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Abstract: Halophytes have gradually been introduced in marine integrated multi-trophic aquaculture
(IMTA) systems due to their capacity to bioremediate nutrient-rich marine effluents and their potential
use for human consumption due to their content of omega-3 and omega-6 fatty acids (FA). To foster
the valorization of halophytes produced using an IMTA framework for human consumption, it
is important that culture conditions keep or enhance their FA profile, when compared to that
displayed by conspecifics in the wild. The main objective of the present study was to compare the
FA profiles of three halophyte species (Halimione portulacoides, Salicornia ramosissima and Sarcocornia
perennis) cultured in aquaponics coupled to an IMTA system with that of wild conspecifics retrieved
from donor sites. The FA profiles were compared considering different plant organs (edible parts
and roots) and sampling dates (spring, summer and autumn). Results show that the FA profiles
of specimens cultured in aquaponics were significantly different from that of wild conspecifics,
displaying a high content of omega-3 FAs in edible parts, particularly during summer, and mostly in
the form of a-linolenic acid (ALA, 18:3n-3). In more detail, for the specimens cultured in aquaponics,
ALA concentration in the edible parts of each species ranged from 5.10 to 7.11 pg mg ' DW in H.
portulacoides, from 5.66 to 9.19 ug mg*1 DW in S. ramosissima and from 5.49 to 7.20 ug mg{1 DW
in S. perennis. Concerning the omega-6 linoleic acid (LA, 18:2n-6) identified in edible parts, the
concentrations ranged from 2.25 to 2.46 ug mg_1 DW in H. portulacoides, from 3.26 to 4.84 ug mg_l
DW in S. ramosissima, and from 2.17 to 3.06 g mg~! DW in S. perennis. The nutritional quality was
assessed through the ratio of PUFA /SFA, for both wild and cultured plants, and revealed values well
above the threshold (0.45), the threshold value indicative of good nutritional quality. Overall, the
culture conditions tested in the present work reinforce the potential of aquaponics coupled to marine
IMTA to produce high-quality halophytes suitable for human consumption.

Keywords: a-linolenic acid; fatty acids profile; cultured halophytes; aquaponics

1. Introduction

Building upon the Goals for the Millennium, the United Nations (UN) elaborated
further and proposed Sustainable Development Goals (SDG) and targets for the year
2030, with 17 areas of critical importance for humanity and the planet having been identi-
fied [1]. From these, SDG 14—"life below water” aiming to “conserve and sustainably use
the oceans, seas and marine resources for sustainable development”; and SDG 2—"zero
hunger” aiming to “end hunger, achieve food security and improved nutrition and promote
sustainable agriculture” [2] are aligned with the UN/FAQ’s blue growth initiative, target-
ing responsible and sustainable fisheries and aquaculture [3]. These SDG are also in line
with EU blue growth strategy targeting sectors that have a high potential for sustainable
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jobs and growth [4]. Under this strategy, aquaculture is seen as an opportunity to ensure
a better use of marine resources and improve nutrition, therefore holding the potential
to support SDG14 and SDG2 aims and targets. In this context, an increase in science
based-knowledge might enhance the link between the development of environmental
and economic sustainable aquaculture, namely by reducing the dependency from wild
specimens, ensure the nutritional value of cultured specimens and enhancing their overall
added value.

Aquaponics, a variation of the integrated multitrophic aquaculture (IMTA) concept,
combines two technologies: recirculation aquaculture systems (RAS) (e.g., fish-farm) and
hydroponics plant production (soilless cultivation of crops) [5]. In a similar way as for
agriculture (part of SDG 2), where aquaponics appears to be a solution to achieve a
sustainable agricultural production system [6], aquaponics holds the potential to play a
significant role in aquaculture production [7,8]. In an aquaculture environment, namely
in marine aquaculture, these systems use nutrient-rich effluents from fish production to
culture a range of extractive species, such as salt tolerant plants, i.e., halophytes. These
extractive species can occupy different trophic levels enabling reuse of the entire pool of
available organic matter that result from fish production. Relevant examples are deposit
feeders like polychaetas that can feed on particulate organic matter (POM), filter-feeders like
bivalves that can feed on dissolved organic matter (DOM), and primary producers that feed
on dissolved inorganic nutrients. In aquaponics, the excess of organic matter and especially
the excess of dissolved inorganic nutrients in the fish farm effluent becomes a source of
energy for primary producers, stimulating the recycling of nitrogen and phosphorus, and
net growth [7].

Halophytes have been gradually introduced in marine aquaculture systems to enhance
the implementation of more sustainable practices, due to their extractive capacity and
suitability for bioremediation of nutrient-rich marine effluents, as well as their attractive
use for human consumption [9,10]. Relevant examples regarding the use of halophytes as a
primary driver for the mitigation of nutrient-rich effluents from super-intensive marine fish
farm are the works using Suaeda esteroa Ferren & S.A. Whitmore, Salicornia bigelovii Torr.,
and Atriplex barclayana D.Dietr. [11]; Salicornia europaea L. [12]; Salicornia persica Akhani [13],
and Halimione portulacoides (L.) Aellen [14]. In addition, a growing number of studies have
highlighted the advantages of the use of halophyte plants as food for human consumption,
namely Salicornia spp. [12,15], Sarcocornia perennis (Mill.) A.J. Scott, Salicornia ramosissima J.
Woods, and Arthrocnemum macrostachyum L. [16]. Wild specimens of the above-mentioned
halophyte species are recognized to be rich in omega-3 and omega-6 fatty acids (FA) [17],
specifically a-linolenic and linoleic acid (ALA, 18:3n-3 and LA, 18:2n-6, respectively) [18].
These essential FA are the precursors of some of the most important polyunsaturated
fatty acids (PUFAs) for human nutrition, such as 20:4n-6 arachidonic acid (AA), 20:5n-3
eicosapentaenoic acid (EPA) and 22:6n-3 docosahexaenoic acid (DHA) [19-21]. Therefore,
from a valorization perspective, focused on human consumption, it is of paramount
importance that the production of halophytes in aquaponics associated to marine fish
production keep or enhance their FA profile, to remain as or more appealing to consumers
than conspecifics collected from the wild.

This study aims to compare the FA profiles of halophytes cultured under aquaponics
conditions with that of wild specimens harvested from donor sites. The present study
addresses three halophyte species from family Amaranthaceae (Halimione portulacoides (L.)
Aellen, previously known as Atriplex portulacoides (L.); Salicornia ramosissima (J.) Woods;
and Sarcocornia perennis (Miller) A. J. Scott), whose potential for aquaponics production
as part of IMTA systems has already been documented (e.g., [12,14,22]), as well as their
nutritional properties for human consumption [16,23-25]. In brief, H. portulacoides is an
evergreen halophyte present in salt marshes along the Atlantic coast of Europe [26,27];
S. ramosissima is a pioneer annual halophyte, commonly distributed in the salt marshes
of the Iberian Peninsula [28]; and S. perennis has a perennial life cycle being one of the
most common halophytes in low-middle elevations of salt marshes in Europe [28]. The FA
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profile of each selected halophyte was studied in spring, summer, and autumn, as these are
the three most active seasons, compared to winter. To evaluate whether the nutrient-rich
effluent from a super-intensive marine fish farm affected the FA profiles of halophytes
cultured in aquaponics, their profile in these valuable biomolecules was analyzed and
compared with that from wild specimens. The following null hypothesis was tested: Hy1:
there are no significant differences in FA profiles in the edible parts and roots, at spring,
summer, and autumn of H. portulacoides, S. ramosissima, and S. perennis from the wild and
cultured in aquaponics.

2. Materials and Methods
2.1. Short Description of the Donor Site and Selected Halophyte Species

The halophyte species used in the present study were collected in Ria de Aveiro coastal
lagoon salt marshes (40 °38’ N 08 °44’ W). This coastal system is approximately 45 km
long and 10 km wide with one single connection with the Atlantic Ocean. The lagoon
geomorphology is characterized by four main channels, each of them with small channels
and islands, large areas of intertidal sand and mudflats, seagrasses meadows, and one
of the largest continuous saltmarshes in Europe [29]. The region is characterized by a
temperate maritime climate with an average temperature of 14 °C and precipitation of
1000 mm [30]. Figure 1 features the three selected species, which can be briefly described,
according to Flora Iberica (Castroviejo, 1986), as follows:

Figure 1. Halophytes cultured in aquaponics tanks supplied by the effluent from a super intensive
fish farm: (A) Halimione portulacoides; (B) Salicornia ramosissima and (C) Sarcocornia perennis.

