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Abstract

Background: The aim of this work was the study of the proximate composition and profile of fatty acids, minerals, and some micro-
biological aspects of four edible seaweed species (Chondrus crispus, Palmaria palmata, Porphyra sp., and Ulva sp.) available in the
Portuguese market for food consumption, and produced in a national Integrated Multi-Trophic System (IMTA). Methods: Moisture, ash,
and total lipids were determined gravimetrically. Crude protein was analysed by Duma’s combustion procedures. The total carbohydrate
content was assayed by the phenol/sulphuric acid method. The assessment of the fatty acids methyl esters (FAMEs) was determined
through GC-MS. Characterization of elemental analysis was performed by ICP-AES. Different standard microbiological methods were
applied for microorganisms. Statistics were performed using the non-parametric Mann—Whitney U test to assess significant differences
between samples. Results: Lipid contents (n = 3) were very low (1.6-2.3%), particularly in Palmaria palmata, and Chondrus crispus
(1.6-1.7%). The protein content (n = 4) varied from 14.4% in P. palmata to 23.7% in Porphyra sp. Carbohydrates (n = 3) were the
major constituent of most seaweeds (31-34%), except in Porphyra sp., with higher content in proteins than carbohydrates. Regarding
the fatty acid content (n = 4), in general, saturated fatty acids (SFAs) were the most abundant followed by polyunsaturated fatty acids
(PUFAs) and monounsaturated fatty acids (MUFAs). Among macro and trace elements (n = 3), Chondrus crispus shows the highest
average content in Zn (71.1 mg-kg~* D.W.), Palmaria palmata the highest average content in K (124.8 g-kg~* D.W.), Porphyra sp. the
highest average content in P (2.1 g-’kg~! D.W.), and Ulva sp. the highest average content of Ca (5.5 g-kg™* D.W.), Mg (55.8 g-kg™!
D.W.), and Fe (336.3 mg-kg~* D.W.). In general, Na and K were the most abundant elements among analysed seaweed. Additionally,
the microbiological results (n = 4) comply with the Portuguese guidelines (subgroup 2D) on the application of general principles of
food hygiene in ready-to-eat foods. Conclusions: Overall, the results highlight the potential of using these seaweeds as an alternative
and sustainable source of elements and bioactive compounds to produce enriched food products with a beneficial potential for human
nutrition.
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1. Introduction In recent years, the culture and marketing of seaweeds
and their products worldwide have attracted growing atten-
tion [4]. The global seaweed market size was valued at
USD 16.6 billion in 2020 and is expected to show an es-
timated compound annual growth rate (CAGR) of 10.8%
from 2021 to 2028 [5]. Currently, 97% of the world’s sea-
weed production correspond to seaweed from aquaculture,
with only 3% resulting from harvesting/exploitation of wild
populations [4,6]. Among the diverse cultivation methods,
Integrated Multi-Trophic Aquaculture (IMTA) offers many

Seaweeds are considered a potential source of non-
animal food ingredients of the future, being envisaged as a
relevant alternative due to their ability to grow without us-
ing arable land or freshwater resources, thus not competing
with traditional terrestrial crops [1]. Furthermore, seaweeds
take advantage due to their higher growth rate, carbon-
neutral emissions, and capability to synthesize a wide range
of bioactive compounds [2] with potential health benefits

[3].
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advantages. The IMTA system allows combining several
species of different trophic levels (e.g., salmon with sea-
weeds), where the by-products of one species are recycled
and become a source of nutrients for another species [7—
9]. The efficiency of these systems is based on the as-
similation of excreted ammonium, phosphates, and CO2 by
seaweeds, converting them into biomass [4,10]. Currently,
about 200 species are commercially interesting, of which
only about 10 taxa are intensively cultured [10,11], such
as seaweeds from genera Saccharina and Undaria (brown
algae); Porphyra/Pyropia, Eucheumal/Kappaphycus, and
Gracilaria (red algae); and Monostroma and Enteromor-
pha/Ulva (green algae) [4,10,12]. The most suitable species
for IMTA systems, due to their biofiltration capacity, com-
bined with their commercial value, are Gracilaria spp., Pal-
maria palmata, Porphyra spp., and Ulva spp., among oth-
ers [13,14]. Moreover, several studies have shown that
seaweeds grown in IMTA systems have higher contents
of proteins [9,14,15], polysaccharides, pigments, and func-
tional compounds, thereby contributing to the production of
high-quality nutritional biomass [15]. The main aim of the
present work is to assess the potential for food consump-
tion of four edible dry seaweeds (Chondrus crispus, Pal-
maria palmata, Porphyra sp., Ulva sp.) available in the
Portuguese market, and produced in IMTA systems. The
seaweeds were analysed for the proximal composition, and
some chemical and biochemical parameters, such as mois-
ture, ash, carbohydrates, proteins, lipids, fatty acid profile,
and minerals content, as well as to have evaluated the pres-
ence of human bacterial pathogens to obtain an overall view
of the safety and nutritional quality of the analysed sea-
weeds.

2. Materials and Methods
2.1 Algal Biomass

The green seaweed (Chlorophyta), Ulva sp. (Lin-
naeus, 1753) (Sea lettuce; Ulvales, Ulvaceae), and red sea-
weeds (Rodophyta) Chondrus crispus (Stackhouse, 1797)
(Irish moss; Gigartinales, Gigartinaceae), Palmaria pal-
mata ((Linnaeus) F. Weber & D. Mohr, 1805) (Dulse; Pal-
mariales, Palmariaceae) and Porphyra sp. (C.A. Agardh,
1824) (Nori; Bangiales, Bangiaceae) were purchased from
ALGAplus, Ltd. (ilhavo, Portugal), a company specialized
in the production of seaweeds in a land-based Integrated
Multi-Trophic Aquaculture (IMTA) (see Fig. 1). The dry
algal biomass (Tok de Mar®) were lyophilized, without any
other previous treatment or washing procedure, in a labora-
tory freeze-dryer (ScanVac Cool Safe 4 L, LaboGene, Den-
mark), operating at a working temperature of — 50 °C un-
der a pressure of 0.0005-0.002 mBar, for 48 h. Then, sea-
weeds were milled to less than 1.0 mm particle size using
a blender (Orbegozo BV 9600, Murcia, Spain), vacuum-
packaged (Sammic SU-316G, Azkoitia, Spain) in labeled
polypropylene bags (90 i, 180 x 300 mm, PA/PE, Azkoitia,
Spain) and stored at —18 °C until further use.

Fig. 1. Representative images of red seaweeds (Rodophyta)
and green seaweed (Clorophyta). (a) Dehydrated seaweed Dulse
(Palmaria palmata). (b) Dehydrated seaweed Nori (Porphyra
sp.). (c) Dehydrated seaweed Sea lettuce (Ulva sp.).

