8 frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Santhiyagu Prakash,
Tamil Nadu Fisheries University, India

REVIEWED BY
Ramasamy Ramasubburayan,
Saveetha University, India
Perumal Karthick,

Seab Energy Pvt Ltd., India

*CORRESPONDENCE
Amine Ezzariai
amine.ezzariai@um6p.ma

RECEIVED 13 December 2024
ACCEPTED 26 February 2025
PUBLISHED 25 March 2025

CITATION

Boutafda A, Akkari M, Ben Bakrim W, Mazar A,

El Kharrassi Y, Elarroussi H, Ouhdouch Y,
Hafidi M, Kouisni L and Ezzariai A (2025)
Holistic investigation of macroalgal
species richness along the Southern
Atlantic Coast of Morocco.

Front. Mar. Sci. 12:1544737.

doi: 10.3389/fmars.2025.1544737

COPYRIGHT

© 2025 Boutafda, Akkari, Ben Bakrim, Mazar,
El Kharrassi, Elarroussi, Ouhdouch, Hafidi,
Kouisni and Ezzariai. This is an open-access
article distributed under the terms of the

Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 25 March 2025
po110.3389/fmars.2025.1544737

Holistic investigation of
macroalgal species richness
along the Southern Atlantic
Coast of Morocco

Aziz Boutafda®, Majdouline Akkari*, Widad Ben Bakrim?,
Adil Mazar®, Youssef El Kharrassi®, Hicham Elarroussi?,
Yedir Ouhdouch®, Mohamed Hafidi*?,

Lamfeddal Kouisni* and Amine Ezzariai™

tAfrican Sustainable Agriculture Research Institute, Mohammed VI Polytechnic University,
Laayoune, Morocco, 2Algal Biotechnology Center, Moroccan Foundation for Advanced Science,
Innovation & Research (MASCIR), Benguerir, Morocco, 3Laboratoire Biotechnologies Microbiennes,
Agrosciences et Environnement (BioMagE), Unité de Recherche Labellisée, Faculty of Science
Semlalia, Cadi Ayyad University, Marrakech, Morocco

This study investigated the biodiversity of macroalgae along the southern Atlantic
coast of Morocco and explored the relationship between their distribution and
the physicochemical properties of seawater. The study identified a total of 21
macroalgal species, classified into 19 genera, 14 families, and 9 orders. The
distribution of these species along the coast was analyzed, revealing 8 dominant
species that collectively made up approximately 64.7% of the macroalgal flora.
These dominant species belonged predominantly to the Florideophyceae (75%)
and Phaeophyceae (25%) families. Gracilariaceae and Rhodomelaceae families
exhibited high species diversity, accounting for 28.57% of all observed species.
The equitability index indicated variations in species distribution and dominance
among different sites. Chemical characterization indicated that the
concentrations of available phosphorus in the seawater ranged from 0.2 to 0.6
mg/L, while the chlorophyll-a content in the macroalgae varied between 1.2 and
2.8 mg/g. Additionally, the total phenol content in the algae ranged from 2 to 5
mg/g. Gas chromatography-mass spectrometry (GC-MS) analysis of macroalgae
revealed the presence of diverse compounds such as fatty acid, phytyl-
eicosanoate, and sterols. These findings highlighted the interactions between
the marine environment's characteristics and algal diversity, while exploring
some key parameters of algal growth and composition. The obtained results
could help the scientific community to identify several strategies for both algal
biodiversity and biorefinery.
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1 Introduction

Marine algae are a diverse and significant group within aquatic
ecosystems, playing vital ecological roles. With an estimated 25,000-
50,000 species, including approximately 12,000 macroalgae or
seaweeds, they exhibit a wide range of sizes, forms, pigments, and
functional compounds (Kulshreshtha et al., 2020). Marine algae
contribute extensively to various biological systems, such as
nutrient circulation, primary production, sediment stabilization,
and atmospheric oxygen supply. Their ecological significance has
been widely recognized (Kumar et al., 2016; Pereira, 2016). The
global annual harvest of macroalgae surpasses 36 million metric
tons, with a market value of approximately $6 billion USD for
several commercial applications (Kulshreshtha et al., 2020).

The Moroccan coast boasts a rich diversity of marine algae, with
more than 500 species, including green, brown, and red algae (Grina
et al., 2020). Among these, red algae, specifically Gelidium
sesquipedale, are the main species exploited for economic
purposes in Morocco. The favorable salinity and hydro-climatic
conditions along the Moroccan coast have led to the development of
a seaweed valorization industry since the 1950s (Ouahid et al,
2021). This sector employs over 500 people full-time, provides
seasonal employment for 9,000 individuals, and generates a
turnover of nearly 170 million MAD (Ouahid et al.,, 2021).

Seaweed harvesting is driven by the high demand from foreign
buyers who procure it at a price of 15 MAD/Kg, significantly higher
than the local processing industries” offering of 8 MAD/Kg (Ouahid
et al., 2021). Gelidium sesquipedale, a red seaweed abundant along
the Moroccan Atlantic coast, is considered an excellent raw material
for agar-agar extraction. Other species, such as Gigartina,
Pterocladia, and Gracilaria, also contribute to the local seaweed
industry (Cai and Y., 2021).

Algae producers selectively cultivate specific strains to harness
valuable compounds found in algal biomass. These compounds
include lipids for biofuel production, proteins for food, feed, and
nutraceuticals, and starches and carbohydrates with diverse
applications (Connelly et al., 2015). The valorization of algal
biomass represents an intriguing international program in marine
resource exploitation, with significant economic potential. Seaweeds
have already gained recognition for their commercial value in various
sectors, including food industry, agriculture, pharmaceuticals, and
biotechnology (Armeli Minicante et al., 2022; Cai and Y., 2021).

There are several economic fields that use algae. They are
currently a nutritional source and a product of increasing value,
especially in Asia where they are used directly as food, or indirectly,
especially by the phycocolloids industry (agars and alginates)
(Msuya et al., 2022). They are used in agriculture as fertilizer, in
the food and pharmaceutical industries, in textiles, and in many
other fields (Cai and Y., 2021).

The southern Atlantic coast of Morocco presents unique
environmental conditions, such as salinity, water temperature,
marine currents, and sunlight, which can influence the diversity
of macroalgae species in the region (Bahammou et al., 2021; Derhy
et al,, 2022). However, the current state of knowledge regarding the
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occurrence and distribution of seaweed along the south Atlantic
coast is very limited. The scarcity of information hinders a
comprehensive understanding of the region’s seaweed richness.
The objective of this study is to investigate, for the first time, the
biodiversity of macroalgae along the Moroccan Atlantic coast,
specifically focusing on the southern region. By examining the
physicochemical characteristics of seawater and their relationship
to algal biodiversity parameters, such as species richness,
abundance, and distribution, we aim to gain insights into the
state of macroalgal diversity in this area. Consequently, the
outcomes of the present study assume great significance as they
serve to bridge this knowledge gap. By shedding light on the
seaweed’s presence and spatial distribution, the study significantly
contributes to advancing our comprehension of the seaweed
diversity encompassing the south Atlantic coast.

2 Materials and methods
2.1 Collection of samples

To conduct a comprehensive assessment of the coastal
environment, a systematic sampling approach was employed to
collect seawater, sediment, and seaweed samples during optimal
exploration periods in 2022. A total of 19 selected sites (S1, S2, S3,
..., S19) from Tarfaya to Laayoune city, Morocco, were visited,
ensuring an extensive coverage of the coastal surface for
thorough investigation.

The collected samples were stored at 4°C during the
transportation and all valuable information in each sampling
point were recorded (GPS location, presence/absence of seaweed,
habitat description, identification of seaweed species, level of
attachment to the rock, ...etc.). Based on recorded coordinates
(latitude, longitude), geographical mapping was conducted in a
satellite image as showed in the Figure 1.

2.2 Physical-chemical characterization

2.2.1 pH and electrical conductivity

The pH and EC were measured using an aqueous extract of the
seaweed at room temperature (1 g/10 mL of distilled water) after 30
min of agitation and directly in 10 mL of seawater.

2.2.2 Total organic carbon

Total organic carbon (TOC) was determined after oxidation
using dichromate of potassium according to the Anne’s method as
described by (Aubert, 1978).

2.2.3 Available phosphorus

Available phosphorus was performed using Olsen method. The
extraction was done with a solution of sodium bicarbonate
(NaHCO3;). After agitation and filtration, the filtrate was
determined by a spectrophotometer at 840 nm.
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FIGURE 1
Sampling sites from Tarfaya to Laayoune city, Morocco.