Halimione portulacoides—shrubby perennial up to 150 mm tall, with woody stems at
the base and succulent leaves at the top. Stems can grow prostrate, ascending or erect.
Leaves (spatulate or lanceolate to linear-lanceolate, exceptionally deltoid) are opposite
in the lower part and alternate in the upper part of the plants, with a light petiole. The
inflorescences consist of inconspicuous flowers.

Salicornia ramosissima—annually erect, rarely decumbent subshrub up to 400 mm
tall. Stems are generally quite branched, terminating in spike-like apparently jointed
inflorescences, with two opposite three-flowered cymes partly hidden in the internode
tissue. Each cyme holds one large central flower and two smaller lateral flowers. The
central flower has its base generally covered by the scarious margin of the lower segment.

Sarcocornia perennis—perennial subshrub up to 700 mm tall, with woody steams at the
base, prostrate to procumbent, and above with fleshy-articulated, erect-ascending, simple
or sparingly branched stems. Leaves are reduced to a sharp scale with a hyaline border.
It has a spiciform inflorescence, lateral or terminal, formed by opposing triflora crests at
the base of each fertile core-and decussate. The central flower is slightly larger than the
lateral ones.
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2.2. Aquaponics System

Figure 2 details schematically the experimental set-up employed, showing the water
flow of the organic rich effluent originating from a super-intensive marine RAS system to
produce Senegalese sole (Solea senegalensis) to aquaponics tanks.
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Figure 2. Configuration and design of aquaponics system coupled to sand filters tanks.

In brief, the organic rich effluent was pumped from a settling basin to a 4 m> header
tank coupled to a bio-block tower (to aerate and increase oxygen levels, from ~2 mg L~! to
8-9 mg L~ !). From there the aerated effluent was allowed to flow by gravity at 180 L h~!
to sand filter tanks (1-2 mm grain size), each with a volume of 1 m3 and a surface area of
1 m2. Sand filter tanks were set-up in parallel, with each one of them being connected to
an aquaponics tank. Each aquaponics tank was 6 m long by 1 m wide and 0.3 m deep. To
maximize effluent retention time within each tank, 11 alternating wooden barriers were
placed transversally to the flow. A full water renewal was achieved ~ every 12 h. For
this study, due to the tanks inter-variability regarding nutrient dynamics [14] one tank
stocked with each of the selected halophytes was selected to have composite samples of
the halophyte plants covering the 6 m long x 1 m wide tank (see below for further details).

2.3. Stocking and Sampling of Halophytes

The aquaponics tanks were stocked with selected halophyte species as follows: H. por-
tulacoides grafts were kept in Hoagland’s nutrient solution and transplanted to the aquapon-
ics tank after new roots were recorded [14]; S. ramosissima new shoots (circa 50 mm) were
washed to remove the sediment from the rhizosphere and transplanted to the aquapon-
ics tank; and S. perennis grafts were transplanted directly to the aquaponics tank. Each
aquaponics tank was stocked with circa 800 plants equally distributed over nine styrofoam
trays floating in the tank water. The aquaponics experiment started in March, with halo-
phytes being randomly sampled at donor sites in Ria de Aveiro and at each aquaponics
tank in the three following seasons: spring (May), summer (July) and autumn (October).
Sampling from each aquaponics tank was performed by haphazardly selecting two plants
from each of the nine floating Styrofoam trays (thus assembling a composite sample of
18 specimens), with an identical number of specimens per halophyte species also being
sampled in each donor site. Each halophyte plant was separated into plant organs (edible
parts and roots) and subsequently freeze-dried and stored at —80 °C for posterior FA
analysis. During the experimental period temperature, salinity and pH of the effluent was
monitored in situ, using a WTW—conductivity meter 3110/set 1 equipped with TetraCon®
325 and WTW—pH 330i/set equipped with SenTix® 41. Effluent aliquots were filtered
(Whatman GF/C) and analyzed for phosphates (PO4-P) and ammonium (NH4-N) follow-
ing the standard methods in Limnologisk Metodik, 1992, and dissolved inorganic nitrogen
(NOx-N) using a flow injection system (FIAstar 5000 Analyzer, Hogands, Sweden).
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2.4. Fatty Acid Methyl Ester Analysis

The derivatization of FA for gas chromatography (GC)-FID analysis was performed
following the methodology described by Aued-Pimentel et al. [31] with some adapta-
tions. Briefly, all freeze-dried samples were powdered and homogenized, being weighted
accurately in a sovirel/pyrex glass tube (~50 mg of plant organs, and after 1 mL of a
solution of n-hexane containing the FAME internal standard FA 21:0 (heneicosanoic acid)
0.021 g L~ 1) was added. In the same tube, it was added 0.2 mL of a methanolic KOH
solution (2 mol L~1). The tube was sealed and mixed vigorously in a vortex shaker for
2 min. Following this procedure, 2 mL of a saturated NaCl solution was added to the
tube, and the mixture was centrifuged during 5 min at 3000 rpm and the organic phase
separated. Afterwards, 0.8 mL of organic phase was transferred into a vial and the excess
of solvent was evaporated with gas nitrogen. The oil obtained was dissolved in n-hexane
(1 mL) and analyzed using a GC-FID. Separation of FA was performed using a 7890B
gas chromatograph (GC) system with a flame ionization detector (FID). The detector and
injector were kept at 250 °C, with the carrier gas used being hydrogen. FA were separated
in a fused-silica capillary column, DB-FFAP column (30 m x 320 um x 0.25 pm) (Agilent
123-3232) with the following temperature programme: 75 °C (initial), 20 °C min~! to 155 °C
(4 min), 2 °C min~! to 180 °C (16.5 min), 4 °C min~! to 250 °C (44 min). The identification of
the FA was done by matching the retention times with previously inject internal standards.
The FA content (ug mg~! DW) in the samples analyzed was calculated considering the
relation between mass, the area of fatty acids, and the internal standard (21:0).

2.5. Statistical Analysis

Statistical analysis regarding each halophyte species was performed using PRIMER v6
with the PERMANOVA+ add-on. A resemblance matrix using the content (ug mg~—! DW)
of each FA in each halophyte was performed using the Bray-Curtis similarity coefficient,
following a log (x + 1) transformation to empathize the compositional differences rather
than on quantitative differences [32]. Permutational multivariate analysis of variance
(PERMANOVA) was used to assess the differences between FA profiles of wild versus
cultured halophytes, considering edible parts and roots and the three sampling dates
(spring, summer and autumn). Three factors were included in test design: (1) condition
was introduced as a fixed factor, with cultured and wild being used as levels; (2) sampling
dates were introduced as a fixed factor, with spring, summer, and autumn being used as
levels; (3) plant organs were introduced as a random factor nested in conditions, with edible
parts and roots being used as levels. The statistical significance of multivariate variance
components was tested using 9999 permutations of residuals under a reduced model, with
significance level of 0.05. Therefore, a permutation analysis of multivariate dispersions
(PERMDISP) was used if the PERMANOVA result showed a significant difference [33].
A Principal Coordinates Analysis (PCO) was performed to calculate the variability in FA
content considering the factors. This analysis enables to plot the inter-individual differences
in FA content along the first two axes into the multidimensional space. For a detailed
description of the statistical analysis described above please refer to Clarke & Gorley [34].

3. Results
3.1. Aquaponic System Characterization

During the experimental period, water temperature displayed the same trend among
the three aquaponics tanks, following expected seasonal variations. Temperature ranged
between 18.2 °C (autumn) and 21.4 °C (summer) in the tank with H. portulacoides, between
19.1 °C (autumn) and 23.1 °C (summer) in the tank with S. ramosissima, and between
18.1 °C (autumn) and 22.3 °C (summer) in the tank with S. perennis. Concerning pH, this
parameter showed a higher variability, ranging from 7.47 (autumn) to 7.76 (summer) in the
tank with H. portulacoides, 7.45 (autumn) to 8.73 (summer) in the tank with S. ramosissima
and 7.24 (autumn) to 7.57 (summer) in the tank with S. perennis. The average concentration
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of dissolved inorganic phosphorous (DIP) and dissolved inorganic nitrogen (DIN) during
the experimental period is available in Table S1 (Supplementary Material).

