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Abstract: Macroalgae have been regarded as a natural food source since ancient times, their nutritional
value being not only proven by recent studies, but also triggering further in-depth research efforts
on the matter. The present study aims to provide an insight into the nutritional potential of selected
red seaweed species collected in central Portugal by specifically comparing the moist yield and
ash content, crude protein, total lipids, carbohydrates and pigment content between species and,
ultimately, finding out if there are differences between taxa. The results obtained highlighted the
most nutritionally appealing species, namely, Plocamium cartilagineum with respect to protein content
(23.18% dw) and Sphaerocococcus coronopifolius with respect to carbohydrate content (40.23% dw),
while none of the species studied showed a lipid content higher than 1.80% dw. Regarding pigment
content, the highest concentrations of phycoerythrin, carotenoid and chlorophyll 2 were obtained,
respectively, from P. cartilagineum (0.09 mg.mL ™), Porphyra umbilicalis (1.88 ug.g~' fw) and Jania
rubens (38.41 pg.mL ™). We concluded that there are significant differences between the species
studied regarding their nutritional profile, with a marked difference between Corallinales and all
other species not belonging to this order; regarding pigment content, this variation between orders
was not observed. Nevertheless, all the studied species may act as promising complements in a
human healthy diet.

Keywords: Rhodophyta; red macroalgae; nutritional profile; pigment composition

1. Introduction

Algae, like all photosynthetic organisms, are able to convert solar energy through
photosynthesis into chemical energy, which is then stored as chemical compounds [1].
These compounds have been the target of recent research endeavors and are known to
provide health benefits. The abundance and diversity of the compounds within a seaweed
follow geographical distribution [2-4], seasonal patterns [2,5-7], taxonomic position [8-10]
and processing methodologies [11]. Among algae, red seaweeds (Rhodophyta) are highly
valued as a natural food and feed source, and the compounds extracted from them are
reportedly notorious for their biotechnological significance [12-14]. The high content of
proteins, vitamins, carotenoids ([3-carotene, lutein and zeaxanthin), phycobilin pigments
(especially phycoerythrin), polysaccharides and dietary fibers, coupled with a low calorie
content (yet rich in omega 3 and omega 6 fatty acids) [15], renders Rhodophyta particularly
appealing from a nutritional perspective. Furthermore, there has been an increasing effort
to find novel, biologically active compounds from red seaweeds with cost-efficient and
economically viable nutraceutical, cosmeceutical and pharmaceutical applicability [13].
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Rhodophyta species have been acknowledged and used for ages, especially species
such as Porphyra sp., Chondrus crispus, Palmaria palmata and the agarophytes Gracilaria sp.
and Gelidium sp. Porphyra sp. have held a key position in the history and tradition of
several Asian countries, in a medicinal and culinary context, since ancient times; the mar-
ket for nori, the pressed sheet that is prepared from dried Porphyra/Pyropia biomass, is
widespread worldwide [16]. C. crispus, commonly known as the Irish moss, is mainly
supplied from Ireland and provides the phycocolloid carragenaan, which is widely sought
after as an ingredient in the manufacture of numerous culinary ingredients and meals [17].
P. palmata, commonly known as dulse, and also known for its pleasant edibility, is one
of the few seaweeds with an old and well-documented use in human consumption in
Europe, especially in Irish and British traditional cuisine [18]. Both Gracilaria sp. and
Gelidium sp. are famed worldwide for their high-quality agar yields, with Gracilaria be-
ing cultivated around the globe mainly to supply the agar market; although Gelidium
provides agar of superior quality, it presents cultivation challenges [19]. The literature
provides plenty of studies targeting and considering the potential health benefits of either
Porphyra sp. [10,20-25], C. crispus (e.g., [26-31]), P. palmata (e.g., [24,32-36]), Gracilaria sp.
(e.g., [37-42]) or Gelidium sp. [6,10,43-45] as well.

Also fairly well known, or, at least, acknowledged and targeted from this very same
perspective, are species such as Sphaerococcus coronopifolius (e.g., [10,46,47]), Plocamium
cartilagineum (e.g., [3,12,48,49]), Osmundea pinnatifida (e.g., [10,50]) and Jania rubens [51-53];
all these species are considered edible as well in certain cultures around the world [15].
Coralline seaweeds (Corallinales, Rhodophyta) have been studied mainly as a potential
calcium dietary supplement to promote bone health and structure (e.g., [54-56]). On the
other hand, there are a number of species that have not yet been studied to this extent and,
therefore, are yet to be acknowledged for their potential value as a nutritional agent.

Speaking regionally, although Portugal’s continental shores are extremely rich in
seaweed abundance and diversity, society in general no longer uses seaweeds traditionally
in cuisine, has yet to recognize their potential as a healthy food source and still looks at the
idea of seaweed edibility with a fair degree of suspicion. This is most curious as, factually,
Portugal has exploited seaweeds during very specific events over the course of a long and
historical timeline for various purposes, including as fertilizers, feed, food (during periods
of famine) and for agar extraction [57], reaching second place in world agar production
in 1971 [58]. Seaweed harvesting is an ancient profession, being noteworthy enough to
earn legal documentation; specialized tools for the trade were invented, and harvesting
activities were strictly regulated [57]. Nowadays, those traditional activities and knowledge
are lost for the most part; seaweed fertilizers were replaced by chemical alternatives, and
agar extraction activity abruptly declined [57]. Even in coastal settlements, such as fishing
towns and city ports, which are known for their historical and close relationship with the
sea and maritime activities, there is no record of seaweed being used as food, with the
exception of on the Azores islands [15]. Therefore, to date, on a European scale, and unlike
other coastal countries such as France (the first European country to regulate the use of
seaweed for human consumption [59]), Portugal has not yet played a significant role in the
ever-increasing global seaweed market, which reached USD 6.73 billion in 2021 [60].

Therefore, in the current work, we aim to provide the basic nutritional profile, as well
as the pigment content, namely, phycobiliproteins (phycoerythrin and phycocyanin), total
carotenoid content and chlorophyll a content, for eleven species of red seaweeds commonly
found on the central coast of Portugal. Specifically, we chose Porphyra umbilicalis, Ceramium
ciliatum, Osmundea pinnatifida, Chondrus crispus, Sphaerococcus coronopifolius, Plocamium
cartilagineum, Ellisolandia elongata, Amphiroa rigida, Jania rubens, Mesophyllum lichenoides and
Liagora viscida as our study targets. The results found may shed light on the nutritional and
biotechnological value that these species are likely to offer and, ultimately, draw interest
on a regional and worldwide scale and drive people to consider them further not only
from an industrial and commercial perspective but also in their daily diet routine. The
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protocol for the cultivation of species not yet farmable is under development to allow for
the commercial exploitation of the most interesting species if it proves worthwhile.

