, 68, re-
spectively. Kappa-carrageenan is present mainly in species
belonging to the genera Hypnea (Cystocloniaceae) and
Kappaphycus (Solieriaceae) and species belonging to the ge-
nus Eucheuma (Solieriaceae), are the main source of iota-
carrageenan (Craigie 1990; Chopin et al. 1999; Rudolph
2000). Kappa/iota-hybrid carrageenans are found in gameto-
phytic phases of several species of Gigartinaceae and
Phyllophoraceae families (Pereira and Mesquita 2003;
Pereira et al. 2009a, b). Carrageenans mu and nu, found in
native phycocolloid samples, are the biological precursors of
kappa and iota-carrageenan, respectively (Bixler et al. 2001).
In vivo, iota and kappa-carrageenan are formed enzymatically
from the precursors of carrageenans by a sulphohydrolase
(Wong and Craigie 1978; de Ruiter et al. 2000). In vitro, these
precursor residues are converted into gelling carrageenan cor-
responding to the treatment alkali. Alkali extraction is com-
monly used in the commercial production of kappa and iota-
carrageenan, in order to increase the 3,6-anhydrous-D-galac-
tose content as it results in a product with enhanced gelling
properties (van de Velde et al. 2002a; Aguilan et al. 2003).
The tetrasporic phase of Gigartinaceae produces carrageenans
of the lambda family.

With respect to carrageenan in Gigartinales, the most im-
portant modulators of quality and chemical composition at
seasonal and geographical levels are mainly abiotic factors
(e.g. light, temperature, water motion and oxygen depletion,
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dFig. 7 Chondracanthus teedei var. lusitanicus: fructified
tetrasporophyte, with tetrasporangial sori, collected in Buarcos Bay,
Portugal (a—h); detail of branches with tetrasporangial sori (a); branch
cross-section at the level of tetrasporangial sori, according to the orienta-
tion shown in panel a (b); detail of tetrasporangia and tetraspores (f-g).
Staining with Toluidine blue (b, ¢). Cytology: electron microscope ob-
servations of floridean starch (af), chloroplasts (cl), Golgi (G), nucleus (n)
and cored vesicles (vn) (after Pereira 2004)

nutrients, salinity) and oceanographic conditions (e.g. cur-
rents, upwelling) (Periyasamy and Subba Rao 2017;
Campbell et al. 2019). In most species from temperate zones,
including those from Chondracanthus genus, there is evi-
dence of increased culture yields in spring and summer
(Pereira and Mesquita 2004; Pereira and van de Velde 2011;
Pereira 2013). Consequently, the environmental conditions
are important factors to be considered, both in terms of culture

Fig. 8 Chondracanthus teedei var. lusitanicus: fructified female
gametophyte, with cystocarps, collected in Buarcos, Portugal (a—f);
detail of branches with cystocarps (a); cystocarp cross-section (b); carpo-
spores within cystocarps (¢, d); staining with lactophenol blue (b—d).

Ultrastructure of the female gametophyte showing partially a multinucle-
ate cell (e) and some aspects of the carpospore differentiation (f); af—
floridean starch grains, cl—chloroplast, n—nucleus, vi—cored vesicles
(adapted from Pereira 2004)
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Fig. 9 GC-MS chromatogram of Chondracanthus teedei var. lusitanicus (after Moreira-Leite 2017, with permission)

and in population conservation planning for this group of red
macroalgae (Contador et al. 2020).

In spite of not being a harvested seaweed, as previ-
ously mentioned, it is surprising that, among the
Buarcos Bay carrageenophytes, C. teedei var. lusitanicus
is one of those which presents the highest values of
average carrageenan yields, with 34.9 + 1.0% (n = 13)
(Fig. 11) (Pereira and Mesquita 2004).

In relation to the phycocolloid nature, spectroscopic anal-
ysis showed that the two phases in the life cycle of C. teedei
var. lusitanicus seem to present a variation similar to that