In the head tank the average concentration of DIP was 0.32 + 0.11 mg L™! (in spring
DIP = 0.29 mg L™, in summer DIP = 0.21 mg L~! and autumn DIP = 0.50 mg L~!), while
the average concentration of DIN (DIN = NOy-N + NH4-N) was 8.9 + 1.3 mg L (in
spring DIN = 9.5 mg L}, in summer DIN = 10 mg L~ ! and autumn DIN = 6.8 mg L™ 1!).
The average concentration of dissolved inorganic nutrients (DIP +DIN) in both the inlets
and outlets of each halophytes aquaponics tank increased over time, indicating that the
concentration of dissolved inorganic nutrients from the RAS system increased during the
experimental period. The removal capacity of DIP displayed by each halophyte species
was negligible, as in average DIP concentrations were higher in the outlet of the aquaponics
tank than in the inlet. Concerning DIN, the removal capacity of each halophyte species was
higher in the summer (circa 90%). In detail, DIN removal capacity in spring, summer, and
autumn, was 13%, 91%, and 51% in the tank with H. portulacoides, 12%, 89%, and 21% in the
tank with S. ramosissima, and 52%, 98%, and 60% in the tank with S. perennis, respectively.

3.2. Halimione portulacoides Fatty Acids Profile

In the extracted oil of H. portulacoides were identified fourteen different fatty acids. The
results obtained (see Tables 1 and 2) showed that the most representative polyunsaturated
fatty acids (PUFA) in the edible parts, considering cultured and wild halophytes was the
ALA fatty acid. In detail, ALA content in edible part was 5.29,7.11 and 5.11 ug mg~! DW
for cultured halophytes and 7.32, 2.05 and 4.03 jig mg~! DW for wild halophytes for spring,
summer and autumn, respectively. The roots of cultured and wild halophytes showed
linoleic acid (LA, 18:2n-6) as the most abundant PUFA, with 3.18, 1.91 and 3.42 ug mg’1 DW
cultured halophytes and 1.43, 1.27 and 0.96 pug mg~! DW for wild halophytes during the
spring, summer, and autumn, respectively. Oleic acid (18:11-9) was the most representative
monounsaturated fatty acid (MUFA) with similar concentrations in both in edible parts
and in the roots. The content of 18:112-9 in edible parts was 0.78, 1.10 and 0.81 ug mg~! DW
and 0.34, 0.45, and 0.79 ug mg ! DW in the roots in aquaponics systems. Wild specimens
showed a different trend with 1.57, 0.64, and 0.67 g mg~! DW in the edible part and
0.43, 0.46, and 0.27 nug mg’l DW in the roots, during the spring, summer, and autumn,
respectively. The most representative saturated fatty acid (SFA), considering the edible
parts and roots, was palmitic acid (16:0) in both cultured and wild halophytes.

Table 1. Fatty acid profile (1g mg~! DW) of aquaponics Halimione portulacoides in edible plant parts and roots biomass in

spring, summer and autumn. Values are averages 3 replicates + standard deviation. ND: fatty acid not detected. Saturated
fatty acids (SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids (MUFA): 16:1n-7; 16:1n-9; 18:1n-9; 18:1n-7; 20:1n-7.
Polyunsaturated fatty acids (PUFA): 16:3n-3; 18:2n-6; 18:3n-3; 20:2n-6.

Aquaponics
Fatty Acids Edible Plant Part Root
Spring Summer Autumn Spring Summer Autumn
16:0 1.82 £ 0.11 2.35£0.10 1.81 £ 0.04 1.64 +0.12 1.49 +0.10 2.01 £ 0.07
18:0 0.10 +0.01 0.15+0.01 0.12 +0.00 0.08 +0.00 0.08 &= 0.01 0.12 +0.01
20:0 0.06 £ 0.00 0.08 £ 0.00 0.08 £ 0.00 0.04 £ 0.00 0.05 £ 0.00 0.12 £ 0.01
22:0 0.12 £ 0.00 0.20 £ 0.01 0.26 £ 0.01 0.17 £ 0.02 0.21 £ 0.02 0.38 £ 0.02
24:0 0.39 4+ 0.02 0.51 +0.09 0.57 +0.02 0.17 £ 0.01 0.14 +0.01 0.28 +0.01
Y SFA 249 £0.14 3.29 £0.21 2.84 £ 0.07 2.10 £0.15 197 +£0.14 291 £0.12
16:1n-7 ND ND ND 0.09 £ 0.01 1.29 £ 0.11 0.77 £0.02
16:1n-9 0.17 £ 0.01 0.20 £ 0.01 0.12 4+ 0.00 ND ND ND
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Table 1. Cont.
Aquaponics
Fatty Acids Edible Plant Part Root
Spring Summer Autumn Spring Summer Autumn
18:1n-9 0.78 +0.03 1.10 £ 0.04 0.81 £ 0.01 0.34 +0.02 0.45 + 0.02 0.79 £ 0.03
18:1n-7 0.03 + 0.00 0.06 £ 0.00 0.06 &+ 0.00 0.08 +0.01 0.50 £ 0.03 0.34 £0.02
20:1n-7 0.05 £ 0.00 0.05 £ 0.00 0.05 £ 0.00 ND ND ND
Y MUFA 1.03 £+ 0.04 1.41 £0.05 1.04 £0.01 0.51 + 0.04 224 +£0.16 1.90 £ 0.07
16:3n-3 0.40 + 0.02 0.25+0.01 0.14 +0.00 ND ND ND
18:2n-6 241 +£0.13 2.46 £0.12 2.25 £0.04 3.18 £0.20 1.91 +0.09 3.42 £0.10
18:3n-3 529 +0.29 711 4+0.33 5.10 £ 0.08 0.45 + 0.04 0.25 £ 0.01 0.71 £ 0.02
20:2n-6 0.13 +0.00 0.10 £ 0.00 0.10 +0.00 ND ND ND
Y PUFA 8.23 £0.44 9.92 £0.46 7.59 £0.12 3.63 £0.24 2.16 £0.10 413 £0.12
PUFA/SFA 3.30 3.01 2.67 1.73 1.10 1.42

Table 2. Fatty acid profile (ug mg~! DW) of wild Halimione portulacoides in edible plant parts and roots biomass in spring,

summer, and autumn. Values are averages of three replicates & standard deviation. ND: fatty acid not detected. Saturated
fatty acids (SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids (MUFA): 16:1n-7; 16:11-9; 18:1n-9; 18:1n-7; 20:1n-7.

Polyunsaturated fatty acids (PUFA): 16:3n-3; 18:2n-6; 18:3n-3; 20:2n-6.

Fatty Acids Edible Plant Part Root
Spring Summer Autumn Spring Summer Autumn
16:0 2.94 +0.01 0.97 £ 0.02 1.52 £ 0.08 0.71 £ 0.00 0.69 +0.10 0.46 +0.01
18:0 0.21 +£0.01 0.07 £ 0.00 0.10 +0.00 0.05 £ 0.01 0.04 £ 0.01 0.04 £ 0.00
20:0 0.11 £ 0.00 0.06 £ 0.00 0.09 £0.01 0.10 £ 0.00 0.10 £ 0.00 0.06 = 0.00
22:0 0.21 +£0.01 0.16 £ 0.00 0.28 +0.03 0.22+0.01 0.39 +0.02 0.25+0.01
24:0 0.57 +0.03 0.50 + 0.04 1.16 £ 0.10 0.13 £ 0.02 0.19 £ 0.01 0.11 +£0.01
Y SFA 4.04 £ 0.06 1.76 + 0.06 3.15£0.22 1.21 +0.04 142 +0.14 0.92 £0.03
16:1n-7 ND ND ND 0.03 £ 0.00 0.08 & 0.02 0.01 +0.00
16:1n-9 0.23 +0.00 0.05 £ 0.00 0.12 +0.01 ND ND ND
18:1n-9 1.57 £ 0.01 0.64 £0.13 0.67 £0.03 0.43 £0.01 0.46 £ 0.06 0.27 £0.01
18:1n-7 0.10 + 0.00 0.04 £ 0.00 0.05 + 0.00 0.04 £ 0.00 0.14 +£0.03 0.03 £ 0.00
20:1n-7 0.07 +0.00 0.03 £ 0.00 0.04 = 0.00 ND ND ND
Y MUFA 1.97 £ 0.01 0.76 £0.13 0.88 £ 0.04 0.50 £ 0.01 0.66 £0.11 0.31 £0.01
16:3n-3 0.34 + 0.00 0.05 £ 0.00 0.12 +£0.01 ND ND ND
18:2n-6 2.91 +0.02 0.80 £ 0.01 1.52 £ 0.07 1.43 £0.03 1.27 £0.14 0.96 + 0.01
18:3n-3 7.32 £ 0.02 2.05 £0.05 4.03 +£0.19 0.34 £0.01 0.21 £0.03 0.16 = 0.00
20:2n-6 0.15 4+ 0.00 0.15+0.01 0.16 = 0.02 ND ND ND
Y PUFA 10.72 £ 0.04 3.05 +0.07 5.83 £0.29 1.77 £ 0.04 1.48 £ 0.17 1.12 £0.01
PUFA/SFA 2.65 1.73 1.85 1.46 1.04 1.22