2.2.4 Chemical oxygen demand

COD was determined by the Standard Methods for the
Examination of Water and Wastewater (APHA, 1998). The
appropriate amount of water samples was diluted, and two
milliliters of diluted sample was introduced into a lab-prepared
digestion solution containing sulfuric acid. potassium dichromate
and mercuric sulfate. The mixture was then incubated for 120 min
at 150°C in a COD reactor and the COD concentration was
measured calorimetrically at 600 nm.

2.2.5 Determination of concentration of sodium,
potassium, and calcium

The flame photometer was calibrated using the standard stock
solution of sodium, potassium, and calcium using 30 ppm
concentration. 100 ml of water from each collected sample was
used to perform analysis using the flame photometer (Banerjee and
Prasad, 2020).

2.3 Morphological study and taxonomic
identification of seaweed

Sample identification was conducted based on the morphological
characters such as the color (pigment), the nature of the thallus, the
shape, and the amplitude of the ramification of the thallus. In this
work. the identification was based on the observation of
morphological characters by comparing our data to some previous
works (Gueye et al., 2019; Yang et al., 2021). The seaweed samples
were carefully examined using a digital microscope. By leveraging
these comparative analyses, we aimed to classify the seaweed samples
based on their morphological attributes.
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The study of the spatial dynamic and biodiversity of the
seaweed species, several indicators were calculated (specific
richness, Abundance, Shannon and equitability indices, the
similarity coefficient, and Serensen’s § index).

2.3.1 Species richness
The species richness (S) is the total number of species present
on a study site at a given time (Dajoz, 1985).

The Shannon-Weaver index

The Shannon index (also called the Shannon-Wiener index) is
used to express diversity by considering the number of species and
the abundance of individuals within each of these species
(Coppejans et al., 2010).

Generally, Shannon diversity indices range from 0 to 4.5 (Ortiz-
Burgos, 2016).

H' = Ypi. log (pi)
i=1

Where:

= pi = the proportional abundance or percent abundance of a
species present (pi = n;/N).

= ni = the number of individuals of one species in the sample.

= N = the total number of individuals of all species in
the sample.

= S = the total or cardinal number of the list of species present.

The base of the logarithm used is base 2.

Diversity is low when H< 3 bits. medium if H is between 3 and 4
bits. and then high when H > 4 bits. The environment is low in
diversity when H is low and relatively diverse in species when H is
high (Djego et al.,, 2012).
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2.3.3 The index of regularity or equitability
of Pielou

To better discuss the Shannon index, it is often accompanied by
Pielou’s equitability index (J) or equirrepartition index (E). This
index measures the distribution of individuals within species,
independently of the specific richness (Wang et al., 2016). These
values vary between 0 and 1. A high value of this index indicates
that the population is homogeneous, or that the individuals are
equitably distributed between the various species. On the other
hand. when its value is low (i.e. close to 0), the stand is considered to
be dominated by one or a few species. The measure of equitability
corresponds to the Shannon-Weaver index or real diversity on the
value of the maximum theoretical diversity (Hmax) and is realized
according to the following formula:

» E=H’'/Hmax

= H' = Shannon index

= Hmax = Log,(S) where S is the total species richness

Equitability is low when E< 0.6; medium when E is between 0.6
and 0.8 and high if E > 0.8. If H and E are low. then the medium is
homogeneous and specialized. If H and E are high. then the
medium is isotropic (Djego et al., 2012).

2.3.4 Serensen’s -index

The B index measures the similarity in species between two
habitats. The index ranges from 0 when there are no common
species between two habitats (Rombouts et al., 2019). Serensen’s
index gives significant weight to the presence of a species over its
absence. Serensen’s index is given by the following formula:

B = (2a/S1 +S2)

where:

= a: represents the number of common species between
two habitats.

= S1: represents the number of species for habitat 1.

= S2: represents the number of species for habitat 2.

Biochemical analysis of
macroalgae samples

2.4.1 Extraction process

The dried macroalgae material was grounded to powder using a
laboratory mechanical grinder. The different materials were
extracted using n-hexane in a Soxhlet apparatus, then absolute
ethanol was used for 48h to form ethanolic extracts. After complete
extraction, each algae residue was reextracted by distillated water
using ultrasound assisted extraction (UAS) to form an aqueous
extract. Dried extracts were stored in glass vials at 4 C until use.

2.4.2 Extraction and assay of chlorophyll a/b
and carotenoids

500 mg of seaweed was kept in a pestle and mortar with 10 ml of
80% acetone and it was ground well, and the homogenate was
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centrifuged at 3000 rpm for 15 minutes and the supernatant was
stored (Adhoni et al., 2016; Mohy El-Din and El-Ahwany, 2016).
The pellet was re-extracted by repeated washing with 5 ml of 80%
acetone till it became colorless. All the extracts were pooled and
utilized for pigment quantification. The process was followed for all
the samples.

2.4.3 Estimation of chlorophyll

The amount of chlorophyll present in the algae was estimated
by the method of Arnon (1949). Absorbance was measured at 645
nm and 663 nm in a spectrophotometer. The chlorophyll content
was determined by using the following formula Arnon’s
(1949) equations:

= Chlorophylla (pg/mL) = 12.7(A663) — 2.69(A645)

= Chlorophyll b (pg/mL) = 22.9(A645) — 4.68(A663)

= Total chlorophyll (png/mL) = 20.2(A645) + 8.02(A663)

Where, A = Absorbance at respective wavelength = Volume of
extract (mL). W = Fresh weight of the sample (g).

2.4.4 Estimation of carotenoid

The amount of Carotenoid was estimated by the method of Kirk
and Allen (1965).The same chlorophyll extract was measured at 480
nm in spectrophotometer to estimate the carotenoid content.

= Carotenoids (ug/g.fr.wt.) = A480 + (0.114 x A663)— (0.638
XA 645)

Where, A = Absorbance at respective wave length (Vimala and
Poonghuzhali, 2015).

2.4.5 Determination of total sugar and proteins

The total sugar was determined by the phenol-sulfuric acid
method with some modifications (Dubois et al., 1956). The color
reaction was initiated by mixing 1 mL of ethanolic extract with 0.5
mL of a 5% phenol solution and 2.5 mL of concentrated sulfuric
acid, and the reaction mixture was incubated in a boiling water bath
for 15 min. After cooling to room temperature, the absorbance was
determined at 490 nm and the total carbohydrate content was
calculated with D-glucose as a standard. The proteins are assessed
by the Bradford method at 595 nm (Bradford, 1976). Bovine serum
albumin (BSA) was used as a reference protein to establish the
standard curve. The mixture consisted of 200 uL of Bio-Rad reagent
and 800 pL of 96% of ethanolic extract of each sample. The optical
density reading was carried out via spectrophotometer at 595 nm
after 10 minutes against a control without protein.

2.4.6 Determination of total phenol and total
flavonoid content

The total phenol content (TPC) was determined
spectrophotometrically using Folin-Ciocalteu reagent as described
by Matanjun et al. (2008). The results were expressed as mg Gallic
acid/g of dry matter (DM).

The flavonoid content was assessed following the method of
(Woisky and Salatino, 1998) with slight modifications. The
absorbance of the mixture was taken at 415 nm. Quercetin was
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used as standard. The flavonoid content was expressed as mg of
quercetin equivalence (QE)/g of DM.

2.5 GC-MS analysis

The GC-MS analyses were carried out using GC Shimadzu,
Nexis 2030 instrument attached with TQ8040 NX, equipped with a
RTx-5MS capillary column (30 m x 0.25 mm id., 0.25 um film
thickness). The chromatographic conditions were as follows: initial
temperature: 150°C for 2 min; final temperature: 320°C for 10 min;
injector temperature: 150°C; split ratio: 1:00. The MS was operated
in the electron impact mode with an electron impact energy of 70
eV and data collected at a rate of full scan over a range of m/z of 50—
500. The ion source was maintained at 200°C. Compounds were
identified by comparing their mass spectra with the equipment
mass spectral library (Wiley-NIST Mass Spectral Library).

2.6 Biological activities

2.6.1 2,2-diphenyl-1-picrylhydrazyl radical
scavenging assay

The 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity
was analyzed using the method described by (Ben Bakrim et al.,
2022). DPPH (0.1 mM) solution was mixed with ethanol and stored
in dark. Before measuring the absorbance at 517 nm, the solution
was kept incubated in dark at 24°C for 30 min. Quercetin was used
as positive control at 0.5 mg/mL.