2. Materials and Methods
2.1. Biomass Harvesting and Processing

Healthy fronds of eleven red seaweed species abundant in central Portugal were
harvested from several beaches around the region of Peniche (Sao Marcos: 39°19'10” N,
9°21'24” W; Quebrado: 39°22/'3” N, 9°22/26” W; Consolacao: 39°19'27” N, 9°21/39” W;
Portinho da Areia Norte: 39°22'07” N, 9°22’41” W) and Buarcos (Buarcos: 40°09’'57” N,
8°53'05” W) during low tide and transported to the laboratory inside cooled boxes in
the dark. The red seaweed species selected were Porphyra umbilicalis, Ceramium ciliatum,
Osmundea pinnatifida, Chondrus crispus, Sphaerococcus coronopifolius, Plocamium cartilagineum,
Ellisolandia elongata, Amphiroa rigida, Jania rubens, Mesophyllum lichenoides and Liagora viscida.
All species belong to the class Florideophyceae, except P. umbilicalis, which belongs to
class Bangiophyceae. The season and coordinates for each species were collected and are
shown in Table 1.

Table 1. List of the species presently studied, corresponding code names and harvesting season.

Species Order Code Harvest Season Coordinates
Porphyra umbilicalis (Linnaeus) J.Agadh Bangiales PoUm Winter 39°19'10” N, 9°21'24” W
Ceramium ciliatum (J.Ellis) Ducluzeau Ceramiales CeCi Summer 39°19'27” N, 9°21'39” W
Osmundea pinnatifida (Hudson) Stackhouse Ceramiales OsPi Winter 39°22/07” N, 9°22/41" W
Chondrus crispus Stackhouse Gigartinales ChCr Spring 40°09'57” N, 8°53/05” W
Sphaerococcus coronopifolius Stackhouse Gigartinales SpCo Summer 39°22/3" N, 9°22'26” W
Plocamium cartilagineum (Linnaeus) P.S.Dixon Plocamiales PlCa Winter 39°19'10” N, 9°21/24” W
E”ZS0l’;g?{lﬁlﬁggggﬁg;ﬁj;ljnder) Corallinales EIEL Winter 39°19'10” N, 9°21'24” W
Amphiroa rigida J.V.Lamouroux Corallinales AmRi Winter 39°19'10” N, 9°21'24” W
Jania rubens (Linnaeus) J.V.Lamouroux Corallinales JaRu Winter 39°19'10” N, 9°21/24” W
Mesophyllum lichenoides (J .Ellis) Me.Lemoine Hapalidiales MeLi Winter 39°19'10” N, 9°21'24” W
Liagora viscida (Forsskal) C.Agardh Nemaliales LiVi Summer 39°22/3” N, 9°22/26” W

In the laboratory, filtered seawater was used to wash the collected biomass, which
was subsequently meticulously cleaned by removing debris, epiphytes, other adherent
organisms and unhealthy tissue. The healthy, clean biomass was then stored at —20 °C to
be used in all subsequent analyses described below that required either frozen or dried
(25 °C, 48 h) (Binder, FD115) seaweed biomass.

2.2. Yield of Moisture Content and Ash Quantification

The determination of the moisture yield and ash content in seaweed biomass was
performed according to AOAC [61]. Briefly, the yield of the moisture content was deter-
mined by oven-drying (Binder, FD115) a portion of fresh biomass (105 °C, 48 h), which
was then left to cool until a constant weight was achieved. The ash content was assessed
by heating the dried biomass in a muffle furnace (525 °C, 5 h) (Nabertherm, B170) and
allowing it to cool to a constant weight. The moisture yield and ash content were expressed
as percentages of fresh weight (fw) and dry weight (dw), respectively.

2.3. Crude Protein Determination

The crude protein content in the seaweed biomass was estimated by assessing its
nitrogen content according to the Kjeldahl method [62]. An amount of dried and ground
biomass (0.5 g) was processed in digestor (Foss, Digestor2006, Hillered, Germany) and
distilling (Foss, Kjeltec2100, Hillerod, Germany) units before its titration to determine
the ammonia (and thus, nitrogen) present in the sample. The protein content was then
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estimated by multiplying this nitrogen value by the conversion factor of 5 [63] and was
expressed as percentage of dry weight (% dw).

2.4. Lipid Content Quantification

The lipid content in the seaweed biomass was determined according to Folch [64].
An amount of previously dried and ground biomass (1 g) was rehydrated in 0.8 mL of
ultrapure water and homogenized in a solution of chloroform and methanol (2:1 v/v)
for 6 min. Afterwards, the mixture was cleaned with 0.8% NaCl, and the lipid content
was extracted twice through centrifugation (4025x g, 10 min, 4 °C) (Eppendorf, 5810R
Horsholm, Denmark), followed by the separation of the chloroform phase through a funnel
with sodium sulphate. The chloroform fraction, containing the lipids, was removed on a
rotary evaporator (Heidolph, Laborota 4000, Burladingen, Germany), and the remaining
lipid content was then weighed and calculated. Lipid content was expressed as percentage
of dry weight (% dw).

2.5. Carbohydrate Content Quantification

The carbohydrate content in seaweed biomass was determined according to Dubois’
method [65]. The extraction was performed by adding an amount of previously dried
and ground biomass (5 mg) to a solution of sulphur acid (H,SO4, 1 M), followed by
incubation (90 °C, 60 min) (Selecta, Precisterm 6000387, Barcelona, Spain) and centrifugation
(1005x% g, 2 min) (Eppendorf, 5804 Horsholm, Denmark). Afterwards, 0.5 mL phenol (5%)
and 3 mL HpSO4 (96%) were added to the sample; the sample was left to cool at room
temperature before 6 mL of ultrapure water was added. The absorbance was then read
at 485 nm by an UV-visible spectrophotometer (Evolution201, Waltham, MA, USA). A
galactose solution was used as standard to calculate the carbohydrate content, which was
expressed as percentage of dry weight (% dw).

2.6. Pigment Content Determination
2.6.1. Phycobiliproteins

Phycobiliprotein (PBP) extraction was adapted from the methods of Dumay et al. [66]
and Beattie et al. [67]. Briefly, an amount of frozen algal sample was mixed with sodium
phosphate buffer following a biomass-to-volume ratio of 1:20. The mixture was ground
with a food processor for 1-2 min and manually ground with mortar and pestle for at least
10 min or until completely macerated. Finally, the mixture was homogenized under constant
stirring for 30 min, having been enveloped in ice to keep the temperature as low as possible.
The samples were then centrifuged (12.500x g, 20 min, 4 °C) (Eppendorf, 5810R). The
supernatant was collected, filtered whenever necessary (1.2 um) to remove lingering debris
and scanned between 300-800 nm with a UV-visible spectrophotometer (Thermo Scientific,
Evolution 201) to screen the absorption curve and to obtain the necessary absorbance values
to calculate the PBP concentrations. These PBP parameters were calculated according to the
methods of Beer and Eshel [68], Roman et al. [69] and Beattie et al. [67], and the PBPs were
phycoerythrin from red seaweeds (except Bangiales) (R-PE), phycoerythrin from Bangiales
(B-PE) and phycocyanin (R-PC).

