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Abstract: Macroalgal wracks can be considered unpleasant for beach users and, consequently, they
are usually collected from most touristic beaches and discarded. However, seaweeds are an important
source of bioactive lipid compounds, such as phospholipids, glycolipids, and n-3 polyunsaturated
fatty acids (n-3 PUFA), displaying multiple health-promoting properties, including antioxidant and
antimicrobial activities. The aim of this study is to characterize the lipid composition of twelve
marine seaweed species (two green, six red, and four brown species) from macroalgal wracks of
Gran Canaria Island, and to evaluate their potential use for several purposes, including human and
animal nutrition. Lipid content, lipid classes, and fatty acid profiles of isolated specimens from the
macroalgal wracks were determined. Lipid contents ranged between 0.27 and 3.17% of dry weight,
with all species showing high phytosterols proportions and balanced omega-6/omega-3 (n-6/n-3)
ratios. In addition, Cymopolia barbata, Asparagopsis sp., and Hypnea spinella seem to be an attractive
source of both mono- and di-galactosyl-diacylglycerols, while A. stellata, Jania sp., and Lobophora
sp. are relatively rich in n-3 LC−PUFA. Finally, both green algae showed the most favorable values
for the nutritional indicators of cardiovascular health promotion. Overall, the macroalgal species
analyzed could be considered as interesting sources for human and animal nutrition.

Keywords: lipid composition; seaweed wracks; nutrition; polyunsaturated fatty acids

1. Introduction

Macroalgae play an important role as components of the marine environment, pro-
viding many essential services to the coastal ecosystem engineering [1], including global
climate change mitigation [2,3], nutrient supply to the intertidal communities, and coastal
protection from marine erosion [1]. Seaweed encompasses the usually benthic, multicellular,
and macroscopic algae [4], and is classified into Division Chlorophyta (green macroalgae),
Division Rhodophyta (red macroalgae), and Division Ochrophyta (brown macroalgae).

Algae inhabit intertidal, subtidal, and estuarine habitats, being exposed to multiple
stressors, such as temperature, light, salinity, wave action, or even predation, competi-
tion, and parasitism. As an adaptive response, algae produce a large range of secondary
metabolites [4]. Algae are considered an outstanding source of valuable compounds,
such as polysaccharides, vitamins, minerals, proteins, peptides and amino acids, pig-
ments (chlorophylls, carotenoids, xanthophylls, or phycobiliproteins), phenolic compounds,
and lipids, including the biological active n-3 long-chain (≥C20) polyunsaturated fatty
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acids (LC−PUFA) [5–9]. Polysaccharides, peptides, carotenoids, and fatty acids (FA)
have antiaging, antibiotic, and antioxidant activities [8,10,11], while fucoxanthin, which
is mainly present in brown macroalgae and diatoms, has demonstrated anti-obesity and
lipolytic properties [12,13]. Among complex lipids, phospholipids and glycolipids, such
as mono-galactosyl-diacylglycerol (MGDG), di-galactosyl-diacylglycerol (DGDG), and
sulfoquinovosyl-diacylglycerol (SQDG), have been described as anti-inflammatory and
anti-thrombotic agents [14,15]. Moreover, phytosterols (PTS) have interesting antioxidative,
anti-inflammatory, and antilipidemic properties [16], lowering the total and low-density
lipoprotein (LDL) cholesterol levels in humans [17]. Importantly, algae can biosynthesize
LC−PUFA, such as eicosapentaenoic acid (EPA; 20:5n-3), docosahexaenoic acid (DHA;
22:6n-3), and arachidonic acid (ARA; 20:4n-6), and their PUFA precursors, alpha-linolenic
acid (ALA; 18:3n-3) and linoleic acid (LA; 18:2n-6) [18]. LC−PUFA have been proven to
prevent a panel of human pathologies, such as colon and breast cancers, and neurode-
generative or inflammatory disorders [18,19]. As a result, consumers’ demand for algal
products is increasing significantly with the rising evidence supporting the nutritional
and health benefits of seaweed consumption. Several indices have been established for
evaluating the nutritional value of food products based on their FA composition. Among
them, the atherogenicity index (AI) and thrombogenicity index (TI), and the ratio between
hypocholesterolemic and hypercholesterolemic FAs (hH) are the most commonly used
indicators [20].

Additionally, seaweeds are gaining global recognition within the context of tran-
sitioning to an environmentally friendly blue bioeconomy. Thus, the use of macroal-
gae as raw material in food and feed industries, nutraceuticals, natural cosmetics, bio-
based materials (biopolymers and bioplastics), and biofuels, or for the extraction of
pharmaceutical, biomedical, and biotechnological resources (alginate, agar–agar, and
carrageenan) [9,21–24], is receiving growing attention. Furthermore, algae are acquiring
greater acceptance as fertilizers and plant bio-stimulants or as instruments for bioremedia-
tion and biomonitoring [25–27].

Seaweed farming, practiced in a relatively small number of countries predominantly
in Eastern and Southeastern Asia, together with the collection of naturally occurring marine
beach-casts and their transformation into a marketable product, are complementary strate-
gies to cope with the global demand for algae. Seaweed aquaculture—which is already
the most important source of macroalgae worldwide [28]—offers the opportunity for a
more controlled production of target species, resulting in a predictable production outcome.
In contrast, the variability in the taxonomic composition and biochemical properties of
beach-cast biomass has the potential to offer a broader range of biochemical and bioactive
compounds with possible synergistic activity and complementary functions, compared
to monospecific biomass. Moreover, the accumulation of large amounts of beach-cast
seaweeds on beaches represents an environmental problem, mainly related to the decompo-
sition of the biomass, which can produce anoxic layers and threaten the survival of coastal
communities. It can also cause economic damage in touristic areas, where large algal
biomass deposition and bad odors are usually unpleasant for beach users [1]. Consequently,
beach-cast macroalgae are often removed by local governments, transported, and dumped
in landfills, and ultimately wasted, creating the need for developing new strategies to
optimize the management and use of this biomass [1,9,21,22,29]. Therefore, the utilization
of beach-cast seaweed is especially interesting because it allows the valorization of a waste
into a resource, enabling not only to avoid the costs for the generation of biomass ex novo
through aquaculture, but also to prevent economical losses related to waste management.
In this sense, seaweed wracks could be a potential source of n-3 LC−PUFA in a global
scenario of reduced availability of these compounds due to global warming and fish stock
reduction [30]. However, the seasonal and geographical variation of the composition and
nutritional value of algal biomass, together with the reduced digestibility and bioavail-
ability of many beneficial seaweed compounds to humans or animals [28], slow down the
development of this potential industry [25,28,31].
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The main objective of this study is to characterize the lipid and FA profiles of
12 seaweed species present in the still understudied macroalgal wracks from Gran Canaria
Island coasts. In particular, it is intended to evaluate their potential as sources for both n-3
LC−PUFA and other healthy lipid molecules for human and animal nutrition, encouraging
the efficient management of marine resources in coastal communities.