2.2 Proximate Composition
2.2.1 Moisture Content

The moisture content (MC) was determined gravimet-
rically by measuring sample (3 g) weight loss at 105 °C in
a drying oven (Termaks AS® TS 9135, Bergen, Norway)
until constant weight (typically 24 h). Three measurements
(replicates) were made on each sample. MC was calculated
by using the Eqn. 1:

CWI-W2

M
¢ w1

x 100 (1)

where W is the weight (g) of the sample before drying,
and W5 is the weight (g) of the sample after drying. MC
was expressed as a percentage of dry weight (% D.W.).

2.2.2 Ash Content

The ash content (AC) was assessed gravimetrically
in triplicate by determining sample (3 g) weight loss in
a laboratory muffle furnace (LV 15/11/P320, Nabertherm
GmbH, Bremen, Germany), at 550 °C until constant weight.
The AC was quantified as the residue from combustion ex-
pressed as a percentage of dry weight (% D.W.).

2.2.3 Total Lipids

The gravimetric assay was adapted from the method
previously described by Kumari et al. [16]. Briefly, to 500
mg of dry seaweed powder 3.0 mL of a mixture of chlo-
roform/methanol/50 mM phosphate buffer pH 7.4 (Honey-
well, Germany; Fisher Scientific, UK) in the proportions of
2:1:0.8, v/v/v was added, vortexed for about 1 min and cen-
trifuged (Domel, Centric 150, Slovenia) at 2057 x g for 15
min at room temperature. Next, the supernatants were col-
lected and the residues were re-extracted three times with
2.0 mL of chloroform/methanol/buffer (1:1:0.8, v/v/v), and
centrifuged as before. All the supernatants were combined,
filtered, and washed with 2.0 mL of 50 mM phosphate
buffer, and centrifuged at 2057 x g for 5 min. Finally, the
lower organic phase was collected and dried under a regu-
lar nitrogen flow. The total lipids content was determined
gravimetrically and expressed as % of dry weight. NIST
Standard Reference Material® 3232 - Kelp powder (Thal-
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lus laminariae) was used to validate the methodology and
results.

2.2.4 Crude Protein

Crude protein content was determined using an
FP-528 combustion N analyser (LECO Corporation, St.
Joseph, MI, USA). Briefly, 100 mg of each sample is placed
into the loading head of the analyser, where it is sealed and
purged of any atmospheric gases. Thereafter, the sample
is dropped into a hot furnace and flushed with pure oxygen
for very rapid combustion, being covalently bound nitrogen
(N) converted into nitrogen gas (N2). The Ny content was
detected by passing the gas through a thermal-conductivity
cell. An air blank was carried out and the calibration stan-
dard curve was performed with ethylenediaminetetraacetic
acid (EDTA) (LECO 502-896, St. Joseph, MI, USA). Pro-
tein values were calculated as N x 5.00 conversion factor
[17], allowing estimating the protein content of seaweeds
more accurately, based on the protein N fraction. Analyses
were performed (n = 4) and the results were expressed as a
percentage of dry weight (% D.W.).

2.2.5 Total Carbohydrates

The assay was carried out according to the procedure
previously described by Kostas et al. [18]. In brief, 30
mg of each sample were added to 15 mL centrifugal tubes
(Deltalab, Barcelona, Spain). Then, 1 mL of 11 M sulfuric
acid (Honeywell International Inc., Germany) was added to
each tube and incubated at 37 °C for 1 hour on a digital dry
bath (AccuBlock™, Labnet International, Inc., NJ, USA).
Next, 10 mL of deionized water was added to each tube to
have a final acid concentration of 1 M, followed by new in-
cubation (100 °C for 2 h). Afterward, 50 ;L of glucose stan-
dards (Merck, Germany), ranging from 0 to 1000 pg/mL,
or samples were transferred to new centrifuge tubes. Then,
500 pL of 4% w/v phenol (TCI Europe N.V., Zwijndrecht,
Belgium) followed by 2.5 mL of 96% sulfuric acid were
added into each tube. Finally, 230 uL of standard or sample
were added into the wells of a 96-well microplate (Greiner
Bio-One 96 well UV-Star®, Austria). The absorbance was
measured at 490 nm in a microplate reader (BioTek Syn-
ergy™, HTX Multi-Mode Reader, USA). Results were ex-
pressed as % of dry weight.

2.3 Seaweeds Chemical Analysis
2.3.1 pH Determination

The seaweed samples (10 g each) were homogenized
with 50 mL of distilled water and the pH was determined
in triplicate using a digital pH meter (Nahita Model 903,
Auxilab S.L., Beriain, Spain) equipped with a glass elec-
trode (XS Sensor Food S7, XS Instruments, Carpi, Italy)
and each sample was measured in triplicate.
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2.3.2 Fatty Acids Methyl Esters (FAMEs)

Seaweed fatty acids methyl esters (FAMEs) were pre-
pared according to the methodology previously described
by Kumari ef al. [16]. Briefly, to 500 mg of powdered
dried sample was added a mixture of 5 mL of acetyl chloride
(Sigma-Aldrich®, Germany) and methanol (Fisher Scien-
tific, UK) reagent in a ratio of 1:19 (v/v), spiked with
10 pL of an internal standard solution (1 mg/mL, C11:0
FAME (Sigma-Aldrich®, Germany)/C13:0 TAG (Sigma-
Aldrich®, USA) in n-hexane (Merck KGaA, Germany)).
The solution was esterified at 80 °C for 1 hour and then
left at room temperature for cooling. Next, 1 mL of water
and 2 mL of n-hexane were added to the mixture, vortexed,
and centrifuged at 2057 x g for 5 min. The organic phase
was collected, filtered, and dried using anhydrous sodium
sulfate (Honeywell, Germany). Finally, solvents were later
removed under a nitrogen flow and methyl esters were sol-
ubilized in 190 pL of n-hexane for GC-MS analysis.

2.3.3 GC-MS Analysis

Gas chromatography-mass spectrometry (GC-MS)
analysis of FAMEs was carried out on a GC-MS 6850 cou-
pled with 5975C VL MSD (Agilent Technologies, Santa
Clara, EUA), equipped with an autosampler G45134A (Ag-
ilent Technologie, Santa Clara, USA), using a non-polar
fused silica capillary column, 30 m, 0.25 mm ID, 0.25 ym
d; (Agilent J&W HP-5ms, Agilent Technologies, Santa
Clara, USA). Helium (99.9% purity) was used as the car-
rier gas with a column flow rate of 1 mL/min. The ini-
tial column temperature regime was 80 °C, followed by a 4
°C/min ramp-up to 200 °C, followed by a 1 °C/min ramp-
up to 215 °C for 5 min, followed by a 12 °C/min ramp to
308 °C for 0.25 min. The injection volumes were 1 pL
and the temperature was 290 °C. The split ratio was 1:15.
FAME peaks were identified by comparison of their reten-
tion times (RT) with standard FAMEs (Supelco® 37 Com-
ponent FAME Mix, Merck KGaA, Germany). The relative
abundance was calculated through the peak areas, where the
sum of areas represented 100%.