2.6.2. Carotenoid and Chlorophyll 2 Content Determination

The extraction of chlorophyll 2 and carotenoids was adapted from the methods of
Dumay et al. [66] and Beattie et al. [67], with acetone 90% as the solvent extractor, suit-
able for extracting both carotenoids and chlorophyll 2 from seaweeds according to other
authors [25,53]. Briefly, an amount of frozen algal sample was mixed with acetone (90%)
following a biomass-to-volume ratio of 1:20. The mixture was ground with a food proces-
sor for 1-2 min and manually ground with mortar and pestle for at least 10 min or until
completely macerated. Finally, the mixture was homogenized under constant stirring for
30 min. The samples were then centrifuged (8000x g, 20 min, RT) (Eppendorf, 5810R). The
supernatant was collected, filtered whenever necessary (1.2 pm) to remove lingering debris
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and scanned between 300-800 nm with a UV-visible spectrophotometer (Thermo Scientific,
Evolution 201) to screen the absorption curve and to obtain the necessary absorbance values
to calculate the total carotenoid concentration, as described by Kirk and Allen [70], and the
chlorophyll a concentration, as described by Ritchie et al. [71].

2.7. Statistical Analysis

All assays and analyses were performed at least in triplicate (1 = 3). One-way analysis
of variance (ANOVA) was executed upon all treatments following validation of normality
and homogeneity of variances. Whenever this validation was not achieved, the non-
parametric Kruskal-Wallis test was executed. All differences were considered significant
at p-value < 0.05. Data were expressed as mean + standard deviation. All statistical
assessments were performed in SPSS Statistics 28 (IBM Corporation, New York, USA).

3. Results
3.1. Primary Composition

The analysis of the primary composition of the red seaweeds considered in the present
study revealed distinct results according to species. Regarding the variation of the yield of
moisture content (YMC) according to species, as shown in Figure 1, the values obtained
ranged from 30.05 £ 1.94% (A. rigida) to 82.00 £ 1.11% (P. umbilicalis). Different letters above
the bars indicate statistically different results (Tukey HSD test (F(10,43) = 580.877; p = 0.00)),
and the difference is evident between the results of all coralline species (E. elongata, A. rigida,
J. rubens and M. lichenoides) and all other seaweed species considered, with the former
group showing significantly lower values.

90.0

80.0

a
a 2 b
c C
70.0 d
60.0 .
50.0
g
40.0 f g h
h f
30.0
20.0
10.0
0.0

PoUm CeCi OsPi ChCr SpCo PICa EIEI AmRi JaRu MeLi LiVi

YMC (%)

Species

Figure 1. Yield of moisture content (YMC) of the eleven studied red seaweed species expressed
in % of fresh weight. PoUm: Porphyra umbilicalis, CeCi: Ceramium ciliatum, OsPi: Osmundea pin-
natifida, ChCr: Chondrus crispus, SpCo: Sphaerococcus coronopifolius, PICa: Plocamium cartilagineum,
EIEL Elisolandia elongata, AmRi: Amphiroa rigida, JaRu: Jania rubens, MeLi: Mesophyllum lichenoides,
LiVi: Liagora viscida. Values are presented as means + SD (n = 4), and lower-case letters (a to h)
indicate statistically significant differences in the Tukey HSD test (F(10,43) = 580.877; p = 0.00).

The results regarding the variation of ash content according to species, as shown in
Figure 2, showed that the values obtained ranged from 16.38 & 0.93% dw (P. umbilicalis)
to 81.93 £ 0.34% dw (E. elongata), with significant differences found between species
(Tukey HSD test (F(10,23) = 1791.090; p = 0.00)). Similar to the results found for YMC, it
is evident that there was a significant difference M. between the ash content of coralline
species (E. elongata, A. rigida, |. rubens and Mesophyllum lichenoides) and all other seaweed
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species considered, with the former group presenting radically higher values. By observing
both Figures 1 and 2, we can see that, generally, species with high YMC have low ash
content and vice versa. The exception lies with Chondrus crispus and Liagora viscida, species
whose aforementioned values do not follow this pattern; C. crispus had both a YMC and
ash content lower than 50%, while, in L. viscida, both values were higher than 60%.

90.0 € e
g f

80.0 =

)

70.0 h
60.0
50.0

Ash (% dw)

40.0 ¢

30.0 b

20.0 a
10.0 ﬂ I
0.0

PoUm CeCi OsPi ChCr SpCo PICa EIEI AmRi JaRu MeLi LiVi

Species

Figure 2. Ash content of the eleven studied red seaweed species expressed in % of dry weight.
PoUm: Porphyra umbilicalis, CeCi: Ceramium ciliatum, OsPi: Osmundea pinnatifida, ChCr: Chondrus
crispus, SpCo: Sphaerococcus coronopifolius, P1Ca: Plocamium cartilagineum, EIEL: Elisolandia elongata,
AmRi: Amphiroa rigida, JaRu: Jania rubens, MeLi: Mesophyllum lichenoides, LiVi: Liagora viscida. Values
are presented as means + SD (1 = 4), and lower-case letters (a to /1) indicate statistically significant
differences in the Tukey HSD test (F(10,23) = 1791.090; p = 0.00).

As for the protein content found in the species analyzed, Figure 3 shows that the values
obtained ranged from 3.27 £ 0.01% dw (M. lichenoides) to 23.18 £ 0.17% dw (Plocamium
cartilagineum), with significant differences between all species pinpointed by the Kruskal-
Wallis test (x?(10) = 31.670; p = 0.000). P. umbilicalis also presented a noteworthy protein
content (18.27 £ 0.19% dw), and, again, the coralline species all showed very low values
(<5% dw) when compared to the majority of the remaining species, with the exception
of Liagora viscida.

The values obtained for the lipid content in the species analyzed (Figure 4) were gen-
erally quite low for all species, ranging from 0.29 & 0.06% dw (J. rubens) to 1.80 £ 0.14% dw
(P. cartilagineum), with significant differences between all species pinpointed by the Kruskal-
Wallis test (x2(10) = 28.848; p = 0.001). Plocamium cartilagineum and O. pinnatifida had the
highest lipid content, whereas coralline algae showed remarkably low lipid values overall.