2. Materials and Methods
2.1. Macroalgae Biomass

Over 2000 tons of beach-casts were picked up from Las Canteras beach
(28◦0824 N, 15◦2615 W; Gran Canaria, Spain) as part of the daily routine beach handling
carried out by local public administrations during 2018 and 2019. The relative abundance
of each collected species is shown in Supplementary Table S1. Samples of at least 20 kg
(corresponding to a minimum of 1% of the total biomass harvested in each collection event)
were randomly taken and cleaned with seawater to remove sand, encrusted material, and
epiphytes, and carefully rinsed with distilled water to remove salts. Subsequently, plastics
and other residues were removed manually before the biomass was dried in natural wind
in the shade for 24 h. After processing, the average dry vegetable matter was slightly over
10% of the initial fresh biomass weight. Finally, samples were freeze-dried and stored
at −20 ◦C until biochemical analysis in triplicate. After taxonomic identification by mor-
phological observation at light and stereo microscope of both thalli and sections [32–34]
using samples of wet biomass, twelve seaweeds species were isolated, including two green
macroalgae (Chlorophyta, Ulvophyceae): Cymopolia barbata (Linnaeus) J.V. Lamouroux
(Order Dasycladales) and Anadyomene stellata (Wulfen) C. Agardh (Order Cladophorales),
six species of red macroalgae (Rhodophyta, Florideophyceae): Jania rubens (Linnaeus) J.V.
Lamouroux (Order Corallinales), Jania sp. (Order Corallinales), Liagora sp. (Order Ne-
maliales), Asparagopsis sp. (Order Bonnemaisoniales), Laurencia sp. (Order Ceramiales),
and Hypnea spinella (C.Agardh) Kützing (Order Gigartinales), and four species of brown
macroalgae (Ochrophyta, Phaeophyceae): Stypocaulon sp. (Order Sphacelariales), Lobophora
sp. (Order Dictyotales), Dictyota sp. (Order Dictyotales), and Taonia atomaria (Woodward) J.
Agardh (Order Dictyotales) (Supplementary Figure S1).

2.2. Lipid Extraction

The total lipids (TL) of macroalgae was extracted as described by Folch et al. [35], with
small modifications [36]. A Virtis rotor homogenizer (Virtishear, Virtis, Gardiner, NY, USA)
was used to homogenize 2 mg of lyophilized samples in 10 mL of chloroform/methanol
(2:1, v/v). After adding 0.88% (w/v) potassium chloride (KCl), samples were vigorously
shaken and centrifuged at 716× g for 5 min at 4 ◦C to collect the organic solvent, which
was subsequently filtered and evaporated under a stream of nitrogen. The lipid content
was determined gravimetrically and kept at −20 ◦C at a concentration of 10 mg mL−1

in chloroform/methanol (2:1, v/v), containing 0.01% (w/v) butylated hydroxytoluene
(Sigma-Aldrich Co., St. Louis, MI, USA) as an antioxidant, until further analysis.

2.3. Lipid Classes’ Composition

Lipid classes were analyzed by the method of Olsen and Henderson [37], with minor
adaptations following Reis et al. [38]. A high-performance thin-layer chromatography
(HPTLC) in a single-dimension, double-development was carried out to isolate polar
and neutral lipids. Polar lipids were separated using 1-propanol/chloroform/methyl ac-
etate/methanol/0.25% KCl (5:5:5:2:1.8, v/v), while a mixture of hexane/diethyl ether/acetic
acid (20:5:0.5, v/v) was used for the neutral lipids. Polar and neutral lipids were quantified
by calibrated densitometry using a dual-wavelength flying spot scanner CAMAG TLC
Visualizer (Camag, Muttenz, Switzerland) [38]. Lipid classes were identified by comparison
to a mixture of cod roe lipid extract, SQDG, DGDG, and MGDG (Avanti Polar Lipids, Inc.,
Alabaster, AL, USA).
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2.4. Fatty Acid Composition

Acid-catalyzed transmethylation with toluene and 1% sulfuric acid in methanol (v/v)
of 1 mg of TL extract was developed to obtain fatty acid methyl esters (FAME) [36]. FAME
were purified by thin-layer chromatography with hexane/diethyl ether/acetic acid (90:10:1,
v/v), in 20 × 20 cm plates, separated and quantified by means of a TRACE-GC Ultra Gas
Chromatograph (Thermo Scientific, Milan, Italy) equipped with an on-column injection,
a flame ionization detector (FID), and a fused silica capillary column Supelcowax® 10
(30 m × 0.32 mm ID, df 0.25 µm; Supelco, Inc., Merck KGaA, Darmstadt, Germany) [5].
The carrier gas was He at a flow rate of 1.5 mL min−1. The oven temperature was set to
rise from 50 to 150 ◦C at a rate of 40 ◦C min−1, then from 150 ◦C to 200 ◦C at 2 ◦C min−1, to
214 ◦C at 1 ◦C min−1 and, finally, to 230 ◦C at 40 ◦C min−1 (hold time 3 min). Individual
FAME were identified by comparing their retention times with those of a mixture of
commercial standards (Mix C4-C24 and PUFA No. 3 from menhaden oil (Supelco Inc.)), and
to a well-characterized cod roe oil. When necessary, the identity of FAME was confirmed
by GC-MS (DSQ II, Thermo Scientific).

2.5. Nutritional Indices

The atherogenicity index (AI), thrombogenicity index (TI) [39], and the ratio between
hypocholesterolemic and hypercholesterolemic FAs (hH) [40] were calculated as follows
(1)–(3):

AI = [12:0 + (4 × 14:0) + 16:0]/(∑MUFA + ∑n-6 PUFA + ∑n-3 PUFA) (1)

TI = (14:0 + 16:0 + 18:0)/(0.5 × ∑MUFA + 0.5 × ∑n-6 PUFA + 3 × ∑n-3 PUFA + n-3/n-6 ratio) (2)

hH = (18:1n-9 + 18:2n-6 + 20:4n-6 + 18:3n-3 + 20:5n-3 + 22:5n-3 + 22:6n-3)/(14:0 + 16:0) (3)

2.6. Statistical Analysis

Prior to analysis, the assumptions of normality and homoscedasticity were checked,
and appropriate variance-stabilizing transformations were applied when needed. Signifi-
cant differences in TL and nutritional indices among all seaweeds and lipid compositions
(lipid classes and FA profile) from red and brown macroalgae were tested by one-way
ANOVA, followed by the Tukey HSD post-hoc test, or by the Welch’s t-test, followed by the
Dunnett T3 test when homoscedasticity was rejected. Student’s t-test or Mann–Whitney
tests for normal or non-normal distribution of data, respectively, were used to evaluate
significant differences between green macroalgae.

Similarities and differences regarding lipid composition (lipid class and fatty acid pro-
files) between seaweeds were assessed by principal component analyses (PCA).
Two hierarchical cluster analyses were performed on the factor scores, using the Ward
linkage method and the squared Euclidean distances, to categorize seaweeds into similar
lipid patterns. All statistical analyses were carried out using the IBM® SPSS Statistics 26.0
software package (IBM Corp., New York, NY, USA) for Windows, setting the statistical
significance at p < 0.05.