PERMANOVA test performed for edible part of H. portulacoides revealed that there
were significant differences among the FA profiles for cultured and wild H. portulacoides
(Pseudo-F1,17 = 697.03; p = 0.0001). A major part of this variability can be explained by
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the first two axes of the PCO performed, with 91.0% of total variance being explained for
H. portulacoides, with PCO1 axis explaining 60.2% of total variance and clearly separating
cultured from wild specimens. Significant differences were also recorded in the FA profiles
during spring, summer, and autumn (Pseudo-F2,17 = 210.3; p = 0.0001). Regarding root
part, the PERMANOVA test revealed that there were significant differences among the
FA profiles for cultured and wild H. portulacoides (Pseudo-Fy 17 = 530.31; p = 0.001). The
first two axis of the PCO analysis (Figure 3) explained 90.6% of total variance, with PCO1
axis explaining 79.3% of total variance and clearly separating cultured in aquaponics from
wild specimens. Significant differences were also recorded in the FA profiles during spring,
summer, and autumn (Pseudo-F2,17 = 44.354; p = 0.001). All species, regardless of being
wild or cultured in aquaponics, displayed a PUFA /SFA ratio > 0.45, the threshold value
indicative of good nutritional quality see Tables 1 and 2.
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Figure 3. Principal coordinates analysis of the fatty acid profile for cultured in aquaponics (A) and wild (W) H. portulacoides
in spring, summer and autumn in edible parts and roots.

3.3. Salicornia ramosissima Fatty Acids Profile

In S. ramosissima fourteen different fatty acids were identified. The most representative
PUFA in the edible parts, considering cultured and wild halophytes was the ALA fatty acid
(Tables 3 and 4). In detail, cultured halophytes showed in edible part an ALA content of
7.02,9.19, and 5.66 ug mg~! DW and 9.18, 7.96, and 5.41 pug mg~! DW for wild halophytes
for spring, summer, and autumn, respectively. The roots of cultured and wild halophytes
presented LA as the most abundant PUFA, with 5.24,2.21, and 2.85 ug mg~! DW cultured
halophytes and 5.28, 2.09, and 1.28 g mg~! DW for wild halophytes during the spring,
summer, and autumn, respectively. Oleic acid was the most representative MUFA with
similar concentrations both in edible parts and roots in both cultured and wild halophytes.
In both cultured and wild halophytes, palmitic acid was the most representative SFA,
considering the edible parts and roots.
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Table 3. Fatty acid profile (ug g~! DW) of aquaponics Salicornia ramosissima in edible plant parts and roots biomass in

spring, summer, and autumn. Values are averages of three replicates + standard deviation. ND: fatty acid not detected.
Saturated fatty acids (SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids (MUFA): 16:1n-7; 16:1n-9; 18:11-9; 18:1n-7;

20:1n-7. Polyunsaturated fatty acids (PUFA): 18:2n-6; 18:3n-3; 20:2n-6.

Aquaponics
Fatty Acids Edible Plant Part Root
Spring Summer Autumn Spring Summer Autumn

16:0 2.84 £ 0.09 2.77 £ 0.06 2.93 £0.07 2.98 £ 0.36 2.71 £0.00 1.94 4 0.08
18:0 0.31+:0.01 0.36 = 0.01 0.26 - 0.01 0.13 £ 0.02 0.16 = 0.00 0.14 +0.01
20:0 0.11 £ 0.00 0.11 £ 0.00 0.11 £ 0.00 0.16 £ 0.02 0.13 £0.00 0.16 £ 0.01
22:0 0.17 £ 0.00 0.14 £ 0.00 0.22 £ 0.01 0.30 £ 0.04 0.26 £ 0.01 0.34 £ 0.01
24:0 0.29 +0.01 0.25 £ 0.00 0.33 + 0.01 0.56 +0.10 0.37 £ 0.01 0.35+0.01
Y SFA 3.73 £0.11 3.63 £ 0.07 3.85 £0.10 413 £ 0.55 3.63 £ 0.02 2.93 £0.12
16:1n-7 ND ND ND 0.22 £ 0.03 1.11 £ 0.03 0.34 £ 0.02

16:1n-9 0.29 +0.01 0.12 £ 0.00 0.16 = 0.01 ND ND ND
18:1n-9 0.24 £ 0.00 0.25 £ 0.00 0.33 £0.01 0.19 £0.03 0.27 £ 0.00 0.43 = 0.02
18:1n-7 0.06 £ 0.00 0.03 £ 0.00 0.03 £ 0.00 0.26 £ 0.04 0.63 £ 0.01 0.29 £ 0.01

20:1n-7 0.02 4+ 0.00 0.02 £ 0.00 0.05 4 0.00 ND ND ND
Y MUFA 0.61 £ 0.01 0.42 £ 0.00 0.57 £ 0.02 0.67 £0.10 2.01 £0.04 1.06 = 0.05
18:2n-6 4.28 £0.10 3.26 & 0.05 4.84 £0.10 5.24 £ 0.58 2.21 £0.03 2.85£0.10
18:3n-3 7.02 £ 0.16 9.19+£0.15 5.66 £0.18 1.03 £0.12 0.39 & 0.01 0.66 = 0.02

20:2n-6 0.04 4= 0.00 0.03 £ 0.00 0.07 £ 0.00 ND ND ND
Y PUFA 11.34 +0.26 12.48 +0.20 10.57 4+ 0.28 6.27 £0.70 2.60 £ 0.04 3.51 £0.12

PUFA/SFA 3.04 3.43 2.75 1.52 0.72 1.19

Table 4. Fatty acid profile (ug g~' DW) of wild Salicornia ramosissima in edible plant parts and roots biomass in spring,

summer, and autumn. Values are averages of three replicates & standard deviation. ND: fatty acid not detected. Saturated
fatty acids (SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids (MUFA): 16:1n-7; 16:11-9; 18:1n-9; 18:1n-7; 20:1n-7.
Polyunsaturated fatty acids (PUFA): 18:2n-6; 18:3n-3; 20:2n-6.

Fatty Acids Edible Plant Part Root
Spring Summer Autumn Spring Summer Autumn
16:0 3.49 +£0.16 2.86 + 0.05 2.74 +0.07 2.68 +0.33 1.03 £ 0.03 0.57 £ 0.04
18:0 0.32 £0.01 0.26 £ 0.00 0.16 £ 0.01 0.10 £ 0.01 0.05 £ 0.00 0.03 £ 0.00
20:0 0.11 £0.01 0.06 £ 0.00 0.08 £ 0.00 ND ND ND
22:0 0.12 +0.01 0.16 £ 0.00 0.26 +0.00 0.32 +0.05 0.16 + 0.00 0.13 £ 0.02
24:0 0.25 £0.01 0.26 £ 0.01 0.32 £0.01 0.48 £ 0.08 0.29 £0.01 0.23 £ 0.04
Y SFA 4.19 £0.20 3.60 £ 0.06 3.56 £ 0.09 3.58 £0.47 1.53 £+ 0.04 0.96 £0.10
16:1n-7 ND ND ND 0.06 +0.01 0.02 £+ 0.00 0.01 £ 0.00
16:1n-9 0.29 £0.01 0.36 £ 0.01 0.21 £ 0.00 ND ND ND
18:1n-9 0.38 £ 0.02 0.26 £ 0.00 0.39 £0.01 0.32 £0.04 0.12 £ 0.00 0.08 £0.01
18:1n-7 0.05 + 0.00 0.06 £ 0.00 0.11 +0.00 0.08 +0.01 0.03 +0.00 0.03 +0.01
20:1n-7 0.03 +0.00 0.06 £ 0.00 0.06 = 0.00 ND ND ND
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Table 4. Cont.