2.6.2 2,2'-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid * radical scavenging activity

The evaluation of ABTS radical scavenging activity was carried
out following the approach described by (Re et al, 1999). To
prepare the ABTS+ working solution, a 7 mM ABTS+ stock
solution and a 2.45 mM K2S208 solution were added and then
incubated for 12 hours at 24°C. Dilution with ethanol was
performed and the absorbance was measured at 734 nm. To
measure the absorbance at 534 nm, approximately one milliliter
of ABTS+ solution at 30°C was mixed with 3 ml Trolox for 30
minutes at different concentrations ranging from 10 to 80 mg/ml.
The formula for calculating ABTS+ radical scavenging activity is
given below. Vitamin was used as positive control at 0.5 mg/mL.

2.6.3 Tyrosinase inhibition assay

The ability of the sample to inhibit tyrosinase activity was
measured according to (Bakrim et al, 2022). And as follows:
40 uL of the sample was mixed with 40 uL of tyrosinase enzyme
and 80 UL of phosphate buffer, and then incubated for 10 minutes at
25°C. To start the reaction, 40 UL of 5 mM L-DOPA substrate was
added. After another 30 minutes of incubation, the absorbance was
measured at 475nm using a microplate reader. The percent
inhibition was calculated using the formula: Inhibition (%) = (A0
- A1)/A0 x 100, where A0 is the absorbance of the control tube and
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Al is the absorbance of the reaction mixture with the sample. Kojic
acid was used as positive control at 0.5 mg/mL.

2.6.4 Elastase inhibition assay

The activity of substances that inhibit elastase was assessed
using a method described by (Abdelfattah et al, 2022) where a
sample was mixed with elastase solution and Tris-HCI buffer, then
incubated for 15 minutes. Next, a substrate solution was added, and
the mixture was incubated for a further 10 minutes before
measuring absorbance at 405nm. A blank control without N-
succinyl-Ala-Ala-Ala-p-nitroanilide was included for each sample.
The percentage of enzyme inhibition was calculated using the
following formula: Inhibition (%) = (A0 - A1)/A0 x 100, where
A0 is the absorbance of the control tube and Al is the absorbance of
the reaction mixture with the sample. Kojic acid was used as
positive control at 0.5 mg/mL.

2.6.5 Lipoxygenase inhibition assay

The effectiveness of the assay was evaluated using Abnova’s
lipoxygenase (LO) inhibitor screening assay kit in accordance with
the manufacturer’s instructions. The assay was conducted at a
temperature of 25 C. At the outset, the extracts were placed in an
assay buffer consisting of 0.1 M tris-HCL with a pH of 7.4. Then, 90
uL of lipoxygenase enzyme and 1mM linoleic acid were added,
followed by the addition of potassium hydroxide (0.1 M). After 5
minutes of shaking the mixture, 100 pL chromogen was added to
arrest enzyme catalysis and generate the reaction. Finally, the
absorbance was measured at 490-500 nm with a plate reader.
Diclofenac sodium was used as positive control at 0.5 mg/mL.

3 Results and discussion

3.1 Physical-chemical characterization
of seawater

3.1.1 pH and electrical conductivity

The pH value of seawater samples in the study area ranged from
6.7 to 7.9. Site 14 recorded the minimum pH value (6.7), and the
maximum pH value was recorded at sites 2, 6, and 17 (Table 1).

The low pH variations recorded in these areas are related to the
alkalizing action of seawater (Amazzal et al., 2020). Indeed. the pH
of aquatic ecosystems is used as a proxy parameter to represent the
complex relationships between water chemistry and biological
effects (Diamantini et al., 2018).The presence of organic acids,
biological processes (photosynthesis and respiration), and
physical processes (turbulence and aeration), which can modify
the concentration of dissolved carbon dioxide affect the pH level in
the sea (Ingrosso et al., 2016). The pH value measured in site 14,
which is lower than the pH values of seawater which varies between
7.5 and 8.4, could be explained by the geochemistry of the area while
suspecting the existence of agro-industrial effluents. Similar results
were obtained by Hassoun et al. (2014) and Chaouay et al. (2016)
reported that organic waste causes a decrease in seawater pH. For
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the conductivity, the values recorded ranged from 49.9 mS/cm in
site 8 to 51.8 mS/cm in site 1 (Figure 2). The conductivity of
seawater is very high because of the high concentration of dissolved
salts (Chaouay et al, 2016). Moreover, the seawater is most
abundant water resource on the earth surface (~71%) and having
various mineral contents (25-35 g/L) leading to a good electric
conductivity (~50 mS/cm) (Tyler et al., 2017; Visbeck, 2018).

3.1.2 Total organic carbon, Available phosphorus,
and Chemical oxygen demand

Total organic carbon (TOC) concentrations are very
heterogeneous within the study area. They range from 0.12% to
0.87% (Table 1). The highest TOC levels in seawater were noted in
samples from sites 1, 6, 7, 12, and 16, while the lowest ones were
observed in sites 8 and 11. The main factors influencing the
concentration of TOC in seawater are human activity and
biological processes (Wang et al., 2022). Indeed, the elevated TOC
concentrations could be excreted by healthy algae, high
zooplanktonic activity, and the potential presence of external
source of organic matter (Sempere et al., 2000). Algal blooms are
dominated (pico- and microalgae) is also associated to a significant
increase in TOC concentration, which could exceed 15 mg/L in
some cases (Desormeaux et al., 2011).

TABLE 1 Physical and chemical caraceterisation of seawater.

10.3389/fmars.2025.1544737

Table 1 shows the distribution of available phosphorus in the
study area. Mean values range from 0.76 mg/L at site 11 to 7372.23
mg/L at site 6. The concentration of phosphorus was lower in
seawater at the majority of the studied sites. relatively high values
were recorded at sites 6. 7. 8. and 19. In general, slight variations
were observed in the assimilable phosphorus content. The high
level of available phosphorus is primarily due to diffusion and
migration of phosphorus from the sediment (Ding et al., 2015).
However, a large fraction of P is transported in suspension bound
to sediment particles (Yin et al., 2022). In general. water
movement and resuspension of sediments in the study area
could be responsible of high levels of phosphorus compounds,
especially in water at sites 6, 7, 8, and 19. On the other hand,
nutrients such as phosphates are brought into coastal waters by
rivers, agricultural and aquaculture runoff, industrial and
household waste (Wu et al., 2017). Table 1 explains the
variation of COD concentrations in the study area. The results
showed a slight variation depending on the sites The lowest
chemical oxygen demand (COD) concentration value was
recorded in site 6 (0.82 g/L), while the maximum value (8.47 g/
L) was detected in site 9. Compared to freshwater systems, COD
measurement in seawater is complicated due to high salt content,
pH variations, and the presence of various organic and inorganic

(r’r?So/rc]:(rjn) coT% P(mg/L)  COD (g/L)  Na (ppm)