3. Results
3.1. Total Lipid Content

The TL of the studied seaweeds ranged greatly between species, from 0.27 ± 0.06%
dry weight (DW) (J. rubens, Rhodophyta) to 3.17 ± 0.03% DW (T. atomaria, Ochrophyta;
Table 1).
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Table 1. Total lipid content (% dry weight) of macroalgae.

Group/Phylum Species TL Content

Chlorophyta Cymopolia barbata 2.10 ± 0.16 cfg

Anadyomene stellata 2.13 ± 0.36 efg

Rhodophyta Jania rubens 0.27 ± 0.06 ab

Jania sp. 0.55 ± 0.08 ab

Liagora sp. 0.43 ± 0.00 a

Asparagopsis sp. 0.57 ± 0.15 abc

Laurencia sp. 0.92 ± 0.01 be

Hypnea spinella 1.58 ± 0.23 cefg

Ochrophyta Stypocaulon sp. 0.62 ± 0.06 abd

Lobophora sp. 1.16 ± 0.17 cdef

Dictyota sp. 2.02 ± 0.03 cf

Taonia atomaria 3.17 ± 0.03 g

Results are the means ± SD (n = 3). Different letters represent significant differences between species (p < 0.05).
TL, total lipids.

3.2. Lipid Classes Profile

All macroalgae species showed a higher total neutral lipids (TNL) fraction (39–64% of
TL) than total polar lipids (TPL; 13–27% of TL; Tables 2–4). Independently of macroalgae
species, pigments (P) were the most prominent liposoluble fraction, varying from 20 to 40%
of TL (Tables 2–4).

Table 2. Main lipid class composition (% of total lipids) of green macroalgae.

Cymopolia barbata Anadyomene stellata

PC 3.36 ± 1.27 1.10 ± 0.31
PS + PI 1.16 ± 0.38 3.41 ± 0.49 *

SQDG + PE 11.81 ± 0.80 3.91 ± 0.45 *
DGDG 8.13 ± 1.05 3.70 ± 0.64 *
MGDG 2.94 ± 1.41 2.17 ± 0.33

TPL 27.40 ± 3.33 14.29 ± 1.52 *
P 24.34 ± 2.25 32.38 ± 1.70 *

DAG 9.07 ± 1.62 8.91 ± 0.35
PTS 12.74 ± 0.51 19.53 ± 0.55 *
FFA 13.75 ± 0.53 14.01 ± 0.39
TAG 6.74 ± 0.07 9.93 ± 0.69 *
SE 3.36 ± 1.06 0.95 ± 0.10 *

UKNL 2.61 ± 0.47 nd
TNL 48.26 ± 1.95 53.33 ± 0.79 *

Results are the means ± SD (n = 3). * Represents significant differences between species (p < 0.05). PC, phos-
phatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; SQDG, sulfoquinovosyl-diacylglycerol; PE,
phosphatidylethanolamine; DGDG, di-galactosyl-diacylglycerol; MGDG, mono-galactosyl-diacylglycerol; TPL,
total polar lipids; P, pigments; DAG, diacylglycerols; PTS, phytosterols; FFA, free fatty acids; TAG, triacylglycerols;
SE, sterol esters; UKNL, unknown neutral lipids; TNL, total neutral lipids.

Table 3. Main lipid class composition (% of total lipids) of red macroalgae.

Jania rubens Jania sp. Liagora sp. Asparagopsis sp. Laurencia sp. Hypnea
spinella

PC 2.59 ± 0.31 b 3.54 ± 0.11 bc 0.87 ± 0.42 a 4.30 ± 0.30 c 3.15 ± 0.88 bc 3.59 ± 0.83 bc

PS + PI 1.28 ± 0.15 ab 1.65 ± 0.35 ab 0.99 ± 0.35 a 2.27 ± 0.56 b 2.15 ± 0.30 ab 1.98 ± 0.72 ab

SQDG + PE 3.26 ± 0.16 a 5.62 ± 0.89 bc 4.51 ± 0.65 ab 9.06 ± 2.26 d 3.16 ± 0.46 a 7.92 ± 0.28 cd

DGDG 3.15 ± 0.45 a 2.84 ± 0.75 a 4.01 ± 0.39 ab 3.27 ± 0.64 ab 3.33 ± 0.64 ab 4.76 ± 0.33 b

MGDG 2.62 ± 0.18 a 3.23 ± 1.16 ab 2.84 ± 0.72 ab 5.56 ± 0.13 b 3.82 ± 0.55 ab 2.85 ± 0.40 a

TPL 12.90 ± 0.67 a 16.88 ± 1.16 ab 13.21 ± 1.25 a 24.46 ± 2.95 c 15.60 ± 1.88 a 21.10 ± 0.66 bc

P 31.47 ± 0.59 cd 29.64 ± 3.32 bc 40.13 ± 3.48 e 36.65 ± 1.53 de 20.26 ± 1.58 a 24.17 ± 1.78 ab

DAG 6.58 ± 0.46 abc 6.28 ± 0.55 ab 7.92 ± 0.89 bc 4.20 ± 0.55 a 5.01 ± 1.23 a 8.83 ± 1.20 c

PTS 21.63 ± 0.59 cd 14.88 ± 2.62 ab 22.97 ± 1.83 d 19.29 ± 2.15 bcd 16.80 ± 1.09 abc 13.11 ± 1.68 a

FFA 15.60 ± 1.57 b 17.74 ± 0.41 b 9.71 ± 0.93 a 7.32 ± 1.07 a 31.80 ± 1.24 d 21.26 ± 1.55 c

TAG 6.19 ± 1.15 b 13.36 ± 2.70 c 1.35 ± 0.61 a 5.40 ± 2.36 ab 3.70 ± 0.29 ab 6.58 ± 1.77 b
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Table 3. Cont.

Jania rubens Jania sp. Liagora sp. Asparagopsis sp. Laurencia sp. Hypnea
spinella

SE 5.63 ± 0.86 ab 1.21 ± 0.14 a 2.47 ± 0.99 ab 2.67 ± 1.28 ab 5.79 ± 1.82 b 4.41 ± 1.88 ab

UKNL nd nd 2.23 ± 0.69 nd 1.04 ± 1.12 0.53 ± 0.92
TNL 55.63 ± 1.87 bc 53.47 ± 3.77 b 46.66 ± 4.73 ab 38.89 ± 4.46 a 64.14 ± 0.39 c 54.73 ± 2.41 b

Results are the means ± SD (n = 3). Different letters within each row represent significant differences be-
tween species (p < 0.05). PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; SQDG,
sulfoquinovosyl-diacylglycerol; PE, phosphatidylethanolamine; DGDG, di-galactosyl-diacylglycerol; MGDG,
mono-galactosyl-diacylglycerol; TPL, total polar lipids; P, pigments; DAG, diacylglycerols; PTS, phytosterols; FFA,
free fatty acids; TAG, triacylglycerols; SE, sterol esters; UKNL, unknown neutral lipids; TNL, total neutral lipids.