The results showed that the species analyzed had variable carbohydrate levels (Figure 5),
ranging from 6.24 & 0.56% dw (M. lichenoides) to 40.23 £ 1.87% dw (S. coronopifolius), with
significant differences among all species pinpointed by the Tukey HSD test (F(10,32) = 170.637;
p = 0.00). Following S. coronopifolius, C. crispus and P. umbilicalis also showed appreciable
carbohydrate content (36.58 % 3.06% and 31.89 £ 1.65% dw, respectively), while all coralline
algae showed values no higher than 7.78 & 0.90% dw. Ceramium ciliatum, O. pinnatifida and
P. cartilagineum had similar carbohydrate content (~20% dw).
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Figure 3. Protein content of the eleven studied red seaweed species expressed in % of dry weight.
PoUm: Porphyra umbilicalis, CeCi: Ceramium ciliatum, OsPi: Osmundea pinnatifida, ChCr: Chondrus
crispus, SpCo: Sphaerococcus coronopifolius, P1Ca: Plocamium cartilagineum, EIEl: Elisolandia elongata,
AmRi: Amphiroa rigida, JaRu: Jania rubens, MeLi: Mesophyllum lichenoides, LiVi: Liagora viscida.
Values are presented as means + SD (n = 3), and asterisks (*) indicate statistically significant differ-
ences between the species with the highest protein content (PICa) and all other remaining species
(Kruskal-Wallis test (x*(10) = 31.670; p = 0.000)).

2.5
2.0
3
©
2 15
k=
Q
5
o 1.0
o
2 * *
- *
0.5

0.0 ﬁ ﬁ
PoUm CeCi OsPi ChCr SpCo PICa EIEI AmRi JaRu MeLi LiVi
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Figure 4. Lipid content of the eleven studied red seaweed species expressed in % of dry weight.
PoUm: Porphyra umbilicalis, CeCi: Ceramium ciliatum, OsPi: Osmundea pinnatifida, ChCr: Chondrus
crispus, SpCo: Sphaerococcus coronopifolius, P1Ca: Plocamium cartilagineum, EIEl: Elisolandia elongata,
AmRi: Amphiroa rigida, JaRu: Jania rubens, MeLi: Mesophyllum lichenoides, LiVi: Liagora viscida.
Values are presented as means £ SD (n = 3), and asterisks (*) indicate statistically significant dif-
ferences between the species with the highest lipid content (PICa) and all other remaining species
(Kruskal-Wallis test (x*(10) = 28.848; p = 0.001)).
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Figure 5. Carbohydrate content of the eleven studied red seaweed species expressed in % of dry
weight. PoUm: Porphyra umbilicalis, CeCi: Ceramium ciliatum, OsPi: Osmundea pinnatifida, ChCr: Chon-
drus crispus, SpCo: Sphaerococcus coronopifolius, PICa: Plocamium cartilagineum, EIEl: Elisolandia elongata,
AmRi: Amphiroa rigida, JaRu: Jania rubens, MeLi: Mesophyllum lichenoides, LiVi: Liagora viscida. Values
are presented as means + SD (n = 3), and lower-case letters (a to e) indicate statistically significant
differences in the Tukey HSD test (F(10,32) = 170.637; p = 0.00).

3.2. Pigment Composition

The analysis of the pigment composition, specifically the PBP phycoerythrin and
phycocyanin, carotenoids and chlorophyll a, for all algae studied, showed marked dif-
ferences between species. Specifically, phycoerythrin concentrations, shown in Figure 6,
ranged from 0.01 mg.mL~! (both in O. pinnatifida and L. viscida) to 0.09 + 0.02 mg.mL ! in
Plocamium cartilagineum, with significant differences found between species (Tukey HSD
test (F(10,32) = 46.407; p = 0.00)). Most of the coralline algae studied, specifically E. elongata,
A. rigida and ]. rubens, showed values around 0.05-0.1 mg.mL~!, which were comparable
to C. ciliatum and S. coronopifolius.

Phycocyanin concentrations and yields were found to be quite low for all species
studied (Table 2), not exceeding 0.01 mg.mL’l for P. umbilicalis, C. ciliatum, O. pinnatifida and
P. cartilagineum, while all the remaining studied species did not show readable phycocyanin
content; significant differences were shown by the Kruskal-Wallis test (x?(10) = 29.271;
p =0.001).

Regarding carotenoid content, shown in Figure 7, differences were found among all
species studied (Kruskal-Wallis test (x%(10) = 31.451; p = 0.000). The values ranged from
1.88 4- 0.29 ug.g~! for P. umbilicalis to 0.12 + 0.02 pg.g~! for C. crispus. Interestingly, Jania
rubens presented a carotenoid content of 1.87 & 0.10 pg.g !, a value reached by no other
coralline algae, which showed values ranging from 0.15 4 0.01 pg.g~! (M. lichenoides) to
1.05 4 0.06 ng.g~ ! (A. rigida).



J. Mar. Sci. Eng. 2022, 10, 1168

90f23

0.1
d
~ 0. l
€
£ o1
S C
2 C
g o L c I .
e b
8 o0 =
L a a
o b b
0.0
0.0 - = o

PoUm CeCi OsPi ChCr SpCo PICa EIEI AmRi JaRu MeLi LiVi
Species

Figure 6. Phycoerythrin concentration of the eleven studied red seaweed species expressed in
mg.mL~! of fresh weight. PoUm: Porphyra umbilicalis, CeCi: Ceramium ciliatum, OsPi: Osmundea
pinnatifida, ChCr: Chondrus crispus, SpCo: Sphaerococcus coronopifolius, PICa: Plocamium cartilagineum,
EIEL Elisolandia elongata, AmRi: Amphiroa rigida, JaRu: Jania rubens, MeLi: Mesophyllum lichenoides,
LiVi: Liagora viscida. Values are presented as means + SD (n = 3), and lower-case letters (a to ¢)
indicate statistically significant differences in the Tukey HSD test (F(10,32) = 46.407; p = 0.00).

Table 2. Pigment concentration (mg.mL_l) of the eleven species presently studied expressed in
mean + standard deviation (n = 3).

Species PC (mg.mL-1)
Porphyra umbilicalis 0.009 + 0.003
Ceramium ciliatum 0.006 & 0.001
Osmundea pinnatifida 0.008 + 0.001
Chondrus crispus 0.004 + 0.001
Sphaerococcus coronopifolius 0.001 4= 0.000
Plocamium cartilagineum 0.006 + 0.001
Ellisolandia elongata 0
Amphiroa rigida 0
Jania rubens 0
Mesophyllum lichenoides 0
Liagora viscida 0