2.3.4 Elemental Analysis

The seaweed samples were digested and analysed ac-
cording to a procedure previously described by US EPA
[19]. Briefly, 250 mg was weighed and digested in 5 mL
concentrated nitric acid 65% (Merck, KGaA, Germany) and
1 mL of hydrochloric acid 37% (Honeywell, Germany), for
48 h using 15 mL Falcon tubes (DeltalLab, Spain). There-
fore, the mixture was placed in a fluoropolymer PFA (per-
fluoroalkoxy alkanes) microwave vessel, sealed, and heated
in a microwave until complete digestion.

After cooling, 100 uL of hydrogen peroxide 30%
(Sigma-Aldrich®, Germany) were added to samples, which
were next vortexed, filtered, and then diluted to a final vol-
ume of 10 mL before analysis. Serial blanks were prepared
under the same digestion conditions.


https://www.imrpress.com

Elemental analysis was performed by Inductively
Coupled Plasma-Atomic Emission Spectrometry (ICP-
AES) using an Ultima (Horiba Jobin Yvon, France) model.
A calibration curve was made for each element. Major min-
eral elements were expressed as grams per kilogram of dry
weight (g-kg~! D.W.) and trace elements expressed as mil-
ligrams per kilogram of dry weight (mg-kg—! D.W.). The
methodology was validated by analysing certified reference
materials (CRMs) from the National Institute of Standards
and Technology (NIST) through Kelp powder (Thallus lam-
inariae) Standard Reference Material® (CRM) 3232.

2.4 Seaweeds Microbial Load

Samples were prepared in a horizontal laminar airflow
cabinet (Aeolus H, Telstar®, Terrasa, Spain) for the pur-
poses of microbial analysis. Each sample (10 g or 25 g) was
weighed (Radwag®, Model PS 450/X, Bracka, Poland),
taken aseptically, and placed in a BagLight PolySilk sterile
blender bag (Interscience, Saint-Nom-la-Bretéche, France)
and homogenized with 90 mL of quarter-strength Ringer’s
solution (Biokar Diagnostics, France) at room temperature.
After 90 s in a stomacher apparatus (BagMixer® 400 P,
Interscience, Saint-Nom-la-Bretéche, France), appropriate
serial dilutions in sterile %4 strength Ringer solution were
spread-plated (100 pL) or dispersed by pour plate method
(1 mL) in Petri dishes @90 mm (Frilabo; Maia, Portugal).

Aerobic mesophilic bacteria (AMB) were determined
on plate count agar (PCA; Biokar Diagnostics, France), and
lactic acid bacteria (LAB) on De Man, Rogosa & Sharpe
agar (MRS broth; Biokar Diagnostics, France), acidified to
a final pH of 5.4 4+ 0.1 with acetic acid (Sigma-Aldrich®,
Germany). Both parameters were incubated at 30 °C for
72 h in a MIR-154-PE cooled incubator (Panasonic, Osaka,
Japan). Enterococcus was determined on Compass® Ente-
rococcus agar (Biokar Diagnostics, France) with plates in-
cubated at 44 °C for 24 h. Coliforms and Esherichia coli
were enumerated on Compass® ECC agar (ECC; Biokar
Diagnostics, France), incubated at 37 °C and 44 °C, re-
spectively, for 24 h, and coagulase-positive staphylococci
(Staphylococcus aureus) were cultured on Baird-parker
RPF agar (BP; Biokar Diagnostics, France) incubated at 37
°C for 48 h.

Yeasts and moulds were grown on chloramphenicol
glucose agar (CGA; Biokar Diagnostics, France) after in-
cubation at 25 °C for 5 days. Marine bacteria were deter-
mined on marine agar (Condalab, Madrid, Spain) and in-
cubated at 20-25 °C for 72 h. Salmonella spp. was enu-
merated on Buffered Peptone Water (BPW), Rappaport-
Vassiliadis Soja (RVS) Broth (RAP), Muller-Kauffmann
Tetrathionate-Novobiocin (MKTTN) broth, Xylose Ly-
sine Desoxycholate (XLD) agar, and Brilliant Green Agar
(BGA) (Biokar Diagnostics, France). Listeria monocyto-
genes were enumerated on Half-Fraser Broth, Fraser Broth,
and Palcam Agar (Biokar Diagnostics, France), both incu-
bated at 37 °C for 5 days. The results were expressed as the

logarithm of colony-forming unit per gram of sample (Log
CFU-g™h.

2.5 Statistical Analysis

Statistics were carried out using the non-parametric
Mann—Whitney U test to assess for any significant differ-
ences, since statistical assumptions were not met to perform
parametric tests. In all cases, the criterion for statistical sig-
nificance was p < 0.05. All statistical analyses were carried
out using the statistical software STATISTICA (STAT. ver-
sion 8.0, StatSoft Inc. Tulsa, OK, USA). All data were ex-
pressed as mean =+ standard deviation (SD) (n = 3) unless
stated otherwise and reported on a dry matter basis.

3. Results and Discussion

3.1 Proximate Composition
3.1.1 Moisture Content

In the analysed seaweeds, MC ranged from 9.7 £
0.02% in P. palmata, to 13.0 = 1.95% in Porphyra sp.
While, in C. crispus MC was 12.2 4+ 0.04% and in Ulva
sp. was 11.2 £ 0.04% (Table 1). The statistical analyses re-
vealed significant differences (p = 0.0495) among all sam-
ples, except for C. crispus vs Porphyra sp. (p = 0.5127)
(Supplementary Table 1). The findings are in close agree-
ment with data previously reported by Mohammed et al.
[20] on P. palmata (10.0 £+ 0.41%). The same authors
reported a lower value for Porphyra umbilicalis (8.9 +
0.16% D.W.) when compared to this study, with both sea-
weeds obtained from a commercial supplier (Wild Irish Sea-
weed, Co., Clare, Ireland). In addition, some authors [21]
reported a similar MC for Ulva lactuca (10.6 + 1.14%
freeze-dried sample) in the northeast of Hong Kong (A-Ma
Wan), whereas others [22] reported a slightly higher con-
tent, (14.9% w/w on dry basis) for U. lactuca collected from
the coastal waters of Monastir (Tunisia).

3.1.2 Ash Content

The AC ranges from 13.9 to 26.0% D.W. (Table 1),
showing a significant difference among all samples (p
= 0.0495) except between C.crispus vs P. palmata (p =
0.2752) (Supplementary Table 1). Similar values to C.
crispus (~26%) were found by Rupérez and Saura-Calixto
[23] in samples from Algamar C.B., Redondela, Ponteve-
dra, Spain (21.4 4+ 0.14% D.W.), and by others [24] from
samples collected in the Swedish west coast (27.2% D.W.).
Other authors [20] reported a similar AC to P. palmata (25.6
+ 0.67% D.W.) harvested off the coast of Co. Clare in Ire-
land. However, Sanchez-Machado et al. [25] and Mahre
et al. [26] reported a higher AC of 34.0% D.W., and 42.2%
D.W,, respectively, to the same seaweed.