Wild
Fatty Acids Edible Plant Part Root
Spring Summer Autumn Spring Summer Autumn
Y MUFA 0.75 £ 0.03 0.74 £ 0.01 0.774+0.01 0.46 + 0.06 0.17 £ 0.00 0.12 +0.02
18:2n-6 431+0.21 3.66 £ 0.06 482+0.11 528 +0.65 2.09 £ 0.04 1.28 +0.09
18:3n-3 9.18 £0.38 7.96 £0.13 541 £0.12 0.75 £ 0.09 0.30 £ 0.01 0.25 £ 0.02
20:2n-6 0.03 £ 0.00 0.06 £+ 0.00 0.07 £ 0.00 ND ND ND
Y PUFA 13.52 £ 0.59 11.68 £+ 0.19 10.30 £ 0.22 6.03 +0.74 2.39 £ 0.05 1.53 £ 0.11
PUFA/SFA 3.24 2.89 1.68 1.56 1.59

PCO2 (9.1% of total variation)

o

Concerning to edible part, PERMANOVA test revealed significant differences among
the FA profiles for cultured and wild specimens (Pseudo-F; 14 = 222.46; p = 0.0001). This
variability can be explained by the first two axes of the PCO performed, PCO1 axis ex-
plaining 75.2% of total variance plus PCO2 axis explaining 19.1% of total variation. During
spring, summer, and autumn were also recorded significant differences in the FA profiles
(Pseudo-Fj 14 = 606.97; p = 0.0001). For the root part of S. ramosissima, PERMANOVA test
showed significant differences among the FA profiles for cultured and wild specimens
(Pseudo-Fy 17 = 924.81; p = 0.0001), with the first two axis of the PCO analysis (Figure 4)
explained 99.5% of total variance, with PCO1 axis explaining 90.4% of total variance and
clearly separating cultured in aquaponics from wild specimens. Displayed the same trend
with significant differences among the spring, summer, and autumn (Pseudo-F, 17 = 90.671;
p =0.0001). Wild and cultured S. ramosissima presented a PUFA /SFA ratio > 0.45, indicative
value of good nutritional quality see Tables 3 and 4.
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Figure 4. Principal coordinates analysis of the fatty acid profile for cultured in aquaponics (A) and wild (W) S. ramosissima

in spring, summer, and autumn in edible parts and roots.

3.4. Sarcocornia perennis Fatty Acids Profile

In the extracted oil of S. perennis were identified eleven different fatty acids. Tables 5 and 6,
display the fatty acids profile of cultured and wild S. perennis in edible part and roots
biomass in spring, summer, and autumn. The most representative polyunsaturated fatty
acids (PUFA) are in the edible parts, considering cultured halophytes was the ALA fatty
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acid, with 5.49, 7.20, and 6.64 ug mg~! DW. Regarding wild halophytes during the spring
and summer, the most representative polyunsaturated fatty acids (PUFA) was ALA fatty
acid displaying 6.17 and 6.19 pg mg~! DW, respectively. During the autumn, the most rep-
resentative polyunsaturated fatty acid was linoleic acid (LA) fatty acid with 1.96 pg mg !
DW. Otherwise, the most abundant PUFA in roots was LA fatty acid, displaying 4.75,
2.81, and 3.03 ug mg~! DW for cultured halophytes and 1.97, 1.49, and 1.62 pg mg !
DW for wild halophytes during the spring, summer, and autumn, respectively. Oleic acid
(18:1n-9) was the most representative monounsaturated fatty acid (MUFA) with similar
concentrations both in edible parts and in the roots in cultured and wild halophytes during
spring, summer, and autumn. Regarding saturated fatty acid (SFA), palmitic acid (16:0)
was the most representative FA in both cultured and wild halophytes, considering the
edible parts and roots during the spring, summer and autumn.

The PERMANOVA test performed for edible part of S. perennis, showed significant
differences among the FA profiles for cultured and wild specimens (Pseudo-Fy 17 = 47.39;
p = 0.0001). This variability can be explained by the first two axes of the PCO performed
(Figure 5), with 97.2% of total variance being explained for S. perennis, with PCOL1 axis
explaining 57.4% of total variance. Significant differences were also recorded in the FA
profiles for cultured S. perennis during spring, summer, and autumn (Pseudo-F; ;7 = 7.5066;
p = 0.0008). Regarding roots of S. perennis, the PERMANOVA test revealed significant
differences among the FA profiles for cultured and wild specimens (Pseudo-F; 17 = 5020;
p =0.0001. This variability can be explained by the first two axes of the PCO performed, with
98.6% of total variance being explained for S. perennis, and with PCOL1 axis explaining 88%
of total variance. PERMANOVA test displayed the same trend with significant differences
among the spring, summer, and autumn (Pseudo-F, 17 = 357.33; p = 0.0001). Cultured and
wild S. perennis displayed a PUFA /SFA ratio > 0.45, signifying good nutritional quality,
shown in Tables 5 and 6.

Table 5. Fatty acid profile (ug g~! DW) of aquaponics Sarcocornia perennis in edible plant parts and roots biomass in

spring, summer, and autumn. Values are averages of three replicates + standard deviation. ND: fatty acid not detected.
Saturated fatty acids (SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids (MUFA): 16:1n-7; 16:1n-9; 18:1n-9; 18:1n-7.
Polyunsaturated fatty acids (PUFA): 18:2n-6; 18:3n-3.

Aquaponics
Fatty Acids Edible Plant Part Root
Spring Summer Autumn Spring Summer Autumn

16:0 1.97 £ 0.05 2.60 £ 0.07 253 +£0.26 2.15£0.07 2.02 £ 0.05 2.40 £ 0.06
18:0 0.14 £ 0.00 0.15 £ 0.01 0.14 £ 0.02 0.10 £ 0.00 0.11 £ 0.00 0.19 £0.01
20:0 0.05 + 0.00 0.06 £ 0.00 0.06 & 0.02 0.13 £ 0.01 0.13 +0.00 0.15 £ 0.00
22:0 0.08 = 0.00 0.13 £ 0.00 0.12 £ 0.04 0.19 £0.01 0.23 £0.01 0.23 £0.01
24:0 0.13 +0.00 0.16 = 0.00 0.15 £ 0.05 0.31 £0.02 0.29 £0.01 0.22 £0.01
Y SFA 2.37 £0.05 3.10 £ 0.08 3.00 +0.39 2.88 +0.11 2.78 +0.08 3.19 £ 0.09
16:1n-7 ND ND ND 0.04 £ 0.00 0.34 £0.01 1.28 +0.03

16:1n-9 0.09 = 0.00 0.15 £ 0.00 0.22 £0.02 ND ND ND
18:1n-9 0.43 +0.01 0.46 + 0.01 0.37 £ 0.05 0.35+0.01 0.34 +0.01 0.49 +0.01
18:1n-7 ND ND ND 0.05 + 0.00 0.26 & 0.01 0.52 £0.01
Y MUFA 0.52 £0.01 0.61 £0.01 0.59 £ 0.07 0.44 £ 0.01 0.94 £ 0.03 2.29 £0.05
18:2n-6 217 +£0.05 2.69 £ 0.08 3.06 + 0.31 475+ 0.17 2.81 +0.09 3.03 £ 0.07
18:3n-3 5.49 £ 0.09 7.20 £ 0.18 6.64 1+ 0.50 0.75 £ 0.03 0.40 £ 0.01 0.42 £0.01
) PUFA 7.66 +0.14 9.89 £0.26 9.70 £ 0.81 5.50 £0.20 321 £0.10 3.45 +0.08

PUFA/SFA 3.23 3.19 3.23 1.91 1.15 1.08
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Table 6. Fatty acid profile (ug g_1 DW) of wild Sarcocornia perennis in edible plant parts and roots biomass in spring, summer,
and autumn. Values are averages of three replicates & standard deviation. ND: fatty acid not detected. Saturated fatty acids
(SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids (MUFA): 16:1n-7; 16:1n-9; 18:11-9; 18:1n-7. Polyunsaturated
fatty acids (PUFA): 18:2n-6; 18:3n-3.