As for chlorophyll 4, differences in this pigment concentration (Figure 8) were also
found between all species studied (Kruskal-Wallis test (x>(10) = 30.930; p = 0.001). Val-
ues ranged from 2.27 + 0.50 pg.g ! for C. crispus to 38.41 & 2.84 pg.g~! for J. rubens.
Again, J. rubens stood out, with a value of 1.87 & 0.10 pg.g !, a value reached by no other
coralline algae; others presented values ranging from 2.89 + 0.25 ug.g~! (M. lichenoides) to
15.86 4 1.29 ug.g~! (A. rigida). Generally, the pattern obtained was similar to that found
for carotenoid concentrations, with the species showing a higher carotenoid content also
presenting a higher chlorophyll a content.
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Figure 7. Carotenoid concentration of the eleven studied red seaweed species expressed in pg.g ™!
fresh weight. PoUm: Porphyra umbilicalis, CeCi: Ceramium ciliatum, OsPi: Osmundea pinnatifida,
ChCr: Chondrus crispus, SpCo: Sphaerococcus coronopifolius, PICa: Plocamium cartilagineum, EIEL: Elisolan-
dia elongata, AmRi: Amphiroa rigida, JaRu: Jania rubens, MeLi: Mesophyllum lichenoides, LiVi: Liagora
viscida. Values are presented as means & SD (1 = 3), and asterisks (*) indicate statistically significant
differences between the species with the highest carotenoid content (PoUm) and all other remaining
species (Kruskal-Wallis test (x3(10) = 31.451; p = 0.000)).
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Figure 8. Chlorophyll a concentration of the eleven studied red seaweed species expressed in
ug.mL~! fresh weight. PoUm: Porphyra umbilicalis, CeCi: Ceramium ciliatum, OsPi: Osmundea
pinnatifida, ChCr: Chondrus crispus, SpCo: Sphaerococcus coronopifolius, P1Ca: Plocamium cartilagineum,
EIEL Elisolandia elongata, AmRi: Amphiroa rigida, JaRu: Jania rubens, MeLi: Mesophyllum lichenoides,
LiVi: Liagora viscida. Values are presented as means %+ SD (1 = 3), and asterisks (*) indicate statistically
significant differences between the species with the highest chlorophyll a content (JaRu) and all other
remaining species (Kruskal-Wallis test (x?(10) = 30.930; p = 0.001)).
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4. Discussion

In the present work, we provided the basic nutritional profile and pigment content
determination for eleven seaweed species that commonly occur across the central coast of
Portugal. Our target species, Porphyra umbilicalis, Ceramium ciliatum, Osmundea pinnatifida,
Chondrus crispus, Sphaerococcus coronopifolius, Plocamium cartilagineum, Ellisolandia elongata,
Amphiroa rigida, Jania rubens, Mesophyllum lichenoides and Liagora viscida, were widely
available for collection, although they seemingly had a specific season when they are
most easily found. Specifically, all species were easily found during winter (and colder
waters), with the exception of C. crispus, which was collected during spring, and C. ciliatum,
S. coronopifolius and L. viscida, which were collected during summer.

It is known that the biochemical profile of a seaweed is shaped not only according to
taxonomic classification [8-10] but also according to seasonal patterns and environmental
gradients [2,5-7], as previously stated. In this sense, although our working hypothesis in
the present study revolved around differences in the basic nutritional profile and pigment
composition according to species, we are aware that, since these species were collected dur-
ing specific seasons, we should take this into account as well, not only when discussing our
findings, but also when comparing them with other studies. Furthermore, the collection of
each species from only one locality also limited our understanding of the natural variability
that these species can show.

4.1. Primary Composition

Regarding the primary composition of the eleven seaweeds studied, we found that
there were differences between species for all the analyses performed, backed up by statis-
tical tests, all stated previously. This is not surprising, as several authors that endeavored
to study the nutritional profile and/or pigment composition of a range of species in a
single study also discovered differences according to species and pinpointed the most
promising ones.

4.1.1. Yield of Moisture Content and Ash Content

We observed that higher YMC corresponded, generally, to a lower ash content and vice
versa. The ash content measures the total mineral content in a biological sample, and, in sea-
weeds, this fraction usually comprises sodium, potassium, iron, zinc and magnesium, all of
which are essential in human nutrition and not as easily found in edible land plants [31,72].

Regarding ash content, it is noteworthy to point out the clear distinction between
coralline algae and all other species studied, with the exception of L. viscida, which also
had values similar to corallines. Factually, coralline algae have highly mineralized fronds
and are a species otherwise known to be poor in other elements that commonly occur in
other Rhodophyta families. These species obtain and accumulate carbonate salts from
seawater [54], and we assume that the resulting calcium content might have contributed to
the overall ash content observed. Although not a coralline algae, L. viscida is a species that
has also a fair amount of calcium carbonate in its structure, and, therefore, it was not sur-
prising to find it grouped with other coralline with respect to ash content. Among the other
remaining algae studied, P. cartilagineum and O. pinnatifida presented the highest amount of
ash, respectively, 39.23% dw and 37.06% dw, which shows their value in providing essential
minerals other than calcium.

On the other hand, we found P. umbilicalis had 16.38% ash content; previous stud-
ies reported variable amounts of ash content for P. umbilicalis, namely 12% dw [73] and
28.16% dw (for Porphyra sp. [74]). C. ciliatum showed an ash content of 23.97% dw, while
other authors found lower values for Ceramium spp., namely, 11.35% dw for Ceramium di-
aphanum [75] and 27.1% dw for Ceramium sp. [21]. O. pinnatifida’s ash content of 37.06% dw
was similar to the previously reported values, namely, 30.62% dw [8], 32.3% dw [21] and
38.55% dw [74]. C. crispus had an ash content of 22.19% dw, in range of that reported
previously (21.44% dw [76] and 29.46% dw [26]). Jania rubens presented an ash content
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of 78.60% dw, higher than that found in another study (up to 48.82% dw) [52]. Values
regarding the other studied species were not found in literature for comparison purposes.

4.1.2. Protein Content

The protein found in seaweeds is an excellent source of essential amino acids, which
represent almost half of the total amino acids they naturally own. Therefore, seaweeds
are particularly interesting from a nutritional standpoint and can potentially minimize the
issue of protein malnutrition in the human diet [72]. Protein values can reportedly vary
according to taxa, although red seaweeds are known to have the highest protein content,
which can reach up to 47% dw, of all phyla [77]; in turn, the protein content can be heavily
shaped by geographic location, season, environment and even methodologies [10].

In our study, the highest value obtained was 23.18% dw for P. cartilagineum but, as
stated, several factors play into calculating the metabolite content and diversity even within
species, namely, seasonal conditions and the methodologies adopted. On the other hand,
the lowest values were found for all the coralline species considered.