Table 4. Main lipid class composition (% of total lipids) of brown macroalgae.

Stypocaulon
sp. Lobophora sp. Dictyota sp. Taonia

atomaria

PC 3.64 ± 1.28 b 1.63 ± 0.35 ab 1.25 ± 0.41 a 1.30 ± 0.58 a

PS + PI 3.00 ± 0.66 3.31 ± 0.89 3.83 ± 0.63 4.09 ± 1.05
SQDG + PE 8.43 ± 2.21 5.66 ± 1.08 4.84 ± 1.01 8.57 ± 3.07

DGDG 5.82 ± 2.04 4.18 ± 0.65 2.66 ± 0.14 3.88 ± 1.86
MGDG 2.83 ± 0.56 2.77 ± 0.92 2.31 ± 0.55 3.32 ± 1.47

TPL 23.72 ± 4.49 17.55 ± 2.74 14.99 ± 2.39 21.15 ± 3.93
P 35.89 ± 3.63 30.59 ± 2.29 33.06 ± 2.90 38.03 ± 2.73

DAG 8.25 ± 0.92 a 9.59 ± 0.08 a 10.28 ± 0.64 a 14.55 ± 1.37 b

PTS 16.56 ± 1.75 a 21.84 ± 2.11 b 18.58 ± 0.78 ab 16.16 ± 2.36 a

FFA 9.76 ± 1.02 11.45 ± 0.40 14.88 ± 3.36 5.89 ± 1.58
TAG 4.86 ± 0.31 4.49 ± 0.79 6.15 ± 2.10 3.88 ± 0.46
SE 0.97 ± 0.10 b 2.07 ± 0.40 c 2.16 ± 0.61 c 0.33 ± 0.05 a

UKNL nd 2.42 ± 1.25 nd nd
TNL 40.39 ± 1.66 a 51.86 ± 0.69 b 52.35 ± 4.43 b 40.81 ± 3.97 a

Results are the means ± SD (n = 3). Different letters within each row represent significant differences be-
tween species (p < 0.05). PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; SQDG,
sulfoquinovosyl-diacylglycerol; PE, phosphatidylethanolamine; DGDG, di-galactosyl-diacylglycerol; MGDG,
mono-galactosyl-diacylglycerol; TPL, total polar lipids; P, pigments; DAG, diacylglycerols; PTS, phytosterols; FFA,
free fatty acids; TAG, triacylglycerols; SE, sterol esters; UKNL, unknown neutral lipids; TNL, total neutral lipids.

Among Chlorophyta, C. barbata presented greater TPL proportions than A. stellata; in
particular, SQDG + phosphatidylethanolamine (PE; 11.81%) and DGDG (8.13%). On the
contrary, PTS (19.53%), triacylglycerols (TAG; 9.93%), and P (32.38%) were higher in A.
stellata (Table 2).

As displayed in Table 3, free fatty acids (FFA) were more abundant in Laurencia sp.
(31.80%), while SQDG + PE was especially prominent in Asparagopsis sp. (9.06%) and H.
spinella (7.92%).

Within brown macroalgae, T. atomaria stood out with the greatest proportion of dia-
cylglycerols (DAG; 14.55%), and Lobophora sp. with that of PTS (21.84%). Finally, phos-
phatidylcholine (PC) was highest in Stypocaulon sp. (3.64%; Table 4).

PCA for seaweed lipid classes presented five components with eigenvalues >1, ac-
counting for more than 86% of the total variance. Supplementary Table S2 shows the factor
loadings and communalities after applying varimax rotation. The resulting dendrogram ex-
hibited a six-cluster classification (Figure 1). Supplementary Table S3 shows the mean factor
scores for each cluster of the dendrogram. Thus, Cluster 1 grouped two of the Rhodophyta
species, J. rubens and Liagora sp., both mainly characterized by a high average content of
PTS, and low contents of SQDG + PE, DGDG, phosphatidylserine + phosphatidylinositol
(PS + PI), DAG, and TAG. A. stellata (green seaweed), together with most species of brown
macroalgae studied (Dictyota sp., Lobophora sp., T. atomaria, and one replicate of Stypocaulon
sp.), comprised Cluster 2, having high percentages of PS + PI and DAG, but low PC and
MGDG. Clusters 3–5 comprised only one red species each: Asparagopsis sp. (Cluster 3) had
the highest average proportions of PC and MGDG, high pigment contents, and the lowest
FFA, Jania sp. (Cluster 4) was characterized by the highest average percentage of TAG, and
Laurencia sp. (Cluster 5) by the highest FFA and SE, and a reduced pigment content. Finally,



J. Mar. Sci. Eng. 2024, 12, 942 7 of 17

Cluster 6 comprised species from the three groups, with C. barbata (green), H. spinella (red),
and two replicates of Stypocaulon sp. (brown) containing high proportions of SQDG + PE
and DGDG, and low percentages of PTS.
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3.3. FA Profile

The FA profiles of green seaweeds greatly varied among species (Table 5). A. stellata
contained higher proportions of saturated fatty acids (SFA), mainly the short-chain C14
and C16 compounds, and double n-3 PUFA and n-3 LC−PUFA, while C. barbata was
richer in monounsaturated fatty acids (MUFA) and total PUFA content (179.11 ± 13.45 mg
100 g−1 DW). The high amounts of 16:2n-4 and DHA detected in C. barbata were remarkable
(7.16 and 2.05% of total FA, respectively). Finally, A. stellata stood out for its abundant EPA
(9.26%), ARA (6.90%), and stearidonic acid (SDA, 18:4n-3; 4.28%) contents.
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Table 5. Main fatty acid composition of green macroalgae.

Cymopolia barbata Anadyomene stellata

Fatty acids (% of total FA)
Total SFA 25.29 ± 1.96 39.47 ± 2.52 *

14:0 1.03 ± 0.11 9.01 ± 0.62 *
15:0 nd 0.70 ± 0.08
16:0 21.55 ± 1.06 27.23 ± 1.96 *
17:0 nd 0.39 ± 0.02
18:0 1.29 ± 0.92 1.40 ± 0.05

Total MUFA 31.84 ± 1.37 20.33 ± 0.25 *
16:1 1 7.69 ± 0.58 5.35 ± 0.23 *
18:1 2 23.12 ± 0.87 13.45 ± 0.49 *

Total PUFA 37.42 ± 1.56 36.64 ± 2.63
16:2n-4 7.16 ± 0.37 nd
16:3n-4 1.52 ± 0.09 0.32 ± 0.20 *
18:2n-6 8.70 ± 0.37 9.78 ± 0.25 *
18:3n-6 9.75 ± 0.69 2.16 ± 0.14 *
20:3n-6 0.35 ± 0.01 0.95 ± 0.10 *
20:4n-6 0.99 ± 0.06 6.90 ± 0.81 *
18:3n-3 0.76 ± 0.02 1.02 ± 0.05 *
18:4n-3 2.25 ± 0.06 4.28 ± 0.27 *
20:5n-3 1.70 ± 0.12 9.26 ± 0.78 *
22:6n-3 2.05 ± 0.11 0.97 ± 0.35 *