Fig. 10 Coriander seaweed salad—mixture of unconventional algae
(Laminaria ochroleuca, Pelvetia canaliculata—brown algae, and
Chondracanthus teedei var. lusitanicus—red alga), seasoned with floor
of olive oil, garlic and coriander. After Moreira-Leite 2017, with
permission
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existing in other species of Chondracanthus genus (see
Chopin et al. 1999; Pereira and Mesquita 2004): the gameto-
phytic stages yield carrageenans of the kappa family (hybrid
kappa/iota/mu/nu carrageenan), while the tetrasporophytic
stages produce carrageenans of the lambda family (hybrid
xi/theta-carrageenan). Figure 12 shows the FTIR and FT-
Raman spectra of ground seaweed samples (A, D), native
carrageenan (B, E) and alkali-extracted carrageenan (C, F) of
C. teedei var. lusitanicus female gametophytes. All spectra
show a band at 845 cm ', which is assigned to D-galactose-
4-sulphate (G4S) and a band at 805 cm ', which indicates the
presence of 3,6-anhydro-D-galactose-2-sulphate (DA2S). The
presence of a strong band a 930 cm ™' in the FTIR spectra,
weak in FT-Raman spectra, indicates the presence of 3,6-
anhydro-D-galactose (DA) in all samples (Chopin et al.
1999; Pereira et al. 2003; Pereira et al. 2009a). The broad
signal in FTIR, between 1210 and 1260 cmﬁl, was character-
istic of sulphate esters in general (Chopin et al. 1999).
Additional peaks at 867 cm ' (galactose and D-galactose-6-
sulphate = G/D6S), 825 cm™ ' (galactose and D-galactose-2-
sulphate = G/D2S) and 820 cm ' (G/D68S), with little intensi-
ty, correspond to the presence of carrageenan precursors (mu
and nu) in the samples of ground seaweed (A) and native
carrageenan (B) (Chopin et al. 1999). The presence of bands
at 825 and 867 cm ', corresponding to the existence of pre-
cursors, is more evident in the FT-Raman spectra (D, E).
Figure 13 shows the FTIR and FT-Raman spectra of ground
seaweed samples (A, D), native carrageenan (B, E) and alkali-
extracted carrageenan (c, f), from the non-fructified thalli.
These spectra are compared to the ones presented for female
gametophytes, which showed a strong absorbance at 1240
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Fig. 11 Carrageenophytes dry
weight expressed as the
percentage of fresh weight and
carrageenan yields expressed as
the percentage of dry weight
(mean =+ standard error, n = 13)
(after Pereira 2004)

Fig. 12 FTIR and FT-Raman
spectra of ground seaweed sam-
ples (A, D), native carrageenan
(B, E) and alkali-extracted carra-
geenan (C, F) of C. teedei var.
lusitanicus female gametophytes
(after Pereira 2004)
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Fig. 13 FTIR and FT-Raman
spectra of ground seaweed sam-
ples (A, D), native carrageenan
(B, E) and alkali-extracted carra-
geenan (C, F) of C. teedei var.
lusitanicus non-fructified thalli
(after Pereira 2004)

cm ' for sulphate esters and three other bands at 805 cm™'

(DA2S), at 845 cm™' (G4S) and 930 cm ™' (DA). The ground
seaweed (G) and native carrageenan (H) showed additional
peaks at 820 cm™' (G/D6S), 825 cm ' (G/D2S) and 867
cm’! (G/D6Y), the last ones, more evident in the FT-Raman
spectra (D, E), corresponded to the precursors. The FTIR and
FT-Raman spectra of tetrasporophytes samples of C. feedei
var. lusitanicus are shown in Fig. 14: ground samples (A
and D), native carrageenan (B and E) and alkali-extracted
carrageenan (C and F). The infrared spectra of all samples
showed a strong absorbance at 1240 cm ™' for sulphate esters
and a narrow peak between 825 and 830 cm ! (G/D2S). In
addition to these signals of larger intensity, three shoulder
peaks at 905 em ! (DA2S), 930 cm ! (DA) and 1070 cm™!
(DA) appear in all the FTIR spectra, related to the presence of
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theta-carrageenan. All Raman spectra (Fig. 14 (D and F))
present strong absorbance at 1070 cm™', which corresponds
to C-O of 3,6-anhydrogalactose (DA), and three other near
bands in the spectral region of 815-850 cm_l, related with the
high sulphate contents (Pereira et al. 2003). The presence of
815 and 850 cm ! peaks (Fig. 14 (D and F)) allows us to
conclude that the main constituent fraction is an Xi-
carrageenan (Pereira et al. 2003). The 825 cm ' and 905
cm ! peaks, present in all Raman spectra (Fig. 14 (D and
F)), correspond to the presence of theta-carrageenan.