Site 1 7,83 + 0,05 51,84 + 0,02 0,75 + 0,12 31,51 + 0,25 2,31 £ 0,09 517,33 + 5,03 27,9 + 0,17 113 +1
Site 2 7,85 + 0,05 50,68 + 0,03 0,66 + 0,12 15,95 + 0,51 3,24 + 0,02 486,33 + 13,32 27,9 £ 0,1 115,33 + 0,58
Site 3 7,83 £ 0,03 51,05 + 0,03 0,41 £ 0,12 23,64 + 0,25 1,55 + 0,09 468,67 + 1,15 27,73 + 0,06 126,33 + 1,53
Site 4 7,61 £ 0,02 50,43 + 0,01 0,37 £ 0,06 265,15 + 0,51 1,15 + 0,04 457,67 + 5,51 27,8 £ 0,17 118 + 3
Site 5 7,71 £ 0,38 50,72 + 0,03 0,33 £ 0,12 23,46 + 0,51 1,64 + 0,04 492,33 + 2,52 28,43 + 0,15 115 + 3,61
Site 6 7,93 50,31 + 0,09 0,87 £ 0,18 7372,23 £ 0,25 0,82 + 0,02 371,33 £ 9,07 27,8 + 0,26 115,33 + 1,15
Site 7 7,79 £ 0,06 50,57 + 0,03 0,71 £+ 0,06 6568,69 + 1,01 1,13 £ 0,02 467,33 + 4,04 27,73 + 0,06 123,33 £ 2,08
Site 8 7,46 + 0,01 49,90 + 0,01 0,29 + 0,06 1874,37 + 0,51 1,62 + 0,04 482,67 + 11,59 28,3+ 0,1 121,33 + 1,53
Site 9 7,79 £ 0,01 50,17 + 0,05 0,37 £ 0,06 18,64 + 0,25 8,47 + 0,04 741 + 10 315+ 0 117,67 + 0,58
Site 10 7,75 £ 0,11 51,04 + 0,04 0,5+ 0,12 11,49 + 0,25 3,04 + 0,02 478,33 + 15,57 27,5 £ 0,1 89,73 + 2,11
Site 11 7,78 £ 0,01 50,33 + 0,02 0,12 + 0,06 0,76 + 0,76 0,86 + 0,04 404 + 7,21 28,03 + 0,06 124,33 + 0,58
Site 12 7,75 + 0,04 50,64 + 0,02 0,79 + 0,06 23,28 + 0,25 2,18 +£ 0,02 501,67 + 15,18 28,4 £ 0,1 113+ 1
Site 13 7,64 £ 0,01 50,55 + 0,01 0,41 £ 0,12 19,35 £ 0,25 2,38 + 0,09 491 + 5,57 28,17 + 0,12 113+ 1
Site 14 6,73 £ 0,02 50,47 + 0,04 0,54 + 0,06 321,82 £ 0,25 1,95 £ 0,11 487,67 + 5,77 28,33 + 0,06 117 + 2
Site 15 7,75 + 0,01 51,04 + 0,11 0,41 £ 0,12 22,93 + 0,25 1,49 + 0,04 399,67 + 10,12 28,03 + 0,06 112,67 + 1,15
Site 16 7,77 £ 0,02 51,41 + 0,01 0,71 + 0,06 19,35 + 0,25 3,47 + 0,55 494,33 + 6,66 28,43 + 0,12 113 +1
Site 17 7,93 + 0,02 50,83 + 0,21 0,37 + 0,06 8,27 +£ 0,25 1,11 £ 0,02 437,33 + 34,5 27,37 + 0,12 1251
Site 18 7,84 + 0,01 49,49 + 0,02 0,58 +£ 0,12 19,17 + 1,01 1,09 + 0,04 434,33 + 4,04 27,9 + 0,53 121,33 + 0,58
Site 19 7,84 + 0,05 49,75 + 0,01 0,33 £ 0,12 2034,37 £ 0,25 1,64 + 0,04 450,67 + 2,08 27,53 + 0,06 120 £ 1
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FIGURE 2

Proteins content of seaweed species. Gro, Gelidium robustum; AM, Algae Mixture; Cga, Codium galeatum; Hin, Halopithys incurve; Pca, Plocamium
Cartilagineum; Nla, Neorhodomela larix; Ccr, Chondrus crispus; Hsc, Halopteris scoparia; Hmu, Hypnea musciformis; Ggr, Gracilaria gracilis; Gmu,
Gracilaria multipartite; Smu, Sargassum muticum; Pca, Pterocladiella capillacea; Hdi, Halidrys dioica; Ldi, Laminaria digitata.

contaminants (Jin et al, 2010). High COD values, site 9 for
example, are potentially due to the human or/and
industrial activity.

3.1.3 Content of sodium, potassium, and calcium

As indicated in the Table 1, sodium levels range from 371 ppm
at site 6 to 517 ppm at site 1, while potassium levels range from
27.37 ppm at site 17 to 315 ppm at site 9. For calcium, the observed
levels indicated range values from 83.73 ppm at site 10 to 126 ppm
at site 3.

The obtained results are in accordance with the several previous
studies indicating that seawater is a complex medium containing
the majority characterized by the presence of major ion i.e chloride
(55.03%), sodium (30.65%), sulfate (7.71%), and magnesium
(3.65%), while boron (2.4%), calcium (1.17%), and potassium
(1.13%) are minor ions (Millero et al., 2008) (Kang et al., 2014).
Kang et al. (2014) mentioned that anion in electrolyte solution will
be a stronger inhibitor than cation in gas hydrate formation because
of its strong interaction, which is kept with the ambient water
molecule cluster even after being hydrated.

3.2 Structure and taxonomic spectrum of
the macroalgal flora of the study sites

Table 2 represents the global list of species encountered during
this study. Each species is defined by its presence and its systematic
position. This list allowed us to establish the structure of the
macroalgal flora of the Atlantic coast from Tarfaya to Laayoune city.

During this study, 21 species of macroalgae belonging to 19
genera and 14 families and 9 orders were recorded in the study area
(Table 2). These species belong to the phyla Rhodophyta,
Ochrophyta, and Chlorophyta. They are distributed in three
classes (Florideophyceae, Phacophyceae and Ulvophyceae) with a
dominance of Florideophyceae containing 55.56% of orders, 71.43%
of families, 68.42% of genera, and 71.43% of species; followed by the

Frontiers in Marine Science

class of Phaeophyceae which contains 33.33% of orders, 21.43% of
families, 26.32% of genera and 23.81% of species. The class
Ulvophyceae is the least represented with 11.11% of orders, 7.14%
of families, 5.26% of genera and 4.76% of species (Table 3).

3.2.1 Taxonomic spectrum

Table 4 provides information on the relative importance of the
different families in the study area.

From 21 species, 8 of them are clearly dominant and represent
about 64.7% of the macroalgal flora. These species are: Chondrus
crispus, Plocamium Cartilagineum, Gelidium robustum, Gracilaria
chilensis, Gracilaria gracilis, Halopithys incurva, Halopteris scoparia,
and Laminaria digitata. They represent respectively the families of
Florideophyceae (75%) and Phaeophyceae (25%).

This study showed that the macroalgal flora of the Atlantic coast
from Tarafaya to Laayoune is characterized by 21 species
distributed in 19 genera and 14 families. It was also observed that
the Florideophyceae (55.56%) are more represented than the
Phaeophyceae (33.33%) and the Ulvophyceae (11.11%).
Gracilariaceae and Rhodomelaceae represent the most diverse
families with 28.57% among all observed species. The dominance
of Floridaophyceae seems to be already observed in the coastal
marine waters of the Gulf of Guinea, Ivory coast, and Ghana
according (Guiry and Guiry, 2022) with a flora composed of 192
Rhodophytes, 62 Chlorophytes, and 47 Phaeophytes. The same
results were found by Gueye et al. (2019) in three marine sites of
Dakar with 14.23% of the listed species and (Gueye et al., 2020) in
the islands of Dakar with 13.15% of the species
encountered (Dictyotaceae).

3.2.2 Macroalgal diversity

In Table 5, the results indicate a low diversity in the study area,
as evidenced by the Shannon index values being less than 3 for most
sites, except for site 6 and site 7. This suggests that the algal
community in the study area is not highly diverse overall.
However, it is worth noting that site 6 shows the highest diversity
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TABLE 2 Taxonomic structure of the collected seaweed.

10.3389/fmars.2025.1544737

Phylum Class Order Family Genus Species
Hypnea Hypnea musciformis
Cystocloniaceae
Calliblepharis Calliblepharis jubata
Gigartinales
Kallymeniaceae Callophyllis Callophyllis variegata
Gigartinaceae Chondrus Chondrus crispus
Halopithys Halopithys incurva
Rhodomelaceae Neorhodomela Neorhodomela larix
Ceramiales
Polysiphonia Polysiphonia atlantica
Rhodophyta Florideophyceae
Delesseriaceae Nitophyllum Nitophyllum punctatum
Gracilaria gracilis
Gracilariales Gracilariaceae Gracilaria Gracilaria chilensis
Gracilaria multipartita
Plocamiales Plocamiaceae Plocamium Plocamium cartilagineum
Gelidiaceae Gelidium Gelidium robustum
Gelidiales
Pterocladiaceae Pterocladiella Pterocladiella capillacea
Corallinales Lithophyllaceae Lithothrix Lithothrix aspergillum
Sargassum Sargassum muticum
Fucales Sargassaceae Ericaria Ericaria selaginoides
Ochrophyta Phaeophyceae Halidrys Halidrys dioica
Laminariales Laminariaceae Laminaria Laminaria digitata
Sphacelariales Stypocaulaceae Halopteris Halopteris scoparia
Chlorophyta Ulvophyceae Bryopsidales Codiaceae Codium Codium galeatum

index (H’), indicating a relatively higher algal diversity in that
specific location.

Additionally, the equitability index, which measures the
evenness of species distribution, ranges from 0.23 to 0.76 as
shown in Table 4. The highest equitability index is recorded at
site 3, indicating a more balanced distribution of individuals among
different species at that site. In contrast, site 3 also exhibits the
lowest equitability index of 0.23, suggesting the dominance of two
species, namely Gracilaria chilensis and Gracilaria gracilis.

TABLE 3 Structure of the macroalgal flora.