Total n-6 PUFA 19.79 ± 1.12 20.00 ± 1.28
Total n-3 PUFA 7.93 ± 0.30 15.93 ± 1.35 *

DHA/EPA 1.20 ± 0.03 0.10 ± 0.03 *
EPA/ARA 1.72 ± 0.05 1.35 ± 0.05 *

n-6/n-3 2.50 ± 0.05 1.26 ± 0.04 *
Total n-3 LC−PUFA 4.92 ± 0.27 10.66 ± 1.09 *

Total PUFA (mg 100 g−1 DW) 179.11 ± 13.45 90.01 ± 17.71 *
EPA + DHA (mg 100 g−1 DW) 17.96 ± 1.80 24.99 ± 5.40

Results are the means ± SD (n = 3). * Represents significant differences between species (p < 0.05). SFA, saturated
fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; LC−PUFA, long−chain
(≥C20) polyunsaturated fatty acids; DW, dry weight. Totals include other minor components not shown. 1 Mainly
n-11 and n-7 isomers. 2 Mainly n-9 and n-7 isomers. nd, Not detected.

The FA profiles also differed greatly within red macroalgae (Table 6). Thus, C16 SFA
was the most prominent FA in all species. Jania sp. had the highest amount of EPA (6.14%),
DHA (4.28%), and total n-3 LC−PUFA (10.82%). On the other hand, H. spinella was richer
in LA (6.61%) and ARA (5.49%), leading to the highest total PUFA (66 mg 100 g−1 DW),
total n-6 PUFA contents (12.90%), and n-6/n-3 ratio (2.22).

Table 6. Main fatty acid composition of red macroalgae.

Jania
rubens Jania sp. Liagora sp. Asparagopsis

sp.
Laurencia

sp.
Hypnea
spinella

Fatty acids (% of total FA)
Total SFA 60.33 ± 0.36 bd 46.59 ± 2.45 a 71.30 ± 1.13 f 68.34 ± 2.36 def 65.48 ± 0.89 ce 54.43 ± 2.51 abc

14:0 5.15 ± 0.09 b 5.57 ± 0.26 bc 6.18 ± 0.35 c 12.82 ± 0.64 d 12.01 ± 0.21 d 3.66 ± 0.06 a

15:0 1.55 ± 0.02 c 1.12 ± 0.07 b 0.96 ± 0.19 abc 0.88 ± 0.02 ab 2.36 ± 0.04 d 0.79 ± 0.08 a

16:0 49.05 ± 0.41 c 35.68 ± 1.76 a 59.55 ± 1.16 d 51.05 ± 2.24 bcd 48.17 ± 0.76 c 42.35 ± 0.52 ab

17:0 0.68 ± 0.10 c 0.57 ± 0.03 bc 0.43 ± 0.02 a 0.45 ± 0.01 ab 0.33 ± 0.01 ab 0.46 ± 0.02 ac

18:0 2.80 ± 0.06 bc 3.03 ± 0.36 c 2.57 ± 0.33 bc 2.27 ± 0.07 ab 1.91 ± 0.20 a 4.79 ± 0.27 d

Total MUFA 27.91 ± 0.25 cd 29.67 ± 1.01 d 18.88 ± 0.61 a 22.86 ± 1.46 abc 21.42 ± 0.23 a 23.37 ± 0.09 b

16:1 1 9.85 ± 0.19 d 7.56 ± 0.35 b 8.46 ± 0.15 c 6.40 ± 0.18 a 7.00 ± 0.13 b 5.82 ± 0.19 a

18:1 2 15.54 ± 0.45 bc 17.00 ± 0.52 c 8.90 ± 0.33 a 15.48 ± 1.75 abc 13.36 ± 0.11 b 17.02 ± 0.30 c

Total PUFA 6.25 ± 0.09 bc 21.89 ± 3.73 abcd 5.56 ± 0.50 ab 4.76 ± 0.22 a 9.43 ± 0.24 c 18.85 ± 0.39 d

18:2n-6 2.58 ± 0.19 b 3.59 ± 0.28 c 1.19 ± 0.14 a 0.98 ± 0.12 a 2.23 ± 0.35 b 6.61 ± 0.22 d

20:3n-6 nd 0.48 ± 0.08 b 0.32 ± 0.01 ab 0.28 ± 0.02 a 0.35 ± 0.05 ab 0.43 ± 0.01 b

20:4n-6 1.04 ± 0.14 a 3.79 ± 0.70 abc 0.77 ± 0.03 a 1.09 ± 0.08 a 2.70 ± 0.17 b 5.49 ± 0.13 c

18:3n-3 1.15 ± 0.06 b 0.99 ± 0.11 b 0.49 ± 0.04 a 0.38 ± 0.00 a 0.44 ± 0.06 a 2.54 ± 0.06 c

18:4n-3 0.27 ± 0.03 a 1.15 ± 0.15 c 0.47 ± 0.13 ab 0.39 ± 0.02 ab 0.47 ± 0.06 b 1.59 ± 0.11 d

20:5n-3 0.96 ± 0.06 b 6.14 ± 1.19 e 1.53 ± 0.17 c 0.62 ± 0.07 a 2.30 ± 0.13 d 1.25 ± 0.11 bc

22:6n-3 nd 4.28 ± 0.98 c 0.52 ± 0.10 b 0.21 ± 0.09 a nd nd
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Table 6. Cont.

Jania
rubens Jania sp. Liagora sp. Asparagopsis

sp.
Laurencia

sp.
Hypnea
spinella

Total n-6
PUFA 3.87 ± 0.04 ab 8.92 ± 1.18 cd 2.35 ± 0.26 a 2.74 ± 0.27 a 5.58 ±0.56 bc 12.90 ± 0.04 d

Total n-3
PUFA 2.38 ± 0.12 b 12.97 ± 2.54 c 3.01 ± 0.34 b 1.60 ± 0.05 a 3.29 ± 0.30 b 5.83 ± 0.31 c

DHA/EPA - 0.69 ± 0.04 b 0.34 ± 0.04 a 0.35 ± 0.19 ab - -
EPA/ARA 0.93 ± 0.07 c 1.62 ± 0.03 d 2.00 ± 0.15 e 0.57 ± 0.03 b 0.85 ± 0.03 c 0.23 ± 0.01 a

n-6/n-3 1.63 ± 0.09 b 0.69 ± 0.05 a 0.78 ± 0.07 a 1.72 ± 0.22 b 1.70 ± 0.02 b 2.22 ± 0.12 c

Total n-3
LC−PUFA 0.96 ± 0.06 a 10.82 ± 2.28 ab 2.05 ± 0.27 ab 0.83 ± 0.03 a 2.38 ± 0.24 b 1.71 ± 0.16 b

Total PUFA
(mg 100 g−1

DW)
3.72 ± 1.04 a 28.80 ± 5.43 c 5.11 ± 0.45 a 5.68 ± 1.96 a 11.00 ± 1.13 b 66.14 ± 4.66 d

EPA + DHA
(mg 100 g−1

DW)
0.57 ± 0.14 a 13.73 ± 3.13 d 1.90 ± 0.29 b 0.98 ± 0.27 a 2.68 ± 0.17 bc 4.38 ± 0.36 c

Results are the means ± SD (n = 3). Different letters within each row represent significant differences between
species (p < 0.05). SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids; LC−PUFA, long−chain (≥C20) polyunsaturated fatty acids; DW, dry weight. Totals include other minor
components not shown. 1 Mainly n-11 and n-7 isomers. 2 Mainly n-9 isomers. nd, Not detected.