P. umbilicalis presented 18.27% dw of protein content, only surpassed by Plocamium
cartilagineum, but this species regularly showed higher protein content throughout the
literature. For example, P. umbilicalis protein extracts with 22.6% yield were reported by
Harrysson et al. [22], while dry biomass had highly variable protein values among the liter-
ature, with authors reporting, for example, 24.11% dw [78], 24.82% dw [74], 25.80% dw [10],
28.29% dw [76], 31.4% dw (all for Porphyra sp.) [79], 40% dw (for P. umbilicalis) [73] and
44% dw (for Porphyra sp.) [21]. In this sense, values found for the P. umbilicalis presently
studied were indeed low in comparison, but again, this can be explained not only according
to the geographic variation and season at the time of harvest but also by the different
extraction methodologies adopted by each author. C. ciliatum showed a protein content
of 14.21% dw, which is in range of that found by other authors for Ceramium spp., namely,
14% dw for C. diaphanum [75], although higher protein concentrations were also found
(31.2% dw for Ceramium sp. [21]). Osmundea pinnatifida yielded 15% dw of protein, a value
lower than that previously reported by other authors, who found a protein content of
20.64% dw [10], 20.79% dw [74], 23.8% [8] and 27.3% dw [21]. Chondrus crispus presented
a protein content of 15.10% dw, in range of that found by previous studies (17% dw [26]
and 20.10% dw [76]). Sphaerococcus coronopifolius presented a protein content of 12.65% dw
in our study, lower than that obtained in previous works, namely, 19.56% dw [10]. Jania
rubens presented a low protein content (4.70% dw) similar to that found by another study
(up to 3.41% dw) [52]. For the remaining species analyzed, we did not find studies that
allowed comparisons with our data.

4.1.3. Lipid Content

In red seaweeds, lipid content is known to be low, with values that are gener-
ally nutritionally adequate for a healthy diet [5], although they poorly contribute as
energy providers [80].

Similar to what was observed for protein content, all corallines showed lower val-
ues than any other species, whereas P. cartilagineum and O. pinnatifida stood out with,
respectively, 1.80% dw and 1.68% dw of fat content. Nevertheless, all values found
were below 1.80% dw, thus being within range of what is usually reported for red sea-
weeds [5,8,26,38,79,81] and seaweeds in general [21,52,79,82].

4.1.4. Carbohydrate Content

In seaweeds, the abundance and composition of carbohydrates varies across species;
within Rhodophyta, we typically find floridean starch, cellulose, xylan and mannan [72].
The soluble fiber fraction is, in turn, rich in sulphur-containing galactans such as agar and
carrageenan, both earning a worldwide standing in global food industries [72,83]. Specifi-
cally, in the order Bangiales genus Porphyra/Pyropia, we found the sulphated polysaccharide
porphyrin, for which there has been well-documented research on its bioactivity poten-
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tial (such as anti-tumoral and anti-viral activity) and its possibilities as a promoter of
human health [72].

In the present study, S. coronopifolius, C. crispus, P. umbilicalis and L. viscida presented
remarkably high carbohydrate values (40.23%, 36.58%, 31.89% and 29.80% dw) when
compared to the other remaining species, thus, being good candidates for future research
regarding the diversity and composition of the carbohydrates presently measured and their
suitability for human nutrition. On the other hand, all coralline algae showed very low
values when compared to the other seaweeds studied.

Each species analyzed presented distinct values when compared to their counterparts
reported throughout the literature. Specifically, P. umbilicalis presented a carbohydrate
value of 31.89% dw, as stated, while lower values were found in previous studies; a value
of 25.37% dw [74] was reported, for example. Ceramium ciliatum presented a carbohydrate
content of 20.31% dw, a value that stands between values obtained by other authors
(18.70% dw for C. diaphanum [75] and 32.33% dw for Ceramium virgatum). Osmundea
pinnatifida presented a carbohydrate content of 20.44% dw, which stands between those
previously reported by other authors, namely, 17.61% dw [74] and 32.4% for O. pinnatifida [8].
Chondrus crispus, in the present study, presented one of the highest carbohydrate contents
among all the algae analyzed (36.58% dw), but the literature reported even higher values
(53.43% dw [26]). For the other species analyzed, we did not find values in literature that
allowed comparisons across studies.

4.2. Pigment Composition

Red seaweeds are rich in phycoerythrin and carotenoids and also have a small degree
of phycocyanin and chlorophyll a. Altogether, these pigmented metabolites provide these
algae their unique red colors, hues and variations and, hence, their own place within
the phylum Rhodophyta. These natural pigments, regardless of their source (as none is
exclusively found in red macroalgae), have been widely studied recently, having a range
of well-documented applications in biomedical research, therapeutics, clinical diagnosis
and cosmeceutical /pharmaceutical industries, as well as application in food as both a
coloring agent [84-91] and nutritional booster [92,93], and effectiveness as an antioxidant
agent [94-98], among other bioactivities [34,95,99-101].

4.2.1. Phycobiliprotein Content

Phycobiliproteins (PBP) are pinkish-red pigments known for their noteworthy spec-
troscopic properties, exhibiting high excitation/emission spectra, a high absorption co-
efficient, high quenching stability and water solubility [102,103]. These qualities render
PBP suitable for applications in flow cytometry, immunofluorescence microscopy [104]
and cancer therapy [105]. As such, these natural pigments have proven their usefulness
in not only the cosmeceutical and pharmaceutic industries, as mentioned earlier (where
they shine as bioactive agents), but also in biomedical research, clinical diagnostics and
therapeutics [84-86,106].

Regarding phycoerythrin (PE) and phycocyanin (PC) content, P. cartilagineum provided
0.09 mg.mL ! of PE, the highest value obtained for all the species considered, while both
O. pinnatifida and L. viscida presented the lowest values (0.01 mg.mL™!). In fact, the
difference between P. cartilagineum and all other species considered is noteworthy and
provides clues about the potential of this species in providing PE; although their results
were not close to P. cartilagineum, the species C. ciliatum, S. coronopifolius, E. elongata, A. rigida
and |. rubens are worth due consideration as well. In fact, of all the coralline studied,
E. elongata had the highest PE content, and it is a known as a potential candidate for PE
extraction and applications [72,107]. These results may, therefore, pave the way for future
studies regarding the biotechnological potential of the PE extracted from these species,
namely, in terms of bioactivities.

Considering comparisons with the results obtained in the literature, in our study,
P. umbilicalis presented one of the lowest PE values (0.21 mg.mL~!) when compared to
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other algae, while previous studies reported distinct values for P. umbilicalis concentra-
tions. To mention a few examples, previous studies reported that Porphyra spp. yielded
variable PE and PC concentrations, namely, PE: 0.35 mg.mL~! dw for Porphyra sp. [108],
PE: 8319 ug.g~! and PC: 5305 pg.g~! for Porphyra spp. [25]. Kim et al. [109] reported
that lower temperatures enhance PE contents in P. umbilicalis, having achieved values
of 26 mg.g~! fw. However, it must be noted that several authors possibly considered,
calculated and discussed Porphyra PE as R-PE and not the B-PE that Bangiophyceae possess.
These pigments are fundamentally different in their structure and spectral data, namely,
absorption peaks (A max-B-PE: 546, 565 nm; R-PE: 496, 546, 565) and extinction coefficients
(B-PE: 2.410.000 cm~! M~1; R-PE: 1.960.000 cm ™~ M~1) [110].