Concerning Porphyra sp., Cofrades et al. [27] found a
similar value (11.7% D.W.) for the sample supplied by Al-
gamar C.B. (Redondela, Pontevedra, Spain). While others
showed slightly higher values of Porphyra sp. (P. tenera
and P. umbilicalis) from different regions of Europe, rang-
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Table 1. Proximal composition (mean + SD). Composition in edible seaweeds (Irish moss (Chondrus crispus), Dulse (Palmaria

palmata) Nori (Porphyra sp.), and Sea lettuce (Ulva sp.).

. .. Seaweeds
Proximal composition
Chondrus crispus ~ Palmaria palmata  Porphyra sp. Ulva sp.

Moisture (% D.W.) 12.2 +0.04 9.7 £0.02 13.0 £ 1.95 11.2 + 0.04
Ash (% D.W.) 26.0 +0.31 25.7 +0.12 13.9+0.10 25.5+0.09
Lipids (% D.W.) 1.7+ 1.92 1.6 +£ 1.81 1.8 £ 0.60 234322
Proteins (% D.W.) 15.7 £0.17 14.4 £+ 0.87 23.7 £0.18 15.6 £0.13
Carbohydrates (% D.W.) 3254+ 1.18 34.04+2.23 19.8 +0.92 31.0 + 1.37

Values presented as mean + SD (n = 3); except for proteins (n = 4).

ing from 17.2 to 28.2% D.W. [20,23,25,28].

The AC of Ulva sp. (25.5% D.W.) was higher than
that reported by Wong and Cheung [21] and Yaich et al.
[22] for U. lactuca, namely, 21.3% D.W., and 19.6 w/w %
D.W., respectively. In addition, in this study, the AC con-
tent of the Ulva sp. was lower when compared to U. lactuca
from the West Algerian coast (27.1% fresh alga) [29], and
seaweeds off the coast of Norway (29.3% D.W.) [26]. As
noted previously, the AC can vary widely between species,
geographical regions, and even between seasons [30]. The
high AC are an important feature of seaweeds, and gener-
ally are much higher than those observed in terrestrial plants
[3,25,30,31].

3.1.3 Total Lipids

The total lipid content of the seaweeds ranges from
1.6 to 2.3% D.W. (Table 1), showing significant differ-
ences (p = 0.0495) among samples (C. crispus vs Ulva sp.,
P palmata vs Ulva sp., and Porphyra sp. vs Ulva sp.)
(Supplementary Table 1). Most seaweeds show a very low
lipid content ranging from 0.3—7.0% D.W. [30,32,33], thus
being a low source of nutritional energy when compared
with some plant vegetables such as soy or sunflower [34].
Similar results were reported for C. crispus (0.7-2% D.W.)
and Porphyra spp. (1.3-2.3% D.W.) by Soares et al. [35].
Other researchers such as Mehre ef al. [26] reported 2.6%
D.W. for Ulva lactuca, a value that is in agreement with
those found in the present study. As described by Soares et
al. [35], in most cases commercial seaweeds show higher
values than wild seaweeds. According to some authors the
lipid content of seaweeds can vary according to species, ge-
ographical location, climate, and environmental conditions
such as temperature, light intensity, salinity, and nutrient
content of the growth medium and either to species types
and/or a combination of these factors [28,36,37].

3.1.4 Crude Protein

Protein is a major factor when assessing the health
benefits of a food product [26]. It is an important source of
sulfur (S) and nitrogen (N), essential components of organ-
isms that are not produced in the human body, being also es-
sential precursors for the synthesis of several biomolecules
[38]. Given an N-to-protein conversion factor of 5, the to-
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tal protein content in the samples studied was estimated be-
tween 14.4 and 23.7% D.W. (Table 1). Statistical analy-
ses revealed significant differences among all seaweeds (p
=0.0180), except for C. crispus vs Ulva sp. (p = 0.2367)
(Supplementary Table 1), which is within the range re-
ported by Sanchez-Machado [25] for seaweeds collected on
the northwest Iberian coast, and also by Paiva ef al. [28]
for seaweeds collected in the Azores Archipelago. Some
authors reported higher values for C. crispus (20.9% D.W.)
and Porphyra (29.8% D.W.) [23] for commercial seaweeds
(Algamar C.B., Redondela, Pontevedra, Spain).

Concerning P. palmata, its total protein content is
in the range of 8-35%, with most typical values around
20% [39]. In general, protein content differs widely across
groups of seaweeds [40], and this can be explained through
variances attributed to different species, environmental fac-
tors, or a combination of both [28,30,41], or even by
methodological differences [26].

Seaweeds, especially the red seaweeds, appear to be
an interesting potential source of food proteins as demon-
strated by some authors [30,42]. Some of them, especially
Porphyra spp. have a protein content higher than those
found in high-protein pulses such as soybean [20,23,25].
In general, specific seaweeds present higher protein con-
tents than some grains such as rice (7.1%), corn (9.4%), oats
(13.4%), or even wheat (13.8%) [28].

3.1.5 Total Carbohydrates

Carbohydrates comprise 50-60% of the dry weight of
seaweeds [43]. The carbohydrate content (CC) of the sea-
weeds analysed in this study ranged from 19.8-34.0% D.W.
(Table 1), making it the largest constituent on a dry weight
basis, the only exception is Porphyra sp. In general, the
values encountered for CC are out of the range of values re-
ported by several authors in red seaweeds [24,28,43]. Sta-
tistical analyses showed significant differences between C.
crispus vs Ulva sp., P. palmata vs Ulva sp., and Porphyra
sp. vs Ulva sp. (p = 0.0495) (Supplementary Table 1).
Concerning Ulva sp., the values observed were higher than
those reported by El-Said and El-Sikaily [44] for seaweeds
collected along the Egyptian Mediterranean coast, where
concentrations in Ulva lactuca varied from 10.2-11.5%
D.W. However, Olsson and Albers [24] reported a CC to U.


https://www.imrpress.com

Table 2. Fatty acid methyl esters (FAMEs). Composition in edible seaweeds (Iris moss (Chondrus crispus), Dulse (Palmaria

palmata) Nori (Porphyra sp.) and Sea lettuce (Ulva sp.)).

. Seaweeds
Fatty acids (FAMEs)  Group  Abbrev.
Chondrus crispus  Palmaria palmata ~ Porphyra sp. Ulva sp.