Classes

Florideophyceae

Phaeophyceae

For the remaining sites, the equitability index indicates a
relatively higher diversity at sites 6, 7, and 9, as reflected by their
higher equitability values compared to other sites listed in Table 4.
This implies a more even distribution of individuals across different
species in those locations.

3.2.3 Species distribution
Concerning the species distribution, 10 species were collected at
site 6, 9 species at site 7, 7 species were collected at site 9, 6 species at

Ulvophyceae

Orders 5 55.56 3 33.33 1 11.11
Families 10 71.43 3 21.43 1 7.14
Genera 13 68.42 5 26.32 1 5.26
Species 15 71.43 5 23.81 1 4.76

N, Number; %, Percentage.
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TABLE 4 Distribution (presence/absence) of macroalgae from Tarfaya to Laayoune city, Morocco.

Species Site 4 Site 5 Site 10 Site 11 Site 12 Site 13 Site 14 Site 15 Site 16
Calliblepharis jubata - - - - - - - - - - - - - - + -
Callophyllis variegata - + - - - - - - - - - - - - _ -
Chondrus crispus - - - - - + + - - — _ _ _ _ + _
Codium galeatum - - - - - + + - — _ _ _ _ _ _ _
Plocamium cartilagineum - - - - - + + - + - - - — _ _ _
Ericaria selaginoides - - - - - - - - - - + - - - - _
Gelidium robustum - - - - - + + - + - + - - - - +
Gracilaria chilensis - - + - - - - - - - + - + - - -
Gracilaria gracilis - - + - + - - - - - — _ _ _ + _
Gracilaria multipartita - - - - - - - - - - - - - - + +
Halidrys dioica - + - - - - - - - _ - _ _ _ _ _
Halopithys incurva - + - - - + - - + - + . + - + +
Halopteris scoparia - + - - - + + - - - - - + - + +
Hypnea musciformis - - - - - - - - + - - - - - - -
Laminaria digitata - - - - - + + - + - - - - _ _ _
Lithothrix aspergillum - - - - - + - - - - — _ _ _ _ _
Neorhodomela larix - - - - - - + - + _ _ - _ _ _ _
Nitophyllum punctatum - - - - - + - - - - - - + - - -
Polysiphonia atlantica - - - - - - + - - - - - - - - -
Pterocladiella capillacea - - - - - + - - - - - - - - - -
Sargassum muticum - - - - - - + - + - - - - - - .
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TABLE 5 Variation of diversity according to sites.

Sampling site

Diversity index

Shannon-Weaver (H’) Pielou (J)
Site 2 2 0.46
Site 3 1 0.23
Site 6 332 0.76
Site 7 317 072
Site 9 281 0.64
Site 11 2 0.46
Site 13 2 0.46
Site 15 2.86 0.59
Site 16 2 0.46

site 15, 4 species at sites 2,11, 13 and 16. 2 species at site 3 and 1
species at site 5.

Comparison of intra- and inter-habitat diversity (Table 6)
showed that similarity coefficients ranged from 0 to 1. This
demonstrates that there are sites that are similar and others that
have no similarity.

Regarding the species distribution, the observed results could be
partly related to the geomorphology of the sampling area where the
nature of the substrate plays a very important role on algae
distribution. Indeed, Mensi et al. (2014) reported that macroalgae
live mainly attached to a solid substrate except for the case of
Sargassum which floats on the water surface, and Gracilaria which
can live in sand. In addition, the macroalgal distribution could differ
according to the climatological variations (Robuchon, 2014). The
anthropic aspect must be also considered to explain the distribution
variation since the study area is characterized by a strong presence
of fishermen.

TABLE 6 Influence of sites on the composition of macroalgal flora.

10.3389/fmars.2025.1544737

3.3 Physico-chemical characterization
of macroalgae

3.3.1 pH and electrical conductivity

The pH of macroalgal species varies between 6.49 and 7.87
while the conductivity values vary between 2.81 mS/cm and 23.81
mS/cm (Table 7). Indeed, these values depend on water
composition in terms mineral components. Furthermore, the
observed value of pH and conductivity depend on several factors
such as: seaweed species, natural habitat, and other environmental
conditions (Seminara et al., 2008).

3.3.2 Solid matter, volatile matter, ash content,
and total organic carbon

The results in Table 7 show that the solid matter varies between
5.95% and 35.3%, while the volatile matter range between 25.77%
and 82.01. Indeed, these contents vary according to the species of
algae. For example, Gracilaria gracilis is characterized by a high DM
of about 19.69%. This value is higher than that reported one by
other studies on Gracilaria gracilis (8% to 15.4%) (Rodrigues et al.,
2015). Gracilaria gracilis consists of 82.01% volatile matter and
17.99% ash. These values are comparable to those reported by other
authors for this alga (17.8% to 34%) (Marinho-Soriano et al., 20065
Sfriso et al., 1994).

3.3.3 Total organic carbon, available phosphorus,
and sugars

According to the Table 7, results show that the algae contain
high percentages of TOC (from 17.76% to 39.66%). Indeed, organic
carbon, is a good indicator of productivity and CO, adsorption
(Zonneveld et al., 2010).

The results of available phosphorus and sugars of the algae are
presented in Table 7. The highest value of available phosphorus is
noticed for the species Halopithys incurve with a content of 23.06

sC Site 2 Site 3 Site 5 Site 6 Site 7 Site 9 Site 11 Site 13 Site 15 Site 16
Site 2 1.00 0.00 0.00 0.40 0.20 0.25 0.40 0.67 0.57 0.67
Site 3 1.00 0.67 0.00 0.00 0.00 0.40 0.33 0.29 0.00
Site 5 1.00 0.00 0.00 0.00 0.00 0.00 0.33 0.00
Site 6 1.00 0.75 0.57 0.36 0.50 0.46 0.50
Site 7 1.00 0.71 0.18 0.17 0.31 0.33
Site 9 1.00 0.44 0.20 0.18 0.40
Site 11 1.00 0.57 0.25 0.57
Site 13 1.00 0.44 0.50
Site 15 1.00 0.67
Site 16 1.00
SC, Similarity coefficient.
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TABLE 7 Physical, chemical, and biochemical analysis of seaweed .

Chl a Chlb Chl Totale2

(ug/qg) (ug/g) (ug/qg)
Gelidium
robustum (Gro) | 68+0,14 | 1002+ 1,6 2027 +044 7561+15 | 2439+15 3941 +747 871+013 1,04 +0,08 154,75 + 0,15 | 3,87+038 | 15862+ 023 259,31 + 0,03 66,99 + 0,32
Algae
Mixture (AM) | 7,31 0,003 | 874012  2435+09  4196+56 | 5804+56 | 3482+985 10,66=0,17 275+07 17585+ 041 | 1,1+081 17694 0,41 292,72 + 0,2 72,14 £ 0,29
Codium
galeatum (Cga) | 6.85+002 | 1608027 | 595004  4472+019 5528019 2779+ 483 988+045 162016 358023 472£026 | 4052 %003 62,24 0,23 322023
Halopithys
incurve (Hin) 737 +0,11 | 13,98+0,09 12,37 +059 4836 +282 51,64 +282 2681 +345 | 2306+073 1210 63,1+008  3423+0,13 9732+021 124,94 + 021 19,12 + 0,1
Plocamium
Cartilagineum
(Pca) 787 £007 | 547029 | 1052%022 6362+205 3638+205 1776+ 114 1572+069 0450,19 4743£014 | 448%043 | 51,91%056 81,42 = 0,48 7,36 + 0,05
Neorhodomela
larix (Nla) 783+005 | 598+023  3137+144 2577 +136 7423+ 136 3018 +328 565+005 191005 2862011 | 073+06 | 2935071 47,97 £ 0,54 0,92 + 0,31
Chondrus
crispus (Cer) 7,82+001 | 281+051 | 1683 %023 50,13+348 49,87 +348 22,88 +477 808+042 1,59 + 025 469+039 0370 47,27 + 0,39 78,12 + 0,65 14,25 + 0,04
Halopteris
scoparia (Hsc) | 778 +0,01  11,12+043  98+039 6501 %149 3499+ 149 3434 +659 2086 +0,15 3,51 =011 169,85+ 029 | 2,54 %004 | 172,39 %033 283,6 £ 0,5 66,06 = 0,1
Hypnea
musciformis
(Hmu) 796+ 006 | 734015 | 19,69+037 82,01 +061 17,99 061 | 39,66 +595 1732+048 1,13+02 3588 +2,66 | 12,05+ 4,66 47,93 %2 66,69 + 1,68 13,54 + 1,74
Gracilaria
gracilis (Ggr) 76+011 | 13£071 98+039 | 6501+149 3499+ 149 3434 +659 | 20,86 +0,15 3,51 %01 187,32 +3,38 | 51,14 3,17 | 23845+ 0,21 341,23 + 3,75 19,01 + 2,64
Gracilaria
multipartite
(Gmu) 706 £0,1 | 75607 9494005 6684+ 089 33,16+089 3309+446 1301+023 882+ 021 222,51 +037  464+0,17 | 227,15+ 0,54 372,32 + 0,71 56,23 + 0,12
Sargassum
muticum (Smu) | 7,32+0,1 | 1113+0,16 3534669  5929+7,19 4071 +719  3564+531 2311+05 135006 218,87 £ 038 2037 + 0,64 239,24 + 0,26 375,52 + 0,26 78,73 + 0,33
Pterocladiella
capillacea (Pca) | 7,1 £034 11,54 £052 2048+ 1389  502+665 @ 498+665 @ 37,68 +727 12324015 406 0,1 11698 + 0,14 | 087043 | 117,85+ 0,56 194,82 + 0,48 2501 £ 0,16
Halidrys
dioica (Hdi) 6950 2233£021 1087 £045 5381279  4619%279  3648+512 1097 £0,13 547 025 102,61 £ 4,04 | 9227 £558 194,88 £ 1,53 224,73 £ 3,43 56,38 + 0,02
Laminaria
digitata (Ldi) 7,15 +£ 0,28 14,85 + 0,58 | 15,45+ 0,98 57,93 £1,56 @ 42,07 £ 1,56 @ 28,15+ 041 22,45+ 0,05 3,55+ 0,05 96,46 + 1,28 60,59 + 1,08 = 157,05 + 2,36 195,87 £ 2,76 50,2 + 1,52
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mg/g DM, while the species Chondrus crispus contains the lowest
content of 5.65 mg/g of DM.