Wild
Fatty Acids Edible Plant Part Root
Spring Summer Autumn Spring Summer Autumn
16:0 2.83 £0.13 2.75 £0.17 1.54 + 0.02 0.90 + 0.01 0.72 £ 0.01 0.76 + 0.03
18:0 0.18 £ 0.02 0.19 4+ 0.02 0.18 £ 0.00 0.07 £+ 0.00 0.05 £ 0.00 0.06 £ 0.00
20:0 0.08 £ 0.01 0.09 £ 0.01 0.07 £ 0.00 0.19 £ 0.00 0.14 £ 0.01 0.20 £ 0.01
22:0 0.15 £ 0.01 0.15 £ 0.02 0.20 £ 0.00 0.36 £+ 0.01 0.26 £+ 0.01 0.47 +0.02
24:0 0.24 +0.02 0.23 +0.03 0.23 +£0.01 0.49 £+ 0.05 0.32 £ 0.02 0.74 + 0.04
Y SFA 348 £0.19 3.41 £0.25 2.22 +£0.03 2.01 £0.07 1.49 4+ 0.05 2.23 £0.10
16:1n-7 ND ND ND ND ND ND
16:1n-9 0.24 +0.01 0.26 + 0.01 0.10 £ 0.00 ND ND ND
18:1n-9 0.48 £ 0.02 0.34 £ 0.02 0.66 £+ 0.03 0.34 £ 0.01 0.36 £+ 0.00 0.51 £ 0.02
18:1n-7 ND ND ND 0.06 £+ 0.00 0.04 £ 0.00 0.08 £ 0.00
Y MUFA 0.72 £ 0.03 0.60 4 0.03 0.76 = 0.03 0.40 4+ 0.01 0.40 4+ 0.01 0.59 4+ 0.02
18:2n-6 3.32£0.13 3.21 £0.21 3.61 £0.11 1.97 4+ 0.04 1.49 4+ 0.02 1.62 4+ 0.06
18:3n-3 6.17 £ 0.27 6.19 £+ 0.33 1.96 + 0.02 0.37 £ 0.01 0.34 £+ 0.00 0.34 £ 0.01
Y PUFA 9.49 + 040 9.40 4+ 0.54 5.57 +0.13 2.34 4+ 0.05 1.83 £0.02 1.96 + 0.07
PUFA/SFA 2.73 2.76 2.51 1.16 1.23 0.88
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Figure 5. Principal coordinates analysis of the fatty acid profile for cultured in aquaponics (A) and wild (W) S. perennis in

spring, summer and autumn in edible parts and roots.

4. Discussion

Halophytes are widely recognized to be well-adapted and thrive under saline en-
vironments, developing different morphological, anatomical, and physiological strate-
gies [35]. The added value of culturing halophytes using aquaculture effluents has already
been demonstrated through irrigation [21], constructed wetlands [36], and IMTA sys-
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tems [12,14,22]. Other studies on the use of halophytes in IMTA systems, for nutrient uptake
and remediation of aquaculture effluents have also provided promising results [14,22,37].
In the present study we build upon the potential of the three halophytes, H. portulacoides, S.
ramosissima, and S. perennis, cultured in an aquaponics system, to bioremediate the pool of
dissolved inorganic nutrients and further evaluate their potential for valorization, though
the fatty acid profile as an indicator of their nutritional value.

As extractive species for dissolved inorganic nutrients it would be expected for them
to have a net decrease in the nutrient’s concentration in the outlets of each halophyte’s
aquaponics tank, namely during the growing season due to its incorporation into halo-
phytes biomass. However, this was not the case for DIP as other sources, such as mineraliza-
tion of organic dissolved mater, a temperature-dependent process, might have contributed
to mask the uptake od phosphorus by the halophyte plants being cultured. Nevertheless,
there is still room to enhance the valorization potential of this practice if the nutritional
properties of cultured specimens is shown to be at least comparable to that of conspecifics
in the wild. The FA profile of the halophytes cultured under aquaponics conditions differ
significantly from that of wild specimens from donor sites. The presence of high levels of
omega-3 and omega-6 FA in edible part and roots, respectively, highlight the nutritional
value of these halophytes when cultured under aquaponics conditions. The FA profile of
the three species, H. portulacoides, S. ramosissima, and S. perennis, considering both wild
plants and specimens cultured in aquaponics, were dominated by three main FAs: palmitic
(16:0), LA (18:2n-6), and ALA (18:3n-3). Both the omega-3 ALA and the omega-6 LA are
known to be essential FA for humans [20,38], as they cannot be synthetized de novo and
play a key role for human health [15,39]. Being the main precursor of several longer chain
and more unsaturated omega-3 FAs, such as EPA and DHA [19,20], ALA is considered an
adequate food source to supply and maintain the adequate levels of DHA in mammals [40].
EPA and DHA are paramount for a number of vital organ functions and intracellular
activities [39]. According to previous studies, C18 FAs are the most representative FAs in
halophytes, with S. ramosissima with 39.60% (of total FA) of ALA and 20.02% (of total FA)
of LA and H. portulacoides with 43.53% (of total FA) of ALA and 14.21% (of total FA) of
LA [17]; Salicornia persica with 48.28% (of total FA) of ALA and 1.72% (of total FA) of LA
and Sarcocornia fructicosa with 44.17% (of total FA) of ALA and 1.46% (of total FA) of LA [25]
(see Supplementary Material Tables S1-56 FA profile presented as percentages of relative
abundance). In the present study, the three halophytes cultured in aquaponics revealed a
high content of ALA in the edible part of the plant during summer and autumn, compared
to that displayed by conspecifics in the wild, highlighting the nutritional value as an edible
vegetable. The significant increase in ALA content in cultured halophytes may be due
to the high salinity. In a recent study [41], Li and Song observed under high salinity an
increase of ALA content in euhalophyte Suaeda salsa playing an important role in regulating
intracellular fatty acid unsaturation. In addition, the high content of ALA in chloroplast
membranes acts as protection for plants against damage during cold spells, as a process for
acclimation [42]. In general, the C18 FA in plants play an important role in the modulation
of membrane properties to adapt to variation of growth conditions associated to biotic
and abiotic stresses. Moreover, these biomolecules are a reserve of carbon and energy in
triacylglycerols and are precursors of bioactive compounds with multiple bioactivities [43].
LA content in three halophytes cultured in aquaponics is similar to conspecifics in the
wild, being predominate in the roots. Linoleic acid FA and ARA are the most useful form
of omega-6 FA for human nutrition, in human tissues, and LA is an essential FA that is
converted mostly in ARA [18,44,45].

Results suggest that under the aquaponic conditions, halophytes were not nutrient
limited. When calculating the PUFA /SFA ratio, an indicator of good nutritional quality
and good health status [46,47], our data show that both wild and cultured H. portulacoides,
S. ramosissima, and S. perennis displayed a ratio above the threshold value indicative
of good nutritional quality (0.45). Moreover, the PUFA /SFA ratio was often higher in
halophytes cultured in aquaponics than in wild conspecifics, evidencing a higher level
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of FA unsaturation. These findings support the suitability for human consumption of
H. portulacoides, S. ramosissima, and S. perennis, cultured in aquaponics, namely in IMTA
systems coupled to marine RAS system. A comparable finding was also previously reported
by Bertin et al. [45], with the halophyte Sarcocornia ambigua (Amaranthaceae) also exhibiting
a PUFA/SFA ratio averaging 3.4 (higher than the indicator value of good nutritional
quality), hence being considered suitable for human consumption.

One major advantage of aquaponic systems is their resistance and resilience against
threats from soil-borne pests and diseases [7]. Beyond this advantage, the following
additional benefits from cultured halophytes coupled to marine IMTA systems for human
consumption, can be highlighted: (i) in opposition to freshwater, saltwater is not a limited
resource [48]; (ii) it enables the reduced dependency on wild specimens of halophytes,
which is particularly relevant as most are classified under environmental regulations (e.g.,
EU Habitat Directive; Bern Convention on the Conservation of European Wildlife and
Natural Habitats; RAMSAR convention on wetlands); (iii) it is a sustainable way to improve
food production [5,8] in line with SDG2; (iv) RAS provides a continuous source of high
quality nutrient-rich effluents for aquaponics [14] so no additional input is required [21];
(v) it promotes the recycling of nutrients, minimizing losses, and environmental impacts on
water bodies receiving the effluent; (vi) it promotes water filtration, thus reducing the costs
of wastewater treatment [8,14,49], being in line with SDG14; and (vii) it is in line with the
framework for circular economy [50]. The production of halophytes in aquaponics coupled
to a marine IMTA system can be regarded as an important way to create added value,
through the retention of nutrients within the productive system and avoidance of their
loss to the environment, thus achieving the objectives of the 2030 Agenda for Sustainable
Development [50].