C14:0 SFA MA 6.6 + 0.01 183 £ 1.35 0.5 4+ 0.08 0.9 +0.02
Cl16:0 SFA PA 43.9+0.19 62.1 +£0.22 41.9 £ 4.46 43.8 £0.85
Cl6:1 MUFA PLA 1.1 +0.00 0.7 £ 0.07 1.6 £0.24 3.94+0.03
C18:0 SFA SA 1.2 +0.03 5.84+0.28 0.8 +0.11 0.9 +£0.10
C18:1 MUFA OL 1.0 +0.05 5.7 4+0.40 1.4 +0.16 14.8 +0.22
C18:1 MUFA EA 9.9 +0.03 1.6 +0.18 43+0.53 11.9 £ 0.25
C18:2 PUFA LA 1.3 +0.03 0.8 +0.01 2.8 4+0.38 3.2 4+0.06
C18:3 PUFA GLA n.d. n.d. 0.4 +0.07 0.4 +0.18
C18:4 PUFA SDA n.d. n.d. n.d. 14.9 £ 0.33
C20:0 SFA AA n.d. n.d. n.d. 0.3 +£0.04
C20:3 PUFA DGLA 0.6 +0.08 n.d. 8.1+ 1.89 n.d.
C20:4 PUFA ETA n.d. n.d. n.d. n.d.
C20:4 PUFA ARA 20.7 + 0.05 0.97 £ 0.59 8.8 +4.43 0.6 + 0.00
C20:5 PUFA EPA 13.8 +£0.02 42+ 1.32 29.4 +3.49 0.7 +0.01
C22:0 SFA BA n.d. n.d. n.d. 3.84+0.04
XSFA 51.6 £ 0.16 86.2 + 1.41 43.2 £4.65 49.7 + 1.34
XMUFA 12.0 £ 0.12 7.9 4+0.72 7.3 4+0.94 30.6 + 1.23
YPUFA 36.4 +0.11 594271 49.5 +£7.90 19.7 £ 0.66
YUFA 48.4+0.16 13.8 £ 1.41 56.8 + 4.65 50.3 +1.34
PUFA/SFA 0.7 0.06 1.14 0.4
PUFA ®-6 22.63 £ 0.09 1.72 + 0.85 20.08 +£2.96 4.2+0.33
PUFA o-3 13.80 + 0.02 4.19 +£1.86 29.38 +4.94 15.6 + 0.99
Ratio -6/®-3 1.64 0.41 0.68 0.27

Results expressed as a percentage of total fatty acid analysed. Values are given as mean 4+ SD (n =4). AA, Arachidic acid;
ARA, Arachidonic acid; BA, Behenic acid; DGLA, Dihomo-v-linolenic acid; EA, Elaidic acid; EPA, Eicosapentaenoic
acid; ETA, Eicosatetraenoic acid; GLA, «-linolenic acid; LA, Linoleic acid; MA, Myristic acid; MUFAs, Monounsaturated
fatty acids; OL, Oleic acid; PA, Palmitic acid; PLA, Palmitoleic acid; PUFAs, Polyunsaturated fatty acids; SA, Stearic acid;

SFAs, Saturated fatty acids; SDA, Stearidonic acid; TFAs, Trans fatty acids; n.d., not detectable.

lactuca (34.7% D.W.) and to U. intestinalis (36.7% D.W.)
collected on the Swedish west coast comparable to those
found in the present study. According to some authors,
the seaweed’s carbohydrate synthesis is related to periods
of maximum growth, increased rates of photosynthetic ac-
tivity, and a reduction in protein contents [28,45,46].

In this study, only Porphyra sp. presents an inverse
relationship between protein and carbohydrates; a pattern
observed for several species of seaweeds [46]. The carbo-
hydrate synthesis is favoured by light intensity, tempera-
ture, and decrease of nitrogen, while for the proteins these
parameters are inversely related [46,47].

3.2 Seaweeds Chemical Properties
3.2.1 pH Determination

The pH values ranged from 6.2 4 0.02 in Porphyra
sp. to 7.3 £ 0.04 in C. crispus (Table 1). Analyzed samples
show significant differences (p = 0.0495) among them, ex-
cept for P. palmata vs Ulva sp. and Porphyra sp. vs Ulva
sp. (p = 0.5123) (Supplementary Table 2).

The variation in pH values can be important since pH

is indicative of enzymatic or microbiological activity linked
to quality, freshness and safety of foods [48]. Itis also a fac-
tor of great importance for the storage of the product before
further use [49]. For instance, pH linked to other parame-
ters such as the percentage of exudate and changes in colour
and texture indicate a loss of seaweed freshness associated
with the increase in micro-organisms [48,50]. The results
obtained in the present study are close to neutral and, there-
fore, makes seaweeds potentially vulnerable to microorgan-
isms [48].

3.2.2 Fatty Acid Methyl Esters (FAMEs)

The results of FAMEs are shown in Table 2. As can be
seen, the species variability is quite evident in the FAMEs
composition. These variations could be due to genetic dif-
ferences among species, as well as other abiotic factors
(e.g., light, salinity, and nutrients) [25,31]. On other hand,
variations can also be due to factors such as environmental
and seasonal conditions at the time of planting and harvest-
ing [51,52].

The saturated fatty acids (SFAs) were the most abun-
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dant FA, ranging from 43.2 to 86.2% of the total FA for the
Porphyra sp. and P. palmata, respectively. These results
agree with studies previously reported by Mahre et al. [26],
who found that SFAs were the main FA in seaweeds. The
statistical analyses revealed significant differences among
all samples (p = 0.0180) (Supplementary Table 3).

Concerning unsaturated fatty acids (UFAs), signifi-
cant differences were observed among all seaweeds (p <
0.05), except in C. crispus vs P. palmata and P. palmata
vs Porphyra sp. (p = 0.0565) (Supplementary Table 3).
The values ranged from 13.8% for P. palmata to 56.8%
for Porphyra sp., with the highest average values belong-
ing to eicosapentaenoic acid (EPA, C20:5, w-3-cis) in Por-
phyra sp. (29.4%), followed by arachidonic acid (ARA,
C20:4, w-6-cis) in C. crispus (20.7%). In general, red sea-
weeds are particularly rich in FA with 20 carbon atoms [51]
and contain essential fatty acids (EFA) pivotal for numer-
ous metabolic processes [53]. MUFA’s and PUFA’s show
significant differences among all seaweeds (p = 0.0180)
(Supplementary Table 3). Therefore, the higher sum of
MUFA content occurs in Ulva sp. (30.6% of total FA),
while the highest PUFA content was determined in Por-
phyra sp. (49.5% of total FA). The most abundant PUFA
in red seaweeds (P. palmata and Porphyra sp.) and green
seaweeds (Ulva sp.) were found to be w-3, which accounted
for 71.0%, 59.4%, and 78.8% of total PUFAs, respectively.
In fact, although the fat content is low among seaweeds,
20-50% of their total FA content consists of long-chain w-
3 PUFAs [51]. This is specially the case of red seaweeds,
where lipid content is very low (1-5%) [52].

Concerning PUFA w-3 and w-6, significant differ-
ences were observed among all seaweeds (p = 0.0180).
Stearidonic acid (SDA, C18:4, w-3-cis) presents signifi-
cant differences between C. crispus vs Ulva sp., P. palmata
vs Ulva sp., and Porphyra sp. vs Ulva sp. (p = 0.0126)
(Supplementary Table 3), since only the green seaweed
Ulva sp. presents stearidonic acid (SDA, C18:4, w-3-cis)
(14.9%), which accounted for 95.5% of total w-3 PUFAs
bioactive compounds. Eicosapentaenoic acid (EPA) shows
significant differences among all seaweeds (p = 0.0180)
(Supplementary Table 3). The higher concentration was
determined in Porphyra sp. (29.4%), accounting for 100%
of total w-3 PUFAs, which is in agreement with Cofrades
et al. [3]. C. crispus also presents a considerable value of
EPA (13.8%). P. palmata and Ulva sp. contain fewer pro-
portions of EPA (4.2 and 0.7, respectively). No eicosate-
traenoic acid (ETA, C20:4, w-3, cis) was found in any of
the specific seaweeds.