Seaweeds contain significant amounts of sugars ranging from
0.45 mg/g DM to 8.81 mg/g DM. Seaweeds have cell walls
composed of soluble parietal carbohydrates (from the
extracellular matrix) and insoluble parietal carbohydrates (fixing
cellulose fibers) called phycocolloids (Pereira, 2016), known by its
high interest in food industry (Rodrigues-Souza et al., 2022).

3.3.4 Contents of total chlorophylls
and carotenoids

Results for the major photosynthetic pigments studied in
seaweeds are usually presented as content of total chlorophylls a
and b, and carotenoids (expressed as pg/100 g dry weight (DW)).
The values for total carotenoids, chlorophyll 4, and chlorophyll b
content are shown in Table 7.

From the Table 7, it may be observed that the concentration of
total carotenoids measured varies between 0.92 ug/100 g DW and
81.03 pg/100 g DW, whereas chlorophylls contents measured 28.62
ug/100 g DW and 222.51 pg/100 g DW for chlorophyll a, and 0.37
ug/100 g DW and 92.27 pg/100 g DW for chlorophyll b, respectively.
Indeed, photosynthetic pigments are composed of chlorophylls,
carotenoids, and phycobilliproteins. Given their powerful
antioxidant effect, they have been shown to participate in the
prevention of cardiovascular diseases, cancers, ophthalmic diseases,
as well as in chronic diseases involving oxidative stress phenomena
(Holdt and Kraan, 2011). It was reported that chlorophyll a and b in
seaweeds ranged from 68 to 162 ug/g and from 25 to 46 pg/g
respectively. For the case of Gracilaria spp., it was reported that
chlorophyll a was high with 577.89 ug/g. Chlorophyll content was
higher in Gracilaria edulis than G. corticata while carotenoids were
higher in G. corticata (Rosemary et al., 2019).
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3.3.5 Protein content

The protein content of each alga was expressed as pg of BSA/g
of extract (Figure 2). The different algae presented varied content in
protein where Saragasum muticum, Pterocladiella capillacea, and
Gracilaria multipartita presented the highest content. Furthermore,
total carbohydrate, total protein, fat, were found to be 55.82 + 3.72
mg/g, 12.15 1.34 mg/g, 0.61 0.08 mg/g, respectively
(Balamurugan et al, 2013). In 20% MeOH, Halopithys incurva
extracts showed the highest percentage of total carbohydrates

+

+

among the algae studied whereas levels higher than 6% were
detected in Gelidium pusillu (Alvarez-Gomez et al., 2016).
Proteins from seaweeds can have antibacterial antioxidant and
anti-inflammatory activities.

3.3.6 Total phenolic contents

Regarding total phenolic contents (Figure 3), ethanolic and
aqueous extract of all the algae demonstrated a high content of
polyphenol ranging between 10-25 mg gallic acid/g of extract except
for the ethanolic extract of Gracilaria gracilis where the quantity
was less than 10. Thus, Neorhodomela larix, Saragasum muticum
and Pterocladiella capillacea exhibited the highest content especially
in water extracts. The same results were obtained in total flavonoid
content (Figure 4) with Gelidium robustum and Pterocladiella
capillacea demonstrating the highest content with more than 4
mg of quercetin/g of extract.

Many studies studied the content of total phenolic and total
flavonoid in different extract of different algae species (Alvarez-
Gomez et al., 2016). demonstrated that the highest values of
phenolic compounds were obtained for Gelidium pusillum with 6
mg of GA/g DW followed by Halopithys incurva with 4.5 mg GA/g
DW. Moreover, saragasum muticum viscozyme extract contain
6.4% of polyphenol per dry weight (Puspita et al., 2017).

®ETOH

W Water

Hdi

Ldi

Phenolic compounds of seaweed species. Gro, Gelidium robustum; AM, Algae Mixture; Cga, Codium galeatum; Hin, Halopithys incurve; Pca,
Plocamium Cartilagineum; Nla, Neorhodomela larix; Ccr, Chondrus crispus; Hsc, Halopteris scoparia; Hmu, Hypnea musciformis; Ggr, Gracilaria
gracilis; Gmu, Gracilaria multipartite; Smu, Sargassum muticum; Pca, Pterocladiella capillacea; Hdi, Halidrys dioica; Ldi, Laminaria digitata.
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FIGURE 4
Flavonoid content of seaweed species. Gro, Gelidium robustum; AM, Algae Mixture; Cga, Codium galeatum; Hin, Halopithys incurve; Pca,
Plocamium Cartilagineum; Nla, Neorhodomela larix; Ccr, Chondrus crispus; Hsc, Halopteris scoparia; Hmu, Hypnea musciformis; Ggr, Gracilaria
gracilis; Gmu, Gracilaria multipartite; Smu, Sargassum muticum; Pca, Pterocladiella capillacea; Hdi, Halidrys dioica; Ldi, Laminaria digitata.

The total phenolic content of Hypnea musciformis was 0.61 mg
GA/g DW (Balamurugan et al., 2013) while the total phenolic
content present in the polyphenol compound H. valentiae 70.08%
(Mahendran et al., 2021).

3.4 Biological activity

Macroalgae have been used in both food and non-food
industries due to their unique properties and characteristic
biological activity. Regarding the biological activity of the different
species, all the species possess an antioxidant activity with a

10.3389/fmars.2025.1544737

percentage high than 50% especially in the water extracts. The
same results were obtained in the ABTS bioassay (Figure 5), where
Hypnea musciformis and Gracilaria multipartita possessed good
antiradical activity.

The same results were obtained in different studies. The study
performed by Alvarez (Alvarez-Gomez et al., 2016) demonstrated
that the antioxidant capacity in Gelidium pusillum was correlated
with the lipid content in the ABTS assay and with the total
carbohydrate content. Also, the phenolic content correlated
positively with the antioxidant capacity. However, in the case of
Gelidium corneum, in the ABTS assay, the antioxidant capacity was
related to only total phenolic content. Moreover, Sargassum
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FIGURE 5

Antioxidant activity (ABTS) of seaweed species. Gro, Gelidium robustum; AM, Algae Mixture; Cga, Codium galeatum; Hin, Halopithys incurve; Pca,
Plocamium Cartilagineum; Nla, Neorhodomela larix; Ccr, Chondrus crispus; Hsc, Halopteris scoparia; Hmu, Hypnea musciformis; Ggr, Gracilaria
gracilis; Gmu, Gracilaria multipartite; Smu, Sargassum muticum; Pca, Pterocladiella capillacea; Hdi, Halidrys dioica; Ldi, Laminaria digitata; VE,

Vitamine E.

Frontiers in Marine Science

Hsc  Hmu

13

Ggr Gmu Smu Pca Hdi Ldi VE

frontiersin.org


https://doi.org/10.3389/fmars.2025.1544737
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Boutafda et al.