5. Conclusions

The present study shows that the halophytes H. portulacoides, S. ramosissima, and S.
perennis cultured under IMTA conditions display a FA profile rich in omega-3 and omega-
6 FA, thus holding the same potential for valorization as wild conspecifics from donor
sites. The cultivation of these species for human consumption through aquaponics is
therefore technically viable and can be applied to enhance food production in line with
SDG2 aims and targets, while fostering the implementation of more sustainable practices
in aquaculture as advocated in SDG14 aims and targets.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/app112411586/s1, Table S1. Concentration of dissolved inorganic phosphorous (DIP) and
dissolved inorganic nitrogen (DIN) along the experimental period in H. portulacoides aquaponics
tank system, S. ramosissima aquaponics tank system, and S. perennis aquaponics tank system. Table
S2. Fatty acid profile (percentage of relative abundance) of wild H. portulacoides in edible plant
parts and roots biomass in spring, summer, and autumn. Values are averages of three replicates +
standard deviation. ND: fatty acid not detected. Saturated fatty acids (SFA): 16:0; 18:0; 20:0; 22:0; 24:0.
Monounsaturated fatty acids (MUFA): 16:1n-7; 16:11-9; 18:1n-9; 18:1n-7; 20:1n-7. Polyunsaturated
fatty acids (PUFA): 16:3n-3; 18:2n-6; 18:3n-3; 20:2n-6. Table S3. Fatty acid profile (percentage of
relative abundance) of aquaponics H. portulacoides in edible plant parts and roots biomass in spring,
summer, and autumn. Values are averages of three replicates + standard deviation. ND: fatty acid
not detected. Saturated fatty acids (SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids
(MUFA): 16:1n-7; 16:1n-9; 18:1n-9; 18:1n-7; 20:1n-7. Polyunsaturated fatty acids (PUFA): 16:3n-3;
18:2n-6; 18:3n-3; 20:2n-6. Table S4. Fatty acid profile (percentage of relative abundance) of wild S.
ramosissima in edible plant parts and roots biomass in spring, summer, and autumn. Values are
averages of three replicates + standard deviation. ND: fatty acid not detected. Saturated fatty acids
(SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids (MUFA): 16:1n-7; 16:1n-9; 18:1n-9;
18:1n-7; 20:1n-7. Polyunsaturated fatty acids (PUFA): 18:2n-6; 18:3n-3; 20:2n-6. Table S5. Fatty acid
profile (percentage of relative abundance) of aquaponics S. ramosissima in edible plant parts and roots
biomass in spring, summer, and autumn. Values are averages of three replicates + standard deviation.
ND: fatty acid not detected. Saturated fatty acids (SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated
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fatty acids (MUFA): 16:1n-7; 16:1n-9; 18:1n-9; 18:1n-7; 20:1n-7. Polyunsaturated fatty acids (PUFA):
18:2n-6; 18:3n-3; 20:2n-6. Table S6. Fatty acid profile (percentage of relative abundance) of wild S.
perennis in edible plant parts and roots biomass in spring, summer, and autumn. Values are averages
of three replicates & standard deviation. ND: fatty acid not detected. Saturated fatty acids (SFA):
16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids (MUFA): 16:1n-7; 16:1n-9; 18:1n-9; 18:1n-7.
Polyunsaturated fatty acids (PUFA): 18:2n-6; 18:3n-3. Table S7. Fatty acid profile (percentage of
relative abundance) of aquaponics S. perennis in edible plant parts and roots biomass in spring,
summer, and autumn. Values are averages of three replicates + standard deviation. ND: fatty acid
not detected. Saturated fatty acids (SFA): 16:0; 18:0; 20:0; 22:0; 24:0. Monounsaturated fatty acids
(MUFA): 16:1n-7; 16:1n-9; 18:1n-9; 18:1n-7. Polyunsaturated fatty acids (PUFA): 18:2n-6; 18:3n-3.

Author Contributions: A.LL. and R.C. designed the experiment; B.M. performed the experiment;
B.M. and E.M. conducted the laboratory analysis and processed the experimental data; B.M. per-
formed the statistical analysis; B.M. drafted the manuscript; A.LL. and R.C. supervised the work
and discussed the results and contributed to the manuscript; EM. and M.R.D. supervised the lab
work e.g., oil extraction and fatty acid analysis by GC-FID. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by PROMAR-European Fisheries Fund through the STEP
project, coordinated by Aquacria Piscicolas SA (Sea8 Company) and by FCT (Portuguese Foundation
for Science and Technology) through a PhD grant attributed to B. Marques (SFRH/BD /96037 /2013);
and supported by the Integrated Programme of SR&TD “Smart Valorization of Endogenous Marine
Biological Resources Under a Changing Climate” (Centro-01-0145-FEDER-000018), co-funded by
Centro 2020 program, Portugal 2020, European Union, through the European Regional Development
Fund; and supported by CESAM (UIDP /50017 /2020+UIDB /50017 /2020), to FCT/MEC through
national funds, and the co-funding by the FEDER, within the PT2020 Partnership Agreement and
Compete 2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are made available as Supplementary
Material.

Acknowledgments: The authors would also like to thank the colleagues who helped in the practical
work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

United Nations. The Millennium Development Goals Report; United Nations: New York, NY, USA, 2015; Available online: https:
/ /www.un.org/millenniumgoals/2015_MDG_Report/pdf/MDG%202015%20rev%20(July%201).pdf (accessed on 25 October
2021).

United Nations. Progress towards the Sustainable Development Goals; Report of the Secretary-General; United Nations: New York, NY,
USA, 2018; Available online: https://digitallibrary.un.org/record /1627573#record-files-collapse-header (accessed on 25 October
2021).

FAO. The State of World Fisheries and Aquaculture, Opportunities and Challenges; Food and Agriculture Organization of the United
Nations: Rome, Italy, 2014; Available online: http:/ /www.fao.org/3/a-i3720e.pdf (accessed on 25 October 2021).

European Commission. Blue Growth Opportunities for Marine and Maritime Sustainable Growth, Communication from the Commission
to the European Parliament, the Council, the European Economic and Social Committee and the Committee of the Regions; European
Commission: Brussels, Belgium, 2012; ISBN 978-92-79-25529-8. [CrossRef]

Konig, B.; Janker, J.; Reinhardt, T.; Villarroel, M.; Junge, R. Analysis of aquaponics as an emerging technological innovation
system. J. Clean. Prod. 2018, 180, 232-243. [CrossRef]

Lehman, H.; Clark, E.A.; Weise, S.F. Clarifying the definition ofSustainable agriculture. J. Agric. Environ. Ethic 1993, 6, 127-143.
[CrossRef]

Goddek, S.; Delaide, B.; Mankasingh, U.; Ragnarsdottir, K.V.; Jijakli, H.; Thorarinsdottir, R. Challenges of Sustainable and
Commercial Aquaponics. Sustainability 2015, 7, 4199-4224. [CrossRef]

Junge, R.; Konig, B.; Villarroel, M.; Komives, T.; Jijakli, M.H. Strategic Points in Aquaponics. Water 2017, 9, 182. [CrossRef]
Alexander, K.; Potts, T.; Freeman, S.; Israel, D.; Johansen, J.; Kletou, D.; Meland, M.; Pecorino, D.; Rebours, C.; Shorten, M.; et al.
The implications of aquaculture policy and regulation for the development of integrated multi-trophic aquaculture in Europe.
Aquaculture 2015, 443, 16-23. [CrossRef]


https://www.un.org/millenniumgoals/2015_MDG_Report/pdf/MDG%202015%20rev%20(July%201).pdf
https://www.un.org/millenniumgoals/2015_MDG_Report/pdf/MDG%202015%20rev%20(July%201).pdf
https://digitallibrary.un.org/record/1627573#record-files-collapse-header
http://www.fao.org/3/a-i3720e.pdf
http://doi.org/10.2771/43949
http://doi.org/10.1016/j.jclepro.2018.01.037
http://doi.org/10.1007/BF01965480
http://doi.org/10.3390/su7044199
http://doi.org/10.3390/w9030182
http://doi.org/10.1016/j.aquaculture.2015.03.005

Appl. Sci. 2021, 11, 11586 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Custédio, M.; Villasante, S.; Cremades, J.; Calado, R.; Lillebg, A.I. Unravelling the potential of halophytes for marine integrated
multi-trophic aquaculture (IMTA)—A perspective on performance, opportunities and challenges. Aquac. Environ. Interact. 2017,
9, 445-460. [CrossRef]

Brown, J.; Glenn, E.P; Fitzsimmons, K.M.; Smith, S.E. Halophytes for the treatment of saline aquaculture effluent. Aquac. 1999,
175, 255-268. [CrossRef]