Concerning to w-6 PUFAs, linoleic acid (LA, C18:2,
w-6, cis) show significant differences among all samples (p
=0.0180), except in Porphyra sp. vs Ulva sp. (p =0.2367).

Unlike w-3 PUFAs, proportions of w-6 PUFAs were
high in C. crispus (22.6%) and Porphyra sp. (20.1%), par-
ticularly in arachidonic acid (ARA, C20:4, w-6, cis), to-
talling 91.6% and 43.8% of total w-6 PUFAs, respectively.
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Pairwise ARA comparisons show significant differences
among samples (p = 0.0180) except in P. palmata vs Ulva
sp. (p = 1.0000). The seaweeds C. crispus and Porphyra
sp. show a high concentration of EPA (C20:5, w-3-cis) and
low concentrations of linoleic acid (LA, C18:2, w-6, cis).
This outcome is in accordance with those reported by other
authors [3,54]. As mentioned by Cofrades et al. [3], the
ratio of PUFA/SFA is one of the main parameters used to
assess the nutritional quality of the lipid fraction of foods.
PUFA/SFA ratios presents significant differences
among all seaweeds (p = 0.0180) (Supplementary Table
3), and values ranged from 0.4 to 1.14, which is in ac-
cordance with the nutritional guidelines recommendations
(>0.4) [55]. The adequate balance of the two classes of
PUFAs (w-3 and w-6) is of major importance for normal
growth and development [56]. In this regard, it is recom-
mended to reduce their ratio to less than 4.0, which implies
increasing the w-3 fatty acids in the diet, mainly by consum-
ing long-chain fatty acids and/or reducing w-6 [3], to pre-
vent inflammatory and cardiovascular diseases [35]. In this
study, the ratio of w-6/w-3 fatty acids show signigficant dif-
ferences among all seaweeds (p = 0.0180) (Supplementary
Table 3), ranging from 0.3 to 1.6, with the lowest ratio ob-
served in Ulva sp. due to high amounts of stearidonic acid
(SDA, C18:4, w-3-cis), and the highest ratio observed in C.
crispus due to high level of arachidonic acid (ARA, C20:4,
w-6-cis). A similar trend was reported by other authors
[53]. This means that seaweeds can be useful to improve
the lipid quality of foods [3], i.e., their introduction into di-
ets may be beneficial from a nutraceutical viewpoint, since
they provide EFA, and at the same time contribute to the
lowering ratio of the w-6/w-3 consumer’s diet [53].

3.2.3 Elemental Analysis

Seaweed content of macro minerals (calcium (Ca),
potassium (K), magnesium (Mg), sodium (Na) and phos-
phorus (P)) and trace elements: (iron (Fe), and zinc (Zn))
are presented in Table 3 [57].

In general, the mineral content of seaweeds is rela-
tively higher than that of the most edible land plants [58].
C. crispus showed the higher content in Na (8.0 &+ 0.03
g-kg™)and Zn (71.1 & 1.40 mg-kg— 1), and P. palmata the
higher content in K (124.8 + 6.9 g-kg~!); whereas Ulva sp.
presented the higher content in Ca (5.5 £ 0.22 g-kg~1), Mg
(55.8 +0.31 gkg~!) and Fe (336.4 4 15.51 mg-kg™1).

Sodium (Na) and potassium (K) were the most abun-
dant elements among seaweeds. According to some au-
thors, the contents of Na and K in Chlorophyta Ulva spp.
tend to be lower when compared with red and brown sea-
weeds [59,60]. Likewise, P. palmata collected in Portu-
gal presents high amounts of K [59]. Sodium (Na) re-
sults showed significant differences among all samples (p
=0.0495) (Supplementary Table 4), and are not in agree-
ment with data previously reported by other authors. For
example, the results are lower for C. crispus with values
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Table 3. Macro and trace elements and contribution to daily dietary intake and Reference Nutrient Intake (RNI). Contents for macrominerals and trace elements in each seaweed

analysed (Irish moss (Chondrus crispus), Dulse (Palmaria palmata) Nori (Porphyra sp.), and Sea lettuce (Ulva sp.)).

Elements C. crispus P. palmata ~ Porphyra sp. Ulva sp. C. crispus P. palmata Porphyra sp. Ulva sp.

Intake (g) RNI(%) Intake(g) RNI (%) Intake (g) RNI (%) Intake (g) RNI (%) Adults
Fe (mgkg"! DW) 1433 +44 435+84 86.4 + 6.1 3363 £ 15.5 1.2 8.1 0.4 2.7 0.7 4.7 2.7 18.2 1.7-14.8
Zn (mg-kg=! DW) 711+ 1.4 249 +£2.1 46.1 +£3.9 27.0 £ 1.5 0.6 6.3 0.2 2.1 0.4 4.2 0.2 2.1 7.0-9.5
P (g-kg—! DW) 1.1 £0.0 1.2+0.2 2.1 +0.1 1.8 +£0.0 9.0 1.7 9.8 1.8 16.7 3.1 14.2 2.6 540
Ca(g-kg~! DW) 42 +0.1 1.6 £04 1.6 £ 0.0 55+0.2 33.8 4.8 12.4 1.8 12.8 1.8 43.7 6.2 700
K (g'’kg~! DW) 41.0+24 1248+69 19.2 £ 0.5 21.8 £ 1.1 327.8 9.4 998.3 28.5 153.2 44 174.2 5.0 3500
Mg (g-kg=—! DW) 6.5+0.1 25+02 37+£02 558 +0.3 51.8 17.3 19.8 6.6 29.3 9.8 446.0 148.7 270-300
Na (g'kg=! DW) 8.0+ 0.0 45+12 58+0.1 54+0.0 64.0 4.0 36.2 2.3 46.0 2.9 43.5 2.7 1600
Ratio Na/K 0.20 0.04 0.30 0.25 - - - - - - - - -
Ratio Ca/Mg 0.65 0.63 0.44 0.10 - - - - - - - - -

Values are presented as mean =+ standard error (n = 3).
Contribution to the dietary intake for the consumption of a usually consumed serving (8 g of dry seaweed) and RNI (Reference Nutrient Intake) in mg/day (Committee on Medical Aspects of Food and

Nutrition Policy) [57].
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4—6 times below the values reported by Olsson and Albers
[24] and Parjikolaei ef al. [61]. The same was determined
by several authors for Porphyra sp. in different seawaters
over the world [20,28,62]. However, results comparable
to those obtained in this study were determined by Larrea-
Martin et al. [63] in Eastern Porphyra purchased in the
Spanish local market (but imported from Asian countries),
which registered 2.3 g-kg~! DM (Koyo Food Ltd.: Kunga
and Mitoku) and 6.5 g-kg~* DM (Wesbrag Ltd.: Yang-Tse).
This can be partially explained by the treatment of seaweeds
in Asian countries [62,63]. At the same time, it is relevant
that Na content in Porphyra from Spain and France was
about 10 times higher than those from Japan and Korea as
reported by Larrea-Martin et al. [63].