90

80

70

60

50

40

% ofinhibition

30

20

10

Gro AM (Cga Hin Pca Nla Ccr

10.3389/fmars.2025.1544737

Hsc Hmu Ggr Gmu Smu Pca Hdi Ldi Q

m Etoh m water m hexane

FIGURE 6

Antioxidant activity (DPPH) of seaweed species. Gro, Gelidium robustum; AM, Algae Mixture; Cga, Codium galeatum; Hin, Halopithys incurve; Pca,
Plocamium Cartilagineum; Nla, Neorhodomela larix; Ccr, Chondrus crispus; Hsc, Halopteris scoparia; Hmu, Hypnea musciformis; Ggr, Gracilaria
gracilis; Gmu, Gracilaria multipartite; Smu, Sargassum muticum; Pca, Pterocladiella capillacea; Hdi, Halidrys dioica; Ldi, Laminaria digitata;

Q, Quercetin.

angustifolium showed the highest antioxidant activity with an IC50
= 0.231 related to the high content of total phenolics (0.061 mg/g
DW) (Mehdinezhad et al., 2016).

Furthermore. The DPPH radical scavenging assay (Figure 6) for
the G. edulisis 74.16% and H. valentiae was 61.41%. Also, DPPH
radicals scavenging activities in the methanolic extracts of red
seaweeds G. corticata (44.32%), G. dura (33.03%), G. debilis
(53.34%), G. fergusonii (23.99%) and G. salicornia (53.43%)
(Kumar et al., 2011; Mahendran et al., 2021).

Likewise (Arulkumar et al, 2018), reported that G. edulis
showed significantly higher ABTS free radical scavenging activity
(40.24%) than G. corticata (32.65%) and exhibited higher nitric
oxide radical scavenging activity (36.78%) than G. edulis 35.25%.
Thus, the total antioxidant capacity of H. valentiae was found to be
78.12% (Mahendran et al., 2021).

Further the hexanoic extract of the different species
demonstrated good activity especially for Codium galeatum;
Halopithys incurve; Neorhodomela larix; Pterocladiella capillacea;
Ericaria selaginoides; Halidrys dioica and Laminaria digitata.
Similar results were obtained in different studies.

The hexanoic extract of Halopithys incurva has been studied for
its antioxidant capacity and other bioactive properties. the exttact
exhibited the highest antioxidant capacity compared to other
solvent extracts, as determined by assays such as FRAP, metal
chelating, and lipid peroxidation inhibition tests. This suggests that
the hexanic extract is rich in compounds that can effectively
scavenge free radicals and protect against oxidative stress (Torres
et al., 2022).

Moreover, The hexanoic extract of Codium galeatum has
demonstrated antioxidant properties, which are essential for
combating oxidative stress in biological systems by scavenging

Frontiers in Marine Science

free radicals in different antioxidant assays such as DPPH and
ABTS. Anatomical and phytochemical properties of Codium, a
marine macroalga. Available at SSRN 4706287.

The hexanoic extract of Halidrys dioica has demonstrated
significant antioxidant properties, as evidenced by its ability to
scavenge free radicals in assays such as the DPPH radical
scavenging test.

The hexanoic extract of Laminaria digitata has demonstrated
significant antioxidant properties, which are essential for combating
oxidative stress in biological systems. This activity is attributed to
the presence of various phenolic compounds and fatty acids that
scavenge free radicals (de Alencar et al., 2016).

Moreover, The hexanoic extract of Codium galeatum has
demonstrated antioxidant properties, which are essential for
combating oxidative stress in biological systems by scavenging
free radicals in different antioxidant assays such as DPPH and
ABTS. Anatomical and phytochemical properties of Codium, a
marine macroalga. Available at SSRN 4706287.

The hexanoic extract of Halidrys dioica has demonstrated
significant antioxidant properties, as evidenced by its ability to
scavenge free radicals in assays such as the DPPH radical
scavenging test.

The hexanoic extract of Laminaria digitata has demonstrated
significant antioxidant properties, which are essential for combating
oxidative stress in biological systems. This activity is attributed to
the presence of various phenolic compounds and fatty acids that
scavenge free radicals.

Regarding tyrosinase and elastase inhibition assay (Figures 7, 8),
ethanolic extract of Gracilaria multipartita, Pterocladiella
capillacea, Laminaria digitata, Sargassum muticum, and
Gracilaria multipartita demonstrated an inhibition of more than
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FIGURE 7

Anti-age activity (tyrosine) of seaweed species. Gro, Gelidium robustum; AM, Algae Mixture; Cga, Codium galeatum; Hin, Halopithys incurve; Pca,
Plocamium Cartilagineum; Nla, Neorhodomela larix; Ccr, Chondrus crispus; Hsc, Halopteris scoparia; Hmu, Hypnea musciformis; Ggr, Gracilaria
gracilis; Gmu, Gracilaria multipartite; Smu, Sargassum muticum; Pca, Pterocladiella capillacea; Hdi, Halidrys dioica; Ldi, Laminaria digitata; KA,

Kojic acid.

60% in tyrosinase. The same results were obtained by (Puspita et al.,
2017) Where S. muticum Neutrase extract demonstrated 41.3% of
tyrosinase inhibition activity compared to other enzymes.
Moreover, S. muticum shearzyme extract demonstrated (32.8%)
of elastase inhibition activity.

In fact, the hexanoic extract of Halidrys dioica has not been
extensively documented. The extract may have applications in
dermatological and cosmetic products, particularly for skin care
due to its potential skin-whitening properties and ability to inhibit
melanin synthesis, like findings in related species like Halidrys
siliquosa. The results have shown that the extract of brown algae

10.3389/fmars.2025.1544737

Hmu Ggr Gmu Smu Pca Hdi Ldi KA

of Halidrys, alone or in combination with other active agent could
be utilized for preparing a cosmetic/dermatological product for
topical application to the skin, mucous membranes and/or dander
(Reshma et al., 2022).

Regarding anti-inflammatory activities (Figure 9), Hypnea
musciformis, Gracilaria gracilis, multipartita, Gracilaria
multipartita and Pterocladiella capillacea demonstrated a good
lipoxygenase inhibition higher than 40%.

Previous studies revealed that the pharmacological functions
of Sargassum fusiforme, such as anti-oxidation, anti-tumor, anti-
bacteria, anti-virus, hypoglycemic effect, anti-aging and enhancing
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FIGURE 8

Anti-age activity (elastase) of seaweed species. Gro, Gelidium robustum; AM, Algae Mixture; Cga, Codium galeatum; Hin, Halopithys incurve; Pca,
Plocamium Cartilagineum; Nla, Neorhodomela larix; Ccr, Chondrus crispus; Hsc, Halopteris scoparia; Hmu, Hypnea musciformis; Ggr, Gracilaria
gracilis; Gmu, Gracilaria multipartite; Smu, Sargassum muticum; Pca, Pterocladiella capillacea; Hdi, Halidrys dioica; Ldi, Laminaria digitata; Q,

Kojic acid.
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immunity, are closely related to the molecular weight, the sulfate
content, and location of fucoidan (Zhang et al., 2018). Half of the
studies on anti-inflammatory activities in Gracilaria species were
performed with aqueous extracts or sulfated agarans. In general,
these studies showed a good anti-inflammatory potential (Makkar
and Chakraborty, 2017; Paramsivam et al., 2016). In contrast, the
results with organic extracts showed moderate to no activity (Shu
et al, 2013). Other studies disclosed the anti-inflammatory and
antinociceptive properties of Pterocladiella capillacea. (Silva et al.,
2010) Revealed that P. capillacea did not present significant
antinociceptive effects in the hot plate test when compared to
morphine at (72.9 mg/kg). It was also observed that P. capillacea
(8.1 mg/kg) significantly reduced neutrophil migration by 84%, as
compared to untreated animals, suggesting inhibition of
inflammatory mediators. Beyond fatty acids, research has
indicated that extracts from Pterocladiella capillacea may possess
other bioactive compounds with potential health benefits, including
anti-inflammatory properties (Wang et al., 2023).

3.5 GC-MS analysis

The GC-MS analysis was performed on different hexanoic
extracts of different species of algae to determine the chemical
constituents. The results were presented in Table 8, where
different compounds were identified and categorized into
different chemical groups. These groups include ketones,

10.3389/fmars.2025.1544737

terpenes, fatty acids, fatty alcohols, esters, hydrocarbons,
steroids, and others. Table 8 lists the identified compounds with
their common names, retention time, and % peak area, grouped by
their chemical categories.