The 'H-NMR spectra of native and alkali-modified carra-
geenans from C. teedei var. lusitanicus female gametophytes
and non-fructified thalli revealed, in the anomeric protons
zone, two major signals at 5.11 ppm and 5.32 ppm (Fig. 15
(A—C)). These signals correspond to the anomeric protons of
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Fig. 14 FTIR and FT-Raman
spectra of ground seaweed sam-
ples (A, D), native carrageenan
(B, E) and alkali-extracted carra-
geenan (C, F) of C. teedei var.
lusitanicus tetrasporophytes (after
Pereira 2004)
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the 3,6-anhydro-«-D-galactose (DA; kappa-carrageenan) and
the 2-sulphated 3,6-anhydro-o-D-galactose (DA2S; iota-car-
rageenan), respectively. Minor components detected in the
spectra of the native carrageenans (Fig. 15 (A and B)) gave
a signal at 5.52 ppm and were assigned to the anomeric proton
of the a-D-galactose 2,6-disulphate (D2S, 6S; nu-carrageen-
an) and 5.25, assigned to the «-D-galactose-6-sulphate
(D6S; mu-carrageenan) (Ciancia et al. 1993; Stortz
et al. 1994; van de Velde et al. 2002a; Pereira and
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Mesquita 2004; van de Velde et al. 2004). In addition
to the carrageenan signals, the spectrum of the alkaline-
extracted female gametophyte sample showed a minor
signal with a chemical shift of 5.37 ppm. This signal
is assigned to floridean starch, which is a usual and
natural impurity of carrageenan samples (Knutsen and
Grasdalen 1987; Van de Velde et al. 2002a, b,
2005). The '*C-NMR spectra of native and alkaline ex-
tracted carrageenan, from tetrasporophytes, show signals
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Fig. 15 1H-NMR spectra of native (A, B) and alkali-extracted (C, D) carrageenans of C. teedei var. lusitanicus female gametophytes (A, C) and non-
fructified thalli (B, D). The letter code refers to the nomenclature developed by Knutsen et al. 1994 (after Pereira 2004)

at 105.44 and 94.94 ppm, relative to the anomeric car-
bons of xi-carrageenan, and 102.57 and 97.81 pp, rela-

tive to the anomeric carbons of theta-carrageenan (Fig.
16).

Management and production
Cultivation

Laboratory cultivation tests with this species have been
done mainly to determine its life cycle (Guiry 1984;
Braga 1985, 1990), or to assess tolerance to temperature
changes (Guiry et al. 1987), to assess the response to
different types and intensity of radiation (Schmidt et al.
2012). In the cultivation trials performed by Zinoun
(1993) and Zinoun et al. (1993, the environmental factors
that influenced the growth of C. teedei and the production
of carrageenans were determined. From the perspective of
C. teedei culture as a source of carrageenans, the results
obtained in Zinoun’s experiments showed that it is possi-
ble to manipulate the metabolism of this species. The
variation in the level of nutrients, the temperature, the
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photoperiod and the intensity/quality of the lighting deter-
mine the concentration and the final quality of the carra-
geenans produced. Following the work carried out by
Ortega (2015), Love (2018) proceeded to optimise the
cultivation of C. feedei, evaluating the effects of irradi-
ance, temperature, salinity and nutrient enrichment.
According to (Barbosa 2019), the highest growth rate
was under enrichment of the red-light radiation spectrum,
but the study suggests that monochromatic irradiance did
not encourage the synthesis of compounds of economic
interest in C. teedei during the experimental period.

Domestication of the oceans is widely regarded as a possi-
ble solution to increase food and could be one of the next most
important developments in human history. By 2050, the edi-
ble bioresource biomass will have to satisfy the 9 billion peo-
ple predicted to live on the planet. Seaweed aquaculture can
help to address global challenges related to nutrition, health
and sustainable circular bio-economy. Today, there is growing
need for development, improvement and diversification of
seaweed aquaculture practices in Europe, a continent
characterised by its large coastal territory and large range of
climates (Barbier et al. 2019).
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Fig. 16 '>C-NMR spectra of carrageenans of C. teedei var. lusitanicus tetrasporophytes (A—native, B—alkali-extracted). Letter codes refer to the

nomenclature of Knutsen et al. (1994), after Pereira (2004)