Concerning K, significant differences were observed
among all seaweeds (p = 0.0495) (Supplementary Table
4). Seaweeds contain a high content of K (higher than fruits
or vegetables), which has been reported to protect against
high blood pressure and other cardiovascular diseases when
intake levels are high [3,64]. Some seaweed accumulates
more K than Na [44], which is quite evident in the present
results, especially in C. crispus (41.0:8.0 g-’kg™!) and P,
palmata (124.8:4.5 g-’kg™1).

Na/K ratio show significant differences among all sea-
weeds (p = 0.0495) (Supplementary Table 4). Altough
when compared with other reports they show lower ratios
[65]. However, it has been reported that a molar Na/K ra-
tio of <1.0 in the diet may be more significant than the
amount of each mineral [20,66]. In this study, the Na/K ra-
tios ranged from 0.04 for P. palmata, to 0.30 for Porphyra
sp., which can be interesting from a nutritional viewpoint,
since intakes of high Na/K ratios are closely linked to a
higher incidence of hypertension [31,67]. Therefore, low
ratios of Na/K help to fight fluid retention and high blood
pressure without the risk of disturbing the K balance [3,20].
Furthermore, according to Rodrigues et al. [68] seaweeds
with low ratios of Na/K have a good potential to be used as
a salt replacer.

The mean P content ranged from 1.1 to 2.1 gkg™!,
showing significant differences among all seaweeds (p =
0.0495), except for C. crispus vs P. palmata (p = 0.5123)
(Supplementary Table 4). The results of P concentrations
in Porphyra sp. concurred with those reported by Larrea-
Martin et al. [63] in species from French waters (1.49
g-kg™1). The same authors pointed out that values are par-
ticularly high in seaweeds from Spain (5.60 g-kg~!), Ko-
rea (8.59 g-kg™1), and Japan (8.47 gk~ 1). Also, Cardoso
et al. [69] reported very similar values for C. crispus (1.4
g-k™1), Porphyra umbilicalis (2.4 g-’k—1), and to U. rigida
(2.1 gk~ 1) in the Iberian Peninsula.

The present results of Mg show significant differences
among all samples (p = 0.0495). Values of red seaweeds
range from 2.5 to 6.5 g-kg~!. Notably, this mineral was
particularly accumulated by green seaweed Ulva sp. (55.8
+0.31 g-kg™1), which is in agreement with results reported
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by Neto et al. [1] in Ulva rigida (37.6 g-’kg~1) (ALGAplus
Lda., Aveiro, Portugal). As reported by Milinovic et al.
[65], usually the Mg content is high in Chlorophyta, most
likely due to higher levels of chlorophylls. In fact, this great
ability of green seaweeds to accumulate Mg is well known
[59].

Even seaweeds with lower levels of Mg, such as Por-
phyra sp. (3.7 + 0.15 g-kg—!) contain 33 times more Mg
than whole milk, and up to 14 times more than Cheddar
cheese [28]. This can be important since an Mg deficiency
in humans is common and consequently linked to chronic
diseases [20]. Therefore, seaweed can be a significant
source of Mg for humans when incorporated into foods.

The seaweeds analysed in this study can contribute
6.6—17.3% of the Mg RNI (Reference Nutrient Intake) for
adults. With the exception of Ulva sp. with a supra-high
percentage of almost 150%.

Calcium (Ca) content differed significantly among all
seaweeds (p = 0.0495), except in P. palmata vs Porphyra
sp. (p = 0.5123) (Supplementary Table 4). The lowest
mean Ca concentration (1.6 g-kg~') was detected in P, pal-
mata, while the highest mean Ca concentration was deter-
mined in Ulva sp. (5.5 gkg™!). It is worth highlighting
that the Ca/Mg ratio is also relevant with respect to Ca ab-
sorption since a deficient Mg intake can result in an im-
moderate accumulation of Ca in soft tissues, thus leading
to some disorders such as the formation of kidney stones
and the occurrence of arthritis [59]. Concentrations of Ca
measured in the present work were close to those reported
by MacArtain et al. [70] for P. palmata (1.5 g-kg=') and
C. crispus (3.7 g’kg™"') and higher than values determined
in Porphyra umbilicalis (0.3 g-kg™') and Ulva spp. (3.3
g'kg™1). Milinovic et al. [65] reported similar values in
Ulva sp. (6.9 gkg™') and Porphyra sp. (2 gkg™'). In
fact, it is known that seaweeds accumulate higher levels of
Ca than terrestrial foodstuffs [70].

Iron (Fe) was the trace element with the highest con-
centration detected in the analysed seaweeds, ranging from
43.5 to 336.4 mg-kg~!. The statistical analyses revealed
significant differences among all seaweeds (p = 0.0495)
(Supplementary Table 4). Similar values were also re-
ported by Milinovic ef al. [65]. Interestingly, minerals
such as Fe are present in seaweeds at higher levels than in
some well-known terrestrial sources such as sirloin steak
(1.6 mg/100 g), spinach (2.1 mg/100 g), or even brown rice
(12.9 mg/100 g) [70]. Since a deficiency in Fe is one of the
most prevalent nutritional disorders worldwide [71], sea-
weeds, namely the species from the present study, may con-
tribute to 1.2-2.4% of iron RNI in adults.

The Zn concentrations show significant differences
between all samples (p = 0.0495) except for P. palmata
vs Ulva sp. (p = 0.2752) (Supplementary Table 4), with
C. crispus (71.1 & 1.40 mg-kg—') and Porphyra sp. (46.1
+ 3.87 mg-kg—!) having the highest levels. In general,
our values agree with those determined by Rupérez [57]
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Table 4. Microbiological parameters. Levels of Enterococcus, lactic acid bacteria (LAB), aerobic mesophylic bacteria (AMB),

marine agar counts (MAC), glucose-yeast-peptone (GYP) moulds and yeasts, Escherichia coli and total coliforms,

Staphylococcus aureus, Salmonella spp., and Listeria monocytogenes for microbial load in edible seaweeds (Irish moss (Chondrus

crispus), Dulse (Palmaria palmata) Nori (Porphyra sp.) and Sea lettuce (Ulva sp.)).

. . . Seaweeds
Microbiological parameters (Log CFU-g—1)
C. crispus P. palmata Porphyra sp. Ulva sp.

Enterococcus <2 <2 <2 <2
LAB <2 <2 <2 <2
AMB 4.3 +0.93 49+0.15 45+£0.33 3.0+ 0.15
MAC 4.9 £+ 0.63 52+ 1.76 4.7 +1.28 3.7+0.15
GYP (Moulds) <2 <2 <2 <2
GYP (Yeasts) <2 <2 <2 <2
Escherichia coli 2.54+0.00 <1 <1 1.0 £ 0.00
Total coliforms 3.0 +0.00 2.5+ 0.00 2.0 +0.00 2.2 +0.00
Staphylococcus aureus <2 <2 <2 <2

Salmonella spp.