Here, the 16:0 represented over 70% of saturates in all brown macroalgae (Table 7).
Total MUFA was highest in T. atomaria, mainly due to 16:1n-5, with 18.23 ± 0.30% of total
FA. DHA was not detected in either of the Ochrophyta species analyzed. EPA (6.12%)
and total n-6 PUFA content, mainly composed of 18:2n-6 (8.89%) and ARA (~6%), were
remarkably high in Lobophora sp. Finally, Dictyota sp. also showed relevant amounts of
ARA and total PUFA (Table 7).

Table 7. Main fatty acid composition of brown macroalgae.

Stypocaulon sp. Lobophora sp. Dictyota sp. Taonia atomaria

Fatty acids (% of total FA)
Total SFA 50.53 ± 1.68 c 42.22 ± 0.43 b 40.34 ± 0.89 b 36.71 ± 0.89 a

14:0 5.72 ± 0.26 a 8.09 ± 1.08 ab 7.79 ± 0.20 b 4.95 ± 0.26 a

15:0 0.96 ± 0.08 0.68 ± 0.15 0.99 ± 0.03 1.05 ± 0.21
16:0 38.31 ± 1.27 29.11 ± 1.07 28.36 ± 0.62 28.35 ± 0.86
17:0 0.47 ± 0.04 0.12 ± 0.20 0.17 ± 0.15 nd
18:0 3.37 ± 0.55 ab 2.70 ± 1.79 ab 1.86 ± 0.09 b 1.18 ± 0.12 a

Total MUFA 28.60 ± 1.39 a 25.73 ± 3.81 a 31.35 ± 0.70 a 44.77 ± 2.05 b

16:1 1 9.16 ± 0.51 b 6.63 ± 0.21 a 6.33 ± 0.16 a 6.57 ± 0.42 a

16:1n-5 1.42 ± 0.05 b 0.54 ± 0.01 a 6.21 ± 0.10 c 18.23 ± 0.30 d

18:1 2 16.52 ± 0.77 a 17.80 ± 3.39 ab 18.50 ± 0.31 ab 19.63 ± 0.88 b

Total PUFA 15.96 ± 3.70 ab 28.88 ± 3.00 c 22.21 ± 0.66 bc 11.28 ± 2.48 a

18:2n-6 6.47 ± 1.25 c 8.89 ± 0.21 d 2.89 ± 0.08 b 1.03 ± 0.05 a

20:2n-6 0.26 ± 0.00 a nd 0.75 ± 0.02 b 2.82 ± 0.43 c

20:3n-6 0.23 ± 0.03 a 0.89 ± 0.11 b 0.72 ± 0.03 b 0.31 ± 0.02 a

20:4n-6 3.08 ± 0.82 a 5.99 ± 0.78 b 6.45 ± 0.03 b 1.63 ± 0.49 a

18:3n-3 2.17 ± 0.45 b 1.00 ± 0.16 a 2.62 ± 0.04 b 0.61 ± 0.09 a

18:4n-3 1.63 ± 0.41 a 2.66 ± 0.57 a 4.28 ± 0.16 b 2.49 ± 0.59 a

20:5n-3 1.70 ± 0.36 a 6.12 ± 0.97 b 2.66 ± 0.10 a 1.57 ± 0.43 a

Total n-6 PUFA 10.24 ± 2.31 b 17.32 ± 1.10 c 11.20 ± 0.08 b 5.80 ± 1.00 a

Total n-3 PUFA 5.71 ± 1.39 a 10.26 ± 1.77 b 10.61 ± 0.38 b 5.24 ± 1.32 a

EPA/ARA 0.56 ± 0.03 b 1.02 ± 0.03 c 0.41 ± 0.01 a 0.97 ± 0.04 c

n-6/n-3 1.80 ± 0.04 b 1.71 ± 0.22 ab 1.06 ± 0.04 a 1.12 ± 0.12 a

Total n-3 LC−PUFA 1.91 ± 0.55 a 6.60 ± 1.05 c 3.70 ± 0.20 b 2.15 ± 0.66 ab

Total PUFA (mg 100 g−1 DW) 18.04 ± 7.63 a 35.76 ± 5.76 ab 81.39 ± 12.40 c 48.32 ± 8.91 b

EPA + DHA (mg 100 g−1 DW) 1.90 ± 0.76 a 7.53 ± 1.13 b 9.73 ± 1.30 b 6.71 ± 1.54 b

Results are the means ± SD (n = 3). Different letters within each row represent significant differences between
species (p < 0.05). SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids; LC−PUFA, long−chain (≥C20) polyunsaturated fatty acids; DW, dry weight. Totals include other minor
components not shown. 1 Mainly n-11 and n-7 isomers. 2 Mainly n-9 isomers. nd, Not detected.
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The PCA of macroalgal FA showed that five components had eigenvalues >1, which
accounted for more than 89% of the total variance. Factor loadings and communalities are
shown in Supplementary Table S4. The hierarchical cluster analysis revealed a dendrogram
with six clusters (Figure 2). Factor scores for each cluster are presented in Supplementary
Table S5. Thus, Cluster 1 grouped together A. stellata (Chlorophyta) and two replicates
of the Ochrophyta Lobophora sp., characterized by the highest contents of 14:0, 18:2n-6,
18:4n-3, ARA, and EPA, and the lowest of 16:0, C16, and C18 MUFA isomers. Cluster 2
comprised one single species, the green seaweed C. barbata, which had the highest average
percentages of 16:1n-7 and 18:1n-7, but low contents of 14:0, 18:0, 18:3n-3, 16:1n-5, 18:1n-5,
and 18:1n-9 isomers. Jania sp. (Rhodophyta) and one replicate of Lobophora sp. formed
cluster 3, characterized by reduced proportions of the 16:1 isomer. Cluster 4 grouped
three red macroalgae (Asparagopsis sp., Laurencia sp., and Liagora sp.), having the highest
content of 16:0 and low 18:2n-6, ARA, and EPA. Cluster 5 contained the brown seaweeds
Dictyota sp. and T. atomaria, which had the highest proportions of 16:1n-5 and 18:1 isomers.
Finally, two red macroalgal species (H. spinella and J. rubens) and Stypocaulon sp. (brown
seaweed) comprised Cluster 6, characterized by high average contents of 18:0, 18:3n-3, and
16:1 isomers.
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Lipid classes and FA profiles did not allow grouping Gran Canaria Island
beach-cast macroalgae based on their complete lipid profiles, as both parameters showed
different patterns. Similarities in their lipid profiles were only evident in the pairs
A. stellata–Lobophora sp. and Dictyota sp.–T. atomaria, which were grouped together in
both clusters (Figures 1 and 2).