Species of the red algal genus Chondracanthus
(Gigartinaceae, Rhodophyta) have been considered a target
for exploitation because of its importance as a source of raw
material for the carrageenan industry as well as food industry
as a sea vegetable. Chondracanthus is represented in Brazil, as
well in the Iberian Peninsula, by four species, among which
C. teedei is of special interest in view of its size, distribution
and abundance. As the natural population is not large enough
to support a commercial exploitation, the alternative remains
on its mariculture. However, it is well known that success in a
sustainable and commercial cultivation of a natural resource
can only be achieved if based on solid biotechnological back-
ground that leads to the domestication of the targeted species
(Bastos et al. 2012; Bastos 2013; Barbier et al. 2019). The
cultivation of C. teedei var. lusitanicus made by Soares
(2015) in an Integrated Multitrophic Aquaculture (IMTA) sys-
tem showed better results than the laboratory cultivation. The
highest relative growth rate (2.04 £+ 1.9% day ') and produc-
tivity (53.1 £ 1.2 g (dw) m dayfl) were achieved at a culti-
vation density of 8 g L'

In Andalusia (south of Iberian Peninsula), seaweed cultiva-
tion is occurring in earthen ponds, by the rope system, for
Ulva sp., Gracilaria sp., Gracilariopsis longissima and
C. teedei (Ortega 2015; Love 2018; Barbier et al. 2019;
Bermejo et al. 2020)

Impacts of NIS introduced by aquaculture species

Although aquaculture continues to be an important economic
driver in many coastal areas, the aquaculture industry has had

a long history as a major vector for the introduction of non-
indigenous species (NIS) around the world (Grosholz et al.
2015). Using the NEMESIS list of non-native algae and
mollusc species introduced in California, Grosholz et al.
(2012) searched the peer-reviewed scientific literature and
created a database of studies on the impacts of mollusc and
macroalgal species. C. teedei was intentionally introduced for
aquaculture purposes (Grosholz et al. 2012).

Utilisation
Human food

With the succession of culinary movements, chefs started to
incorporate values of yore, even though there was apparently a
break with the past. In this way, both the “New Cuisine” and
the “Fusion Cuisine” have brought about the adoption of some
standards, referring to dietetics and the use of oriental products
by the West, paving the way for the consumption of algae.
Seaweeds are complete foods through nutritional optics.
However, Atlantic species are little studied and, in the West,
their consumption as food is not very usual. Although there is
a great opportunity for genetic selection and improvement of
the species, considering their use in food, the same way it
happened with the terrestrial plants (Moreira-Leite 2017).
According to the same author, it is therefore necessary to
investigate which of the species may be suitable for food,
highlighting their organoleptic properties, and also to develop
techniques for their conservation and use in gastronomy.
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Today, seaweed consumption in Portuguese and Spanish
homes is growing thanks to the gastronomic bloom driven by
some celebrity chefs and because of the growing belief that the
nutritional properties of seaweeds make them appropriate for
inclusion as part of a healthy and well-balanced diet (Pérez-
Lloréns et al. 2016, 2018). It has resulted in countless work-
shops and/or master classes such as that offered by the re-
nowned Basque Culinary Center, where some avant-garde
Spanish chefs are invited to give lectures such as
“Seaweeds, the flavour of the sea into the kitchen”. It also
positively contributed to the rise of new companies that gather
and pack seaweeds such as Suralgas, “la Huerta Marina or
Conservas Mar de Ardora”, retailers (Terra Verda or
Ecoveritas) or public markets (“La Mar de Algas in
Madrid or Javier Morcillo in Valencia”), as well as
funding research projects focused on mariculture of sea-
weed species (Gracilariopsis longissima and C. teedei
(Ortega 2015; Bermejo et al. 2020) with culinary poten-
tial such as the Ealga project in Cadiz Bay (Spain) and
Algad4Food in Portugal (Mouritsen et al. 2019; Noronha
et al. 2020).

As a way to incorporate less conventional algae (as is the
case with C. teedei) into the recipes, a coriander salad was
developed, which takes more advantage of the crunchy and
gelatinous textures of the algae, and also of its colour, than of
the flavour itself (Moreira-Leite 2017). Another recipe was pro-
posed by the “elBulli” restaurant team, a marinated spherical
quail with oysters and “musgos” (C. teeder) (Adria et al. 2011).

C. teedei is highly prized in certain regions of Sicily, where
it is popularly known as “maru”. In summer, there is a high
demand for this seaweed during popular festivals. It is care-
fully harvested by hand, washed with seawater and sold on the
streets in stalls specially set up by fishermen, who dress them
with lemon juice and salt and serve them on paper plates. The
famous Sicilian poet Vincenzo de Simone (1879—1942) refers
to this seaweed in his poetry entitled “La Sicilia” (Pérez-
Lloréns et al. 2016).