The number of identified compounds varied among the
different crude extracts of the algae. A phytol ester named as
phytyl-eicosanoate was detected in Plocamium Cartilagineum
with 1.52% as shown in Table 6. This compound has been
identified in Papyrus (Cyperus papyrus L.) biomass (Rosado et al.,
2022). Phytol, a compound commonly utilized in fragrances,
cosmetics, shampoos, toilet soaps, household cleaners, and
detergents, has been shown to possess antimicrobial, anticancer,
and antidiuretic properties. In addition, research has found that
phytol serves as a precursor for both vitamin E and vitamin K. This
information is supported by studies (Abdel Latef et al., 2017).

Regarding hydrocarbons, from all the algae, the hydrocarbons
within the range of C10 to C29, with the odd-numbered carbon
atoms (C13, C15, C19, C21, C25, C27, and C29) being the most
prevalent. Most of the hydrocarbons identified were alkane. Alkane
Eicosane was identified in the different species of seaweeds (Adesalu
et al., 2016; Moustafa, 2008).

Macroalgae-derived hydrocarbons have been identified as a
promising source of hydrocarbon fuels. There is speculation that
hydrocarbons from macroalgae may have played a role in the
formation of oil reserves across the globe. Hexacontane and
hexatriacontane have been identified in the different species of
algae. Other compounds as heptasiloxane, hexadecamethyl was

100

90

80

70

60

50

40

% ofinhibition

30

20

10

Gro AM Cga Hin Pca Nla Ccr

METOH mwater

FIGURE 9

Hsc Hmu Ggr Gmu Smu Pca Hdi Ldi DS

m hexane

Anti-inflammatory activity of seaweed species. Gro, Gelidium robustum; AM, Algae Mixture; Cga, Codium galeatum; Hin, Halopithys incurve; Pca,
Plocamium Cartilagineum; Nla, Neorhodomela larix; Ccr, Chondrus crispus; Hsc, Halopteris scoparia; Hmu, Hypnea musciformis; Ggr, Gracilaria
gracilis; Gmu, Gracilaria multipartite; Smu, Sargassum muticum; Pca, Pterocladiella capillacea; Hdi, Halidrys dioica; Ldi, Laminaria digitata; DS,

Diclofenac sodium.
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TABLE 8 Lists of the identified compounds with their common names, retention time, and % peak area.

10.3389/fmars.2025.1544737

Codium  Halopithys = Neorhodomela Pterocladiella = Ericaria Halidrys
galeatum incurve larix capillacea selaginoides dioica
Hexasiloxane, tetradecamethyl- 348 - 0.68 1.02 - 1.15 -
Heptasiloxane, hexadecamethyl 5.60 6.31 7.75 5.56 2.72 3.56 4.87
Phthalic acid, ethyl pentadecyl ester 623 - - - - 0.85 -
Eicosane 7.74 8.36 13.58 - 11.10 - -
Heptasiloxane, hexadecamethyl- 8.29 4.30 2.95 3.45 1.59 3.36 4.01
3,7,11,15-Tetramethyl-2-hexadecen- 1021 - - - 3.07 - -
1-ol
Oxirane, hexadecyl- 1034 256 - - - - -
Undec-10-ynoic acid, tetradecyl ester 11.15 - 2.03 - - 0.89 -
Phytyl eicosanoate 11.16 = - - - - - 1.62
3-Methyl-4-(phenylthio)-2-prop-2- 1140 - 3.04 - - -
enyl-2,5-dihydrothiophene
1,1-dioxide
2-Methylhexacosane 1150 - - 1.31 - - -
E-8-Methyl-9-tetradecen-1-ol acetate 1239 - 233 - - - -
1-(+)-Ascorbic acid 12.55  50.95 - 3.98 2.59 2.14 -
2,6-dihexadecanoate
Eicosanoic acid, 1,2,3- 1395  0.77 - - - - 1.51
propanetriyl ester
17-Pentatriacontene 14.08  0.56 - - - - -
Phytol 1512 5.66 - - - - -
9-Octadecenoic acid, 1,2,3- 1554 243 - - - - -
propanetriyl ester, (E,E,E)-
1,1,3,6-tetramethyl-2-(3,6,10,13,14- 16.59  0.72 10.31 - - - -
pentamethyl-3-ethyl-
pentadecyl) cyclohexane
1,54-dibromo-Tetra pentacontane 1821  3.64 5.75 1.88 4.03 4.22 11.75
Hexacontane 21.38 1375 12.53 - - 7.76 12.66
Hexacontane 2288 - 14.42 - 10.17 11.58 13.50
11-Methyltricosane 2289 - - 11.88 5.48 - -
Hexacontane 2433 - 17.38 - - 13.64 -
Hexatriacontane 2574 - - - 13.36 12.81 14.10
Hexacontane 2839 - - 3.26 3.17 7.06 -
3-B-Cholest-5-en-3-ol 3012 - - 2.83 - 541 5.36
Eicosyl-propyl ether 3088 - - 1.07 - 1.86
3-B.,24Z-Stigmasta-5,24(28)-dien-3-ol | 32.63 = - - 25.82 - 13.68 21.27
3-B,17E-Cholesta-5,17(20)-dien-3- 33.03 - - - - 0.69 -
ol, acetate

identified in N. oculate, T. suecica, and Chlorella

extracts (Hussein et al., 2020).

sp. different

Previously, it was discovered that sterols and their derivatives

had a significant impact on reducing LDL cholesterol levels in vivo,

as noted in a study by (Francavilla et al., 2010). Moreover,
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phytosterols, which include C28 and C29 sterols,

are crucial

precursors to the synthesis of various compounds like D vitamins,

as observed in research by (Kametani and Furuyama, 1987).
In the studied algae, 3-B-Cholest-5-en-3-ol and 3-f,24Z
Stigmasta-5,24(28)-dien-3-ol were the most identified sterols with
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more than 20% in Laminaria digitata and Plocamium
Cartilagineum. In S. longata, seven distinct steroid compounds
represented the phytosterols. The sterol profile of the studied
algae was consistent with the findings reported by Omer and
Attar, 2013. In the various crude extracts of the studied algae,
different ester compounds were identified. All these compounds
were derived from fatty acid as shown in Table 8. The Phthalic acid,
ethyl pentadecyl ester was only detected in the Chondrus crispus,
with a peak area percentage of 0.85%. Undec-10-ynoic acid,
tetradecyl ester was identified in Chondrus crispus and
Halopithys incurve.

In a study conducted by Rzama et al., 1995, different volatile
compounds have been identified of two green algae, Scenedesmus
sp. and Chlorella vulgaris. The main components in the oil of both
algae species include palmitic acid, phytol and 2-butyloctanol,
methyl palmitate, methyl oleate, methyl-linoleate, and methy-
stearate in the ester fraction, and heptadecane and 1-heptadecene
in the hydrocarbon fraction. Minor amounts of ketones and
lactones were also detected.

Moreover, the hexanoic extract of Codium galeatum is rich in
various bioactive compounds, including fatty acids, sterols, and
carotenoids. These compounds contribute to the antioxidant and
anti-inflammatory properties of the extract, making it a subject of
interest for pharmacological studies (Meinita et al., 2022).

4 Conclusion

In conclusion, this study explored the biodiversity of macroalgae
along the southern Atlantic coast of Morocco and investigated the
physicochemical characteristics of seawater in relation to macroalgal
diversity parameters. The results revealed variations in pH values,
conductivity, total organic carbon, available phosphorus, and
chemical oxygen demand across the study area. The macroalgal
flora consisted of 21 species belonging to 19 genera and 14
families, with Florideophyceae exhibiting the highest diversity. The
identified macroalgae species included Chondrus crispus, Plocamium
Cartilagineum, Gelidium robustum, Gracilaria chilensis, Gracilaria
gracilis, Halopithys incurva, Halopteris scoparia, and Laminaria
digitata. The presence of these macroalgae species indicates the
potential economic value of the region’s marine resources.
Additionally, gas chromatography-mass spectrometry (GC-MS)
analysis revealed the presence of various compounds with potential
biological activities, such as lipids, proteins, carbohydrates, and other
functional compounds. These compounds hold significant economic
potential and find applications in various industries, including food,
agriculture, pharmaceuticals, and biotechnology.

Overall, this study contributes to the understanding of macroalgal
diversity and the physicochemical factors influencing their
distribution along the Moroccan Atlantic coast. The findings have
implications for the sustainable exploitation of marine resources and
highlight the importance of preserving and managing the biodiversity
of macroalgae ecosystems. Further research is warranted to explore
the full potential of these macroalgae species and their bioactive
compounds for various applications.
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