3.4. Nutritional Indices

The lowest and healthiest AI and TI of all analyzed seaweeds were recorded in
C. barbata (0.43 ± 0.04 and 0.48 ± 0.05, respectively). The reduced AI in T. atomaria
(0.86 ± 0.04) and TI values (<1) in A. stellata, Jania sp., Lobophora sp., Dictyota sp., and
T. atomaria were also remarkable. The most health-beneficial hH ratio of around 1 was
found in both Chlorophyta species, and in Lobophora sp. and Dictyota sp. (Table 8).

Table 8. Atherogenicity index (AI), thrombogenicity index (TI), and hypocholes-
terolemic/hypercholesterolemic fatty acids ratio (hH) of macroalgae.

Group/Phylum Species AI TI hH

Chlorophyta Cymopolia barbata 0.43 ± 0.04 a 0.48 ± 0.05 a 0.97 ± 0.07 e

Anadyomene stellata 1.12 ± 0.14 abcd 0.55 ± 0.08 ab 1.11 ± 0.12 cef

Rhodophyta Jania rubens 2.04 ± 0.04 e 2.41 ± 0.05 e 0.26 ± 0.01 b

Jaania sp. 1.13 ± 0.12 bcd 0.76 ± 0.15 bc 0.77 ± 0.11 abcdef

Liagora sp. 3.48 ± 0.26 ef 3.28 ± 0.29 f 0.16 ± 0.02 a

Asparagopsis sp. 3.77 ± 0.34 ef 3.65 ± 0.31 f 0.20 ± 0.04 ab

Laurencia sp. 3.18 ± 0.15 f 2.60 ± 0.16 e 0.30 ± 0.02 b

Hypnea spinella 1.35 ± 0.02 d 1.41 ± 0.05 d 0.69 ± 0.01 ce

Ochrophyta Stypocaulon sp. 1.37 ± 0.10 bcd 1.29 ± 0.21 d 0.53 ± 0.08 abcd

Lobophora sp. 1.15 ± 0.12 bcd 0.76 ± 0.05 bc 0.97 ± 0.08 ef

Dictyota sp. 1.12 ± 0.02 c 0.70 ± 0.03 abc 0.86 ± 0.02 df

Taonia atomaria 0.86 ± 0.04 b 0.83 ± 0.10 c 0.66 ± 0.05 cef

Results are the means ± SD (n = 3). Different letters within each column represent significant differences between
species (p < 0.05).

4. Discussion

The global demand for seafood products, including macroalgae, has been steadily
increasing in the last decades, mainly due to the rising awareness of the population about
their important nutritional properties [41]. In macroalgae, the lipid levels are generally
low (0.2–8% DW) and highly variable intra- and inter-specifically, being influenced by
season, environment, or geographic origin, among others [42]. Overall, the set of beach-cast
seaweeds analyzed here presented lipid contents in line with values previously reported
in the existing literature [5,43]. Among the 12 macroalgae studied, the two Chlorophyta
species, together with Dictyota sp. and T. atomaria (Ochrophyta), stood out for their higher
lipid proportions (2–3% DW).

Despite the reduced abundance of lipids, macroalgae possess a wide variety of bioac-
tive lipid compounds, exhibiting a broad spectrum of health benefits for humans [41,44]. In
particular, antioxidant, antifungal, antiviral, fibrinolytic, and antitumor activities have been
described for phospholipids and glycolipids from seaweeds [14,45,46]. The high biological
activity of these molecules seems to be closely related to the structural features of the
glycosyl and acyl chains [15]. In this sense, the two green macroalgae analyzed here clearly
differed in their glycolipid profiles. Interestingly, high SQDG and DGDG levels were found
exclusively in C. barbata (Table 2), in agreement with values previously reported for two
other Chlorophyta species, Dasycladus vermicularis and Ulva sp. [5]. Also, glycolipid levels
were very variable within the red macroalgae of our study [47], emphasizing the highest
proportions of SQDG and MGDG in Asparagopsis sp. (9.1 and 5.6% of TL, respectively)
and of DGDG in H. spinella (4.9% of TL; Table 3). In contrast, the four Ochrophyta species
showed similar contents of glyceroglycolipids (Table 4), preventing them from being con-
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sidered as a valid taxonomic character within this group of macroalgae [46]. However,
the relevant abundance of SQDG in Stypocaulon sp. and T. atomaria (>8% of TL) must
be stressed.

PTS are essential components of eukaryotic life, regulating the fluidity and permeabil-
ity of cellular membranes [48], which cannot be biosynthesized by humans [49]. The Food
and Drug Administration (FDA) from the U.S. Department of Health and Human Service
(HHS) specifies that the daily dietary intake of PTS may reduce the risk of coronary heart
disease (CHD), as their LDL cholesterol-lowering properties have been demonstrated [50].
Thus, the higher the dietary intake of plant sterols, the lower the intestinal absorption of
cholesterol, and the lower the serum cholesterol level [49,51]. Remarkably, PTS exceeded
12% of TL in all studied species, particularly A. stellata, J. rubens, Liagora sp., and Asparagopsis
sp., with values of 20–23%.

Algae are a natural source of PUFA, especially the physiologically important omega-3
FA. The FA profile is characteristic of each macroalga species and may change depending
on factors such as season and/or growth conditions [41,42]. Despite this, green macroalgae
usually have similar FA patterns to terrestrial plants, with higher proportions of C16 and
C18 FA [49,52,53]. Accordingly, both C. barbata and A. stellata were rich in 16:0, 18:1n-9,
LA, and ALA, despite the remarkable differences existing between their FA profiles. In
addition, C. barbata had notable proportions of 16:2n-4 (~7%) and 18:3n-6 (~10%). Even
though 16:2n-4 has been previously cited in some diatoms [54] and green microalgae [55],
its proportion in C. barbata is striking and may suggest a taxonomic character that requires
further study. Moreover, gamma linolenic acid (18:3n-6), together with its elongation
product dihommo−gamma linolenic acid (20:3n-6), have been pointed out as important
nutraceutical compounds for preventing the development of atherosclerosis [56].