Pharmacological, biological and nutraceutical
activities

In general, carrageenan serves as a gelling agent (carrageenans
from the kappa family), stabilising and viscosity agent (lamb-
da family carrageenan) in food products, pharmaceutical for-
mulations, cosmetics and drilling fluid for oil wells (Hotchkiss
and Trius 2007; Ortiz et al. 2009).

Antifungal activity
There are still few studies about antifungal sulphated poly-
saccharides described in the literature. However, some re-

cent studies demonstrated that these macromolecules pos-
sess antifungal activity or induce resistance against fungal
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pathogens (Souza et al. 2018). According to Soares et al.
(2016), carrageenan extracts from red alga C. feedei var.
lusitanicus promoted morphological alterations on
Aspergillus fumigatus and Alternaria infectoria after expo-
sure to 0.15 mg mL™" of kappa/iota and to 0.1 mg mL™" of
xi/theta carrageenan, respectively. In addition, the chitin
cell wall content of A. fumigatus decreased significantly.
According to the authors, these changes were associated
with a decrease of the 3-glucan content. Nevertheless,
the mechanisms involved in the antifungal activity of
sulphated polysaccharides are unclear. Carrageenans ex-
tracted from C. teedei var. lusitanicus were studied in order
to determine their potential antifungal activity (Soares
2015; Soares et al. 2016; Pereira 2018b). FTIR-ATR and
FT-Raman spectroscopic analysis confirmed the presence
of a hybrid kappa/iota-carrageenan belonging to the game-
tophytic phase and a hybrid xi/theta-carrageenan in the
tetrasporophytic phase (Pereira and Mesquita 2004;
Pereira and van de Velde 2011; Pereira 2013; Pereira
et al. 2019). Kappa/iota and xi/theta-carrageenan induced
the formation of swollen hyphal segments in A. infectoria,
upon exposure to 125 ug mL ™' and 60 pug mL™', respec-
tively. The observed phenotype was similar to those in-
duced by antifungals targeting the fungal cell wall. When
exposed to 87.5 ug mL™' of kappa/iota-carrageenan,
A. fumigatus hyphae became shortened and highly
branched, a phenotype commonly observed in response
to antifungals. These morphological alterations were asso-
ciated with a decrease of the 3-glucan content in
A. infectoria after exposure to 150 ug mL ™" of kappa/iota
and to 100 ug mL™" of xi/theta-carrageenan. On the other
hand, the chitin cell wall content of A. fumigatus decreased
significantly upon exposure to 150 ug mL™" of both ex-
tracts, which triggered an increase in the content of 3-glu-
can. Overall, this work shows that carrageenans extracted
from C. teedei var. lusitanicus cause alterations on the
A. fumigatus and A. infectoria cell walls, indicating a
marked antifungal activity (Soares 2015; Soares et al.
2016; Pereira 2018a).

Antiviral activity

The data obtained in Soares (2015) and Soares et al. (2016)
works revealed that the viral infection by Lentivirus was
reduced upon exposure to a pre-treatment with extracts
from female gametophytes (FG) and tetrasporophytes (T)
of C. teedei var. lusitanicus. Although the inhibitions were
not statistically significant, FG (producers of kappa/iota-
hybrid carrageenan) and T (producers of xi-carrageenan)
of C. teedei var. lusitanicus extracts was able to reduce
14% of the virus infection, and the Tetra extract was able
to reduce, approximately, 35% of the virus infection
(Pereira 2018b).
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Cosmetic ingredients

Chondracanthus teedei powder obtained from the dried,
ground alga has been assessed to be used as skin-
conditioning agents (Cherian 2020).

Source of plant growth regulators

Plant growth regulators (PGRs) are organic substances that
influence the physiology and development of plants at very
low concentrations. Many of the good results observed in the
use of seaweed in the fertilisation of plants for agricultural use
were due to the fact of cytokinins, auxins and abscisic acid
(ABA) were common constituents in red seaweeds (Pereira
et al. 2019). Chondracanthus teedei is a producer of auxin,
cytokinins, indole-3-acetic acid (IAA), indole-3-acetamide
(IAM) and ABA (Yokoya et al. 2010) and, therefore, it is a
good candidate for obtaining an effective agricultural
biostimulant.

Funding information Leonel Pereira had the support of Foundation for
Science and Technology (FCT), within the scope of the project
UIDB/04292/2020 — MARE - Marine and Environmental Sciences
Centre.
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