For the other species, such as C. ciliatum, we obtained a PE content of 1.23 mg.mL’l, the
second highest PE content obtained for all the species considered in the current study, while
previous studies reported a variable PE content for Ceramium spp., namely, 0.383% dw
for Ceramium isogonium [111] and 2.13% dw for Ceramium tenuicorne [112]. E. elongata
and J. rubens yielded values of 1.11 mg.mLf1 and 0.94 mg.mLfl, the former achieving
the highest value obtained among the coralline presently considered; both values were
consistent with those reported by Ismail and Osman [113], who obtained >1 mg.g~! fw for
E. elongata and 0.91 mg.mL ! for . rubens. To date, we have not found published records
for the remaining seaweed species considered.

4.2.2. Carotenoid Content

Regarding carotenoid content, P. umbilicalis and |. rubens provided the highest values
among all species considered, namely, 1.88 pg.g ! fw and 1.88 pg.g~! fw, while C. crispus
showed the lowest value (0.15 ug.g~! fw). Both P. umbilicalis and ]. rubens are species
worth considering in future studies regarding carotenoid extraction and evaluation of its
potential in biotechnological applications. Ranking next, we found that the coralline algae
A. rigida and E. elongata also presented appreciable carotenoid values (1.05 pg.g~! fw and
0.89 ug.g~! fw, respectively).

Concerning the differences across studies, for P. umbilicalis, we reported a total
carotenoid content of 1.88 pg.g~! fw, as stated, while other authors reported values up to
74.5 ug.g~! dw. For Ceramium sp., we obtained a carotenoid content of 0.323 pug.g~! fw,
while previous authors reported a total carotenoid content of 8.77 pg.g~! dw [114] and
23 mg.g~! dw (for Ceramium rubrum) [115]. To date, we have found no published studies
for the remaining seaweed species considered in the present study.

Although we only analyzed the total carotenoid content, Takaichi et al. [116] stated that
carotenoid composition is related to Rhodophyta phylogeny, as Bangiophyceae (such as
P. umbilicalis) contain x-carotene, lutein-type and zeaxanthin-type carotenoids, with lutein
constituting more than 50% of the total carotenoid composition. Within Florideophyceae,
Takaichi et al. [116] found that carotenoid profiles differ between subclasses. Specifically,
Nemaliophycidae (such as L. viscida) reportedly contain lutein-type carotenoids similarly to
Bangiophyceae. Most orders within Rhodymeniophycidae (such as C. ciliatum, O. pinnatifida,
C. crispus, S. coronopifolius and P. cartilagineum) contain lutein-type carotenoids; an exception
is Gracilariales, which we did not include in the present study. Among Corallinophycidae,
more specifically, those in the order Corallinales, Lithophylloideae (such as A. rigida)
contain lutein-type carotenoids, and Corallinoideae (such as E. elongata and |. rubens)
contain anteraxanthin-type carotenoids, while the order Hapalidiales (such as M. lichenoides)
contains lutein-type carotenoids [116,117]. The variation between the carotenoid profiles
according to taxonomic position alone may explain the differences found between some of
the species considered, such as the difference between the carotenoid content in P. umbilicalis
and that of all other species. Yet, if this is the case, we would also have found a close
relation between . rubens and E. elongata, but both had highly discrepant carotenoid values.
Another example that stands out is C. crispus, which presented low carotenoid values when
compared to the other species within Rhodymeniophycidae, although they reportedly share
the same carotenoid profile. However, it is a Gigartinales, highly rich in sulphated galactan
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carrageenan, which is a phycocolloid that may somehow prevent efficient extraction of
any other compound.

In this sense, other hypotheses come into play when discussing carotenoid varia-
tion between species, specifically, geographic distribution, season pattern and extraction
methodologies, which have not yet been adapted on a species-specific basis. In fact, even
the same species of algae can show distinct carotenoid levels and composition shaped by
the environmental conditions maintained during their growth [114] and even shaped by
the extraction and analytical methods employed to study these metabolites.

4.2.3. Chlorophyll a Content

The study of chlorophylls from seaweeds is highly important, given that these metabo-
lites possess a range of biological activities, such as anti-cancer activity [118], and might
potentially serve as a magnesium source since this compound is highly bioavailable
from chlorophylls [119].

For chlorophyll a, in our study, P. umbilicalis presented 26.68 ng.g~!, which was
lower than in previous studies, which reported a Chl a content of up to 542.2 ug.g~! [25].
Similarly, C. ciliatum yielded a Chl a content of 11.15 pg.g~!, whereas previous studies
reported a content of 90 pg.g~! (for Ceramium rubrum). On the other hand, A. rigida
showed a Chl a content of 15.855 pug.g~!, a higher value than that obtained by previous
studies, which reported values of 13.65 mg.g ! for A. rigida [120] and 0.4 to 1.6 mg.g~! for
Amphiroa fragilissima [121]. We did not find published registers for the remaining seaweed
species considered.

4.2.4. Additional Considerations

Although the differences in pigment content between our species and those studied
by other authors can be explained by geographical and seasonal differences, several other
factors certainly played a role as well. The molecular structure of the biological sample
must be taken into account. Ana-Marija et al. [100] mentioned that red seaweeds have
a distinct chemical and cellular structure when compared to other organisms, such as
other macroalgae and microalgae taxa, but we hypothesize that these discrepancies can
also be found within Rhodophyta according to taxonomic classification and divergence
in time. Because a simpler chemical and cellular structure facilitates solvent penetra-
tion [100], this might explain the different concentrations obtained between species for all
the pigments considered.

On the other hand, differences in algal processing and in extracting the solvent itself
(regarding type and/or concentration) can also produce quite distinct results. For example,
although we chose to use fresh algae for all pigment measurements, as advised by Beattie
et al. [67], many authors presented their results in units of dry weight, which renders
comparisons across studies not entirely immediate or intuitive. Next, as an example of
the differences driven by the use of different solvents, both acetone and methanol are
popular solvents for carotenoid extraction and would certainly yield different results
(e.g., [25]). Lastly, the importance of the method itself must be stressed, not only regarding
the extraction but also with respect to the readings (with UV-Vis and HPLC popularly
applied for this matter) and the final calculations (such as differences between the equation
formulae used to calculate the concentrations of any given pigment).