Listeria monocytogenes

Absentin25 g
Absentin25g

Absentin25g
Absentin25g

Absentin25 g
Absentin25g

Absentin25 g
Absentin25g

Counts, expressed as Log CFU-g~ !, mean & SD (n = 4).

for C. crispus (71.4 mg-kg™1), but not for Porphyra (22.1
mg-kg~!). The seaweed species analysed in this study can
contribute up to 6% of the RNI, such as in the case of C. cris-
pus (0.6 mg/8 g), which can be interesting since Zn plays
many important functions in the human body.

3.3 Seaweeds Microbial Load

Seaweeds are a highly perishable foodstuft, and be-
cause of their high moisture level, apart from a richness
content in nutrients, are an excellent promotor of micro-
bial growth [72]. In addition, several bacterial species, in-
cluding Salmonella spp., Escherichia coli, Listeria spp.,
or Staphylococcus aureus could pose significant hazards,
since microbial contamination can occur during the growth
cultivation, harvest environment, or further processing as
post drying handling [73,74]. Microbial growth (Log
CFU-g1) of specific seaweeds is shown in Table 4.

Salmonella spp., a non-spore-forming Gram-negative
bacteria, was not detected on any sample (not present per
25 g), prompting the conclusion that these results fit in the
Portuguese guidelines on the application of general princi-
ples of food hygiene to the control of Salmonella spp. in
ready-to-cat foods by INSA (Instituto Nacional de Saude
Doutor Ricardo Jorge) [75]. Listeria monocytogenes were
not detected through plating count (not present per 25 g),
which is in line with results obtained by Blikra et al. [76].

No significant differences were observed for Entero-
coccus (p = 1.000) (Supplementary Table 5). Enterococ-
cus can be used as indicators of faecal contamination [77].
This genus can be present in heterogeneous habitats due
to its capacity to grow under low water activity (a,,) con-
ditions and over a relatively wide range of temperatures
[78]. The results obtained were below the detection limit
for all specific seaweeds (<2 Log CFU-g~!), contrary to
what has been reported by Byappanahalli e al. [79] for the
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macro-alga Cladophora (Chlorophyta) along the shorelines
of Lake Michigan (USA). According to these authors, sea-
weeds constitute a favorable substrate for the growth of this
faecal indicator bacteria.

Concerning LAB, moulds, yeasts, and S. aureus, the
values obtained do not exceed the limits of the food quality
standards summarized by INSA [75]. Positive values for
AMB were encountered in all seaweeds, with P. palmata
(4.9 Log CFU-g~ ') >Porphyra sp. (4.5 Log CFU-g~1)
>C. crispus (4.3 Log CFU-g=') >Ulva sp. (3.0 Log
CFU-g1). However, this is in accordance with the satis-
factory microbiological quality standards (<10°) from Ba-
nach et al. [73]. In general, these results are in line with
those obtained by other researchers; namely to cultivated P.
palmata (~3 Log CFU-g~1) originating from Bristol, ME,
USA [80,81] and wild P. palmata (5.1 Log CFU-g~1) orig-
inating from Cushendall, County Antrim, Northern Ireland,
and as well for cultivated Ulva lactuca (4.9 Log CFU-g1)
originated from Izmir, Turkey [81].

Marine agar counts (MAC) ranged from 3.7 Log
CFU-g~! for Ulva sp. to 5.2 Log CFU-g~! for P. pal-
mata. The statistical analyses revealed significant differ-
ences among all seaweeds (p = 0.0180) (Supplementary
Table 5). Similar values for C. crispus (4.2 + 0.12 Log
CFU-g~ 1) and Ulva lactuca (3.2 + 1.16 Log CFU-g™ 1)
were reported by Del Olmo ef al. [82] in Coruna Province,
North-western Spain, and for P. palmata (3.1-5.3 Log
CFU-g~ Y by Levdal et al. [81]. As described by Del Olmo
et al. [82], the maximum population counts were obtained
on MAGC, slightly higher than the respective counts on AMB
for all seaweeds; a result which can be explained by the
composition of marine agar medium (specially developed
for the isolation and enumeration of heterotrophic marine
bacteria), and eventually closer to natural habitat conditions
of seaweed microbiota than that of PCA medium. For this
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reason, the assessment of viable counts seems to be more
suitable using MAC than AMB.

Concerning E. coli, significant differences were de-
tected between C. crispus vs Ulva sp. (p = 0.0082), P. pal-
mata vs Ulva sp. and Porphyra sp. vs Ulva sp. (p=0.0126)
(Supplementary Table 5). Results indicate the absence or
very low numbers of colonies (<1 to 1 Log CFU-g~ 1) in
all seaweeds, except for C. crispus (2.5 Log CFU-g~!) re-
vealing an unsatisfactory (>10? CFU-g~') microbiologi-
cal quality according to INSA [75]. Total coliforms ranged
from 2 to 3 Log CFU-g~!, showing significant differences
among all seaweeds (p = 0.0180) (Supplementary Ta-
ble 5). The results are at a borderline level (102 — <10%
CFU-g~1), according to INSA [75].

4. Conclusions

The results of the present study indicate that the anal-
ysed seaweed species can be used as functional foods or
food ingredients in many healthy low-fat foods to improve
the nutritional quality and functionality of foods products,
in general, enhancing a healthy balanced human diet.

Although there are studies with some similar results,
the present study suggests that the composition and con-
tent of seaweeds varies, possibly according to several fac-
tors (e.g., season, geography, geological nature of the site).
Thus, this study shows seaweeds with some distinctive fea-
tures, mainly because they provide amounts of some com-
pounds and elements different from those reported in other
studies.

C. crispus, P. palmata, and Ulva sp., showed to be
a rich source of minerals and trace elements with poten-
tial for use in sodium chloride replacement. On the other
hand, seaweeds can serve as a food supplement to help meet
the recommended adult daily intake (RDI) of several macro
and trace elements, contributing with some elements that
are normally scarce or even absent in some terrestrial food-
stuffs and reducing the impact of some pathologies asso-
ciated with the modern lifestyle. All seaweeds showed a
very low lipid content, thus being a low source of nutri-
tional energy. In the other seaweeds analysed, they showed
a high-quality fat, comprising a relatively higher level of
SFAs. Porphyra sp. and Ulva sp. were rich sources of
UFAs, suggesting that they can be used to reduce the risk
of cardiovascular disease. In addition, seaweeds, especially
Porphyra sp., can be a protein-rich species compared to ter-
restrial foods, may be useful as a complementary source of
dietary proteins for human nutrition. Overall, the results
highlight the potential of using seaweeds as an alternative
and sustainable source of proteins, but also elements (e.g.,
Mg, Zn, Fe) with benefits for human nutrition and indus-
trial food processing. The microbiology analyses revealed
that analysed seaweeds can be used as a raw material for
food for human consumption. As a concluding remark, this
study contributes to a comprehensive understanding of the
use of available edible seaweeds available in the Portuguese
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food market but also in the European and global market.
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