Green macroalgae usually lack the physiologically important LC−PUFA, especially
DHA [57]. Interestingly, C. barbata presented ~2% of DHA, and A. stellata contained ~7% and
~9% of ARA and EPA, respectively, which are valuable compounds for animal health and
well-being. The red macroalgae species in our work presented an FA profile consistent with
previous studies, where 16:0, 18:1n-9, ARA, and EPA were the major components [5,58,59].
Thus, H. spinella showed the highest abundance of ARA (~5%), while both DHA and EPA
were remarkably high in Jania sp. (~4% and ~6%, respectively; Table 6). In contrast, J. rubens
contained low amounts of EPA (~1%) and no DHA, thus strengthening the hypothesis of
high inter-specific and intra-generic variations in the FA composition of macroalgae. In
accordance with our study, brown algae were characterized by moderate–high propor-
tions of C14 and C16 SFA, 18:1n-9, ARA, EPA, and SDA [41,53,60,61]. It is also noticeable
that DHA was not detected in any of the four brown species analyzed, but Lobophora
sp. and Dictyota sp. were rich in other n-3 PUFAs, such as EPA (6.12 ± 0.97%) and SDA
(4.28 ± 0.16%), respectively. SDA is a metabolic intermediate in the n-3 LC−PUFA biosyn-
thetic pathway with similar beneficial physiological effects as EPA [62], enhancing the
presence of n-3 PUFA in tissues [63]. SDA has been previously stated as particularly abun-
dant in Dictyota dichotoma [5]. Finally, T. atomaria and Dictyota sp. showed remarkably high
contents of 16:1n-5 (~18% and ~6% of total FA, respectively), a quimiotaxonomic FA from
the genera Dictyopteris and Dictyota [64]. The high content of this C16 MUFA in T. atomaria
points to its broader presence in genera of brown macroalgae other than those already
reported in the literature.

Western diets currently have an n-6/n-3 ratio of 10–20/1, which is clearly far from
the balanced 1–2/1 ratio of the Paleolithic period. Consequently, current occidental so-
ciety intake of n-3 PUFA is generally insufficient, whereas that of n-6 PUFA should be
reduced [65,66]. Unbalanced n-6/n-3 ratios strengthen systemic inflammation and over-
weight [67], and at the same time, compromise the n-3 LC−PUFA biosynthesis [68]. It has
been proposed that the optimal dietary n-6/n-3 ratio should vary between 1:1 and 5:1 for
good health and well-being [69]. In this sense, all macroalgae covered in our study had
beneficial n-6/n-3 ratios and could potentially contribute to reducing the dietary n-6/n-3
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ratio in the occidental population. Furthermore, particularly interesting macroalgae, such
as Jania sp., could likely be considered as an additional natural source of n-3 LC−PUFA.

The dietary FA composition has implications in determining the risk factors of several
pathologies, including cardiovascular diseases [19], namely ischemic heart disease and
stroke. In this sense, AI, TI, and hH are analytical indicators commonly used to assess
the nutritional quality of ingested lipids based on their FA profile, and their potential
effects to human health [20,70]. AI and TI are powerful predictors that characterize the
atherogenic and thrombogenic potential of FA, respectively [20]. Thus, AI measures the
proportion of pro- and anti-atherogenic FAs, evaluating the proportions between FA that
favor the adhesion of lipids to cells of the immunological and circulatory systems and
FA that inhibit the aggregation of lipid plaques. TI shows the tendency to form clots
in the blood vessels [71]. The hH ratio assesses the effect of hypocholesterolemic and
hypercholesterolemic fatty acids on cholesterol metabolism [72], as the hypocholesterolemic
FAs diminish the LDL cholesterol, while hypercholesterolemic FAs raise it. Low values of AI
and TI and high values of hH are considered cardiovascular health promoters, preventing
thrombosis and atherosclerosis [70]. Overall, all macroalgae studied here showed AI, TI,
and hH values in line with those reported in existing literature [5,20], yet both green algae
displayed the most favorable cardiovascular health indicators (Table 8).

The different clusters obtained in both dendrograms (Figures 1 and 2), based on the
lipid class and FA composition of macroalgae, evidenced a unique lipid signature for
each species. As a result, it is complicated to determine the best macroalgae species from
beach-cast seaweeds for practical use in creating valuable biologically active food and
feed additives for human consumption and animal husbandry. In spite of this, more than
1000 tons wet weight/year of macroalgal wracks were collected in 2018 and 2019 from
Las Canteras beach, in line with previous studies conducted in the same area between
1994 and 2007 [73]. After eliminating water, sand, and other undesirable materials, the
average dry vegetal matter represented nearly 10% of the initial weight; that is, 100 tons
per year. Based on the PUFA and EPA + DHA contents (Tables 5 and 7) of the three most
abundant macroalgal species collected during 2018 and 2019: Lobophora sp. (41.8% of
total biomass), Dictyota sp. (16.4%), and C. barbata (14.8%; Supplementary Table S1), it is
estimated that a total of 55 kg of PUFA and 7.6 kg of n-3 LC−PUFA would be obtained
per year through the collection of algal wracks from this specific area. In this context, the
use of macroalgae as a dietary supplement in several industries, such as cattle raising, in
which they have recently been used at low percentages, might be interesting [74,75]. In fact,
similar macroalgal wracks collected from the same area have been used as a feed additive
for Ctenopharyngodon idella and Sparus aurata, with encouraging results [21,22]. However,
seasonal and geographical variations, as well as potential hydrolytic and oxidative rancidity
due to degradation processes, which may affect the lipid composition of macroalgal wracks,
should also be considered in further studies, as well as by biotechnological companies that
might be interested in exploiting this biological resource. Additionally, it should be noticed
that beach-cast seaweeds’ compositions in the Northeast Atlantic have very recently and
unexpectedly changed due to the proliferation of the invasive Rugolopteryx okamurae, which
has caused massive stranding events [76]. It remains to be clarified whether R. okamurae
has a similar lipid profile as Dictyota sp., with which it shares the taxonomic (Dictyotales
and Ochrophyta) and morphological features, and whether its use for nutritional purposes
can be envisaged [77].

5. Conclusions

In conclusion, most stranded macroalgae species analyzed here were characterized
by reduced lipid contents but outstanding proportions of bioactive compounds, such as
glycolipids and PTS. In particular, C. barbata, Asparagopsis sp., and H. spinella exhibited the
best levels of DGDG and MGDG, while J. rubens, Liagora sp., and Lobophora sp. presented
relevant PTS proportions (>20% of TL). In addition, all species presented health-benefiting
n-6/n-3 FA ratios and balanced nutritional indices (AI, TI, and hH), and A. stellata, Jania sp.,
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and Lobophora sp. contained attractive levels of the nutritionally important n-3 LC−PUFA.
The high content of DHA found in C. barbata was also remarkable, as this FA is unusual in
green species, as was the high proportion of the nutraceutical SDA in Dictyota sp. Based
on all the above, it is suggested that several species of macroalgae analyzed in the present
work could be considered as health-promoting dietary ingredients as well as interesting
sources of bioactive molecules that can be potentially used as pharmaceutical compounds.
However, further studies testing beach-cast macroalgae are needed to confirm the present
findings. This work provided insights for the incorporation of usually discarded beach-cast
macroalgae biomass into circular economy strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse12060942/s1. Figure S1: Pictures from macroalgae species
used in this study. Table S1: Relative abundance of each macroalgal wrack species collected from Las
Canteras beach (Gran Canaria, Spain) between 2018 and 2019. Table S2: Rotated component loadings
of the first five principal components. Table S3: Mean factor scores for each cluster of the dendrogram
based on lipid class data. Table S4: Rotated component loadings of the first five principal components.
Table S5: Mean factor scores for each cluster of the dendrogram based on fatty acid data.
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