4.3. Species-Specific Notes

In our study, specifically, Porphyra umbilicalis stood out in several analyses, presenting
the highest YMC and the lowest ash content and one of the highest protein and carbohydrate
contents when compared to all other species analyzed. Regarding pigment content, al-
though it did not present appreciable B-phycoerythrin contents, it did stand out remarkably
regarding carotenoid content and, to a lesser degree, chlorophyll a content. Taxonomically
speaking, P. umbilicalis is a Bangiophyceae, while all the other species considered belong
to class Florideophyceae, and both, according to Brawley et al. [122], are highly divergent;
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this fact alone might explain why P. umbilicalis stood out in the analysis performed. One
of the traits that distinguishes this species from all the other species considered is the
nature of the pigment PE, which is B-PE in Bangiophyceae, such as Porphyra spp., while
Florideophyceae contain R-PE—the analysis we performed required distinct equations that
specifically targeted each pigment. P. umbilicalis’ commercial importance has triggered
studies on a molecular level, an example being the endeavor to sequence its entire genome
by Brawley et al. [122]. With such a study, these authors sought out not only to find insights
into P. umbilicalis’ appealing nutritional profile but also into its success in growing in in-
tertidal zones, specifically mid-to-high regions which are known to be physically stressful
for other algal species and organisms [122]. Porphyra is, thus, an ancient red alga with a
unique biochemical profile likely shaped by millions of years of thriving in environments
that suffer daily fluctuations in temperature, salinity and irradiance. P. umbilicalis is well
known for its nutritional value [123], and this present study supports that fact.

Chondrus crispus is a renowned carrageenan worldwide, and the original source of
this phycocolloid, and it is a species also known for its pleasant taste, exploited as a food
ingredient in a number of countries [15]. In the present study, C. crispus was one of the
seaweeds with high carbohydrate content, appreciable protein content and low fatty acid
content, whereas, regarding pigments, it stood out as one of the species with the lowest
concentrations of all pigments analyzed. As C. crispus is a carragenophyte, which is a
phycocolloid with high gelling properties, we wondered whether this particular substance
hindered the effectiveness of the several extracting methodologies we applied to assess
the biochemical basic profile for this species; this was particularly evident when assessing
pigment content, where the values we obtained were remarkably low. Therefore, we
hypothesize that this particular alga may be an example of how protocols and extraction
methods need to be adapted depending on the species.

Sphaerococcus coronopifolius is widely reported as a source of important metabolites
with biological activity, namely antioxidant [124], antimicrobial [125,126] and anti-tumoral
activities [46,49,126]. This study provides, on the other hand, insight into the nutritional
profile of S. coronopifolius, which showed a carbohydrate content similar to that which we
obtained for C. crispus. We consider that this species may be worth exploring further to
assess its potential value as a food capable of enriching human nutritional diets.

Plocamium cartilagineum, similarly to S. coronopifolius, has been regularly studied regard-
ing its potential as a bioactive agent. Studies have assessed its antioxidant potential [48],
as well as its ability to synthetize phycobiliproteins according to light source [127]. P. car-
tilagineum, in the current study, ranked first in many of the analyses performed; this was
a curious finding, because this species is not as extensively studied as other Rhodophyta
species, such as P. umbilicalis or C. crispus, studied presently. The present study offers an
eye-opening insight regarding the potential of this species from a nutraceutical perspective,
given its high content in protein and phycobiliproteins, fatty acids, a fair degree of mineral
content and carbohydrates and, therefore, will also earn further consideration from us.

Coralline algae (e.g., E. elongata, A. rigida, ]. rubens and M. lichenoides) are particularly
important from an ecological standpoint, known as ecosystem engineers, and their strong
physical structure provides habitat and shelter for numerous forms of aquatic life [128,129].
As stated, coralline algae are one of the most important vegetable sources of calcium and
have the ability to accumulate carbonate salts from seawater [54], and this ability, coupled
with the resulting high mineral content, has been explored in a nutritional context by
several authors, within the context of bone structure and function [54,130-133]. These
studies ultimately promote the use of this group of seaweeds as a food supplement to
enrich diets low in essential minerals. In comparison to other substances, coralline algae
are generally poor in the metabolites that commonly occur in other seaweed species [54];
this was shown by the current study, where all coralline studied had a higher ash content
but were substantially lower content in protein, lipids, carbohydrates and pigments when
compared to the other species studied. However, it must be noted that J. rubens showed a
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comparatively high content in carotenoids and chlorophyll 2 compared to other coralline
and even other species.

Liagora viscida remains, to this day, one of the most poorly studied species (from
among those presently studied), although it is, reportedly, an important potential source
of metabolites with antimicrobial activity against bacteria and fungi [134]. Although
taxonomically distinct from coralline algae, L. viscida presented similar results to coralline
algae with regard to ash content, protein and fatty acids. In fact, Liagora viscida also has
the ability to accumulate calcium carbonate in its biological tissue, although to a lesser
extent than a coralline alga. One therefore wonders whether its ash content corresponds
to a substantial calcium content which, as stated, is essential to promoting bone health
and structure. L. viscida also showed a high carbohydrate content, similar to that observed
for P. umbilicalis, a fact that renders this alga worthy of consideration as a complement to
healthy human diets.

5. Conclusions

The results found shed light on the nutritional and biotechnological value of Por-
phyra umbilicalis, Ceramium ciliatum, Osmundea pinnatifida, Chondrus crispus, Sphaerococcus
coronopifolius, Plocamium cartilagineum, Ellisolandia elongata, Amphiroa rigida, Jania rubens,
Mesophyllum lichenoides and Liagora viscida by providing their primary nutritional compo-
sition and pigments. Of these eleven Rhodophyta species that have been studied, five
are consumed in Europe, namely, P. umbilicalis, O. pinnatifida, C. crispus, P. cartilagineum
and J. rubens [135]. Of these, only Porphyra sp. and C. crispus are listed in the Novel Food
Catalogue kept by the European Commission (Regulation (EU) 2017/2470), although this
non-exhaustive list includes merely 22 species of seaweeds [136]. Species such as S. coronopi-
folius and M. lichenoides are also considered edible in certain parts of the world [137]. To
date, we have not found records of the remaining species in our list of target species
for human consumption.

We hope that the present study contributes to the vast knowledge already existing for
species such as P. umbilicalis and C. crispus and that it has shed light on other species that are
not so well recognized, such as C. ciliatum, O. pinnatifida, S. coronopifolius, P. cartilagineum,
E. elongata, A. rigida, ]. rubens, M. lichenoides and L. viscida. Differences were found across
these species regarding their primary composition and pigment concentrations, which were
likely shaped by seasonal patterns, taxonomic position, processing methodologies and
data treatment. Nevertheless, the present study highlighted the potential of P. cartilagineum
(regarding protein content and phycoerythrin), S. coronopifolius (regarding carbohydrate
content), P. umbilicalis (regarding carotenoid content) and J. rubens (regarding chlorophyll
a) as food sources capable of enriching human nutritional diets. Whether the human
organism can effectively and safely incorporate these metabolites remains to be assessed by
performing bioavailability and biotoxicity assays upon these species.

All these species occur in relative abundance throughout central Portugal and remain,
to date, mostly unexplored from a nutritional and biotechnological perspective when,
in fact, most of them may be potentially of noteworthy value in relation to these topics.
Furthermore, and as stated before, the protocol for the cultivation of species not yet farmable
is under development to allow the commercial exploitation of the most interesting species,
if it proves worthwhile, and thus preserve natural populations.
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