Webb, ].M.; Quinta, R.; Papadimitriou, S.; Norman, L.; Rigby, M.; Thomas, D.N.; Le Vay, L. Halophyte filter beds for treatment of
saline wastewater from aquaculture. Water Res. 2012, 46, 5102-5114. [CrossRef]

Shpigel, M.; Ben-Ezra, D.; Shauli, L.; Sagi, M.; Ventura, Y.; Samocha, T; Lee, ]. Constructed wetland with Salicornia as a biofilter
for mariculture effluents. Aquac. 2013, 412-413, 52-63. [CrossRef]

Marques, B.; Calado, R.; Lillebg, A.I. New species for the biomitigation of a super-intensive marine fish farm effluent: Combined
use of polychaete-assisted sand filters and halophyte aquaponics. Sci. Total. Environ. 2017, 599-600, 1922-1928. [CrossRef]
[PubMed]

Isca, V.M.,; Seca, A.M.; Pinto, D.C; Silva, H.; Silva, A.M. Lipophilic profile of the edible halophyte Salicornia ramosissima. Food
Chem. 2014, 165, 330-336. [CrossRef] [PubMed]

Barreira, L.; Resek, E.; Rodrigues, M.].; Rocha, M.IL; Pereira, H.; Bandarra, N.; Silva, M.; Varela, J.; Custédio, L. Halophytes:
Gourmet food with nutritional health benefits? |. Food Compos. Anal. 2017, 59, 35-42. [CrossRef]

Maciel, E.; Lillebg, A.; Domingues, P.; da Costa, E.; Calado, R.; Domingues, M.R.M. Polar lipidome profiling of Salicornia
ramosissima and Halimione portulacoides and the relevance of lipidomics for the valorization of halophytes. Phytochemistry 2018,
153,94-101. [CrossRef]

Khan, W.A.; Chun-Mei, H.; Khan, N.; Igbal, A.; Lyu, S.-W.; Shah, F. Bioengineered Plants Can Be a Useful Source of Omega-3
Fatty Acids. BioMed Res. Int. 2017, 2017, 1-9. [CrossRef]

Simopoulos, A. Evolutionary aspects of omega-3 fatty acids in the food supply. Prostaglandins Leukot. Essent. Fat. Acids 1999, 60,
421-429. [CrossRef]

Simopoulos, A.P. Omega-3 Fatty Acids and Antioxidants in Edible Wild Plants. Biol. Res. 2004, 37, 263-277. [CrossRef] [PubMed]
Singh, N.; Tasung, A.; Tripathi, S.; Patel, P.B.; Bafna, A.M.; Patil, R.G. Aquaculture Effluent: Effect on Yield, Nutrient Content and
Uptake in Salicornia bachiata Roxb. J. Aquac. Res. Dev. 2015, 6, 376.

Webb, J.; Quinta, R.; Papadimitriou, S.; Norman, L.; Rigby, M.; Thomas, D.; Le Vay, L. The effect of halophyte planting density on
the efficiency of constructed wetlands for the treatment of wastewater from marine aquaculture. Ecol. Eng. 2013, 61, 145-153.
[CrossRef]

Glenn, E.P,; Anday, T.; Chaturvedi, R.; Martinez-Garcia, R.; Pearlstein, S.; Soliz, D.; Nelson, S.G.; Felger, R.S. Three halophytes for
saline-water agriculture: An oilseed, a forage and a grain crop. Environ. Exp. Bot. 2013, 92, 110-121. [CrossRef]

Maciel, E.; Leal, M.C,; Lillebg, A L; Domingues, P.; Domingues, M.R.; Calado, R. Bioprospecting of Marine Macrophytes Using
MS-Based Lipidomics as a New Approach. Mar. Drugs 2016, 14, 49. [CrossRef] [PubMed]

Ventura, Y.; Wuddineh, W.A.; Myrzabayeva, M.; Alikulov, Z.; Khozin-Goldberg, I.; Shpigel, M.; Samocha, T.M.; Sagi, M. Effect of
seawater concentration on the productivity and nutritional value of annual Salicornia and perennial Sarcocornia halophytes as
leafy vegetable crops. Sci. Hortic. 2011, 128, 189-196. [CrossRef]

Bouchard, V.; Creach, V.; Lefeuvre, ].C.; Bertru, G.; Mariotti, A. Fate of plant detritus in a European salt marsh dominated by
Atriplex portulacoides (L.) Aellen. Oceans Rivers Lakes Energy Substance Transf. Interfaces 1998, 373, 75-87. [CrossRef]

Waisel, Y. Biology of Halophytes; Academic Press: New York, NY, USA, 1972.

Davy, A.].; Bishop, G.F.; Mossman, H.; Redondo-Gémez, S.; Castillo, ].M.; Castellanos, E.M.; Luque, T.; Figueroa, M.E. Biological
Flora of the British Isles:Sarcocornia perennis(Miller) A.]. Scott. J. Ecol. 2006, 94, 1035-1048. [CrossRef]

Sousa, A.L; Santos, D.B.; Da Silva, E.F,; de Sousa, L.P.; Cleary, D.ER.; Soares, A.M.V.M,; Lillebg, A.I. ‘Blue Carbon” and Nutrient
Stocks of Salt Marshes at a Temperate Coastal Lagoon (Ria de Aveiro, Portugal). Sci. Rep. 2017, 7, 41225. [CrossRef] [PubMed]
Stefanova, A.; Krysanova, V.; Hesse, C.; Lillebg, A.I. Climate change impact assessment on water inflow to a coastal lagoon: The
Ria de Aveiro watershed, Portugal. Hydrol. Sci. J. 2015, 60, 1-20. [CrossRef]

Aued-Pimentel, S.; Lago, ] H.G.; Chaves, M.H.; Kumagai, E.E. Evaluation of a methylation procedure to determine cyclo-
propenoids fatty acids from Sterculia striata St. Hil. Et Nauds seed oil. J. Chromatogr. A 2004, 1054, 235-239. [CrossRef]
Anderson, M.J. Animal-sediment relationships re-visited: Characterising species’ distributions along an environmental gradient
using canonical analysis and quantile regression splines. J. Exp. Mar. Biol. Ecol. 2008, 366, 16-27. [CrossRef]

Anderson, M.]. Permutational Multivariate Analysis of Variance (PERMANOVA); Balakrishnan, N., Colton, T., Everitt, B., Piegorsch,
W., Ruggeri, F, Teugels, ].L., Eds.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2017. [CrossRef]

Clarke, K.R.; Gorley, R.N. PRIMER V6: User Manual/Tutorial; PRIMER-E: Auckland, New Zealand, 2006; p. 192.

Flowers, T.]J.; Colmer, T.D. Plant salt tolerance: Adaptations in halophytes. Ann. Bot. 2015, 115, 327-331. [CrossRef] [PubMed]
Buhmann, A.; Papenbrock, J. Biofiltering of aquaculture effluents by halophytic plants: Basic principles, current uses and future
perspectives. Environ. Exp. Bot. 2013, 92, 122-133. [CrossRef]

Waller, U.; Buhmann, A K; Ernst, A.; Hanke, V.; Kulakowski, A.; Wecker, B.; Orellana, J.; Papenbrock, J. Integrated multi-trophic
aquaculture in a zero-exchange recirculation aquaculture system for marine fish and hydroponic halophyte production. Aquac.
Int. 2015, 23, 1473-1489. [CrossRef]


http://doi.org/10.3354/aei00244
http://doi.org/10.1016/S0044-8486(99)00084-8
http://doi.org/10.1016/j.watres.2012.06.034
http://doi.org/10.1016/j.aquaculture.2013.06.038
http://doi.org/10.1016/j.scitotenv.2017.05.121
http://www.ncbi.nlm.nih.gov/pubmed/28545219
http://doi.org/10.1016/j.foodchem.2014.05.117
http://www.ncbi.nlm.nih.gov/pubmed/25038683
http://doi.org/10.1016/j.jfca.2017.02.003
http://doi.org/10.1016/j.phytochem.2018.05.015
http://doi.org/10.1155/2017/7348919
http://doi.org/10.1016/S0952-3278(99)80023-4
http://doi.org/10.4067/s0716-97602004000200013
http://www.ncbi.nlm.nih.gov/pubmed/15455656
http://doi.org/10.1016/j.ecoleng.2013.09.058
http://doi.org/10.1016/j.envexpbot.2012.05.002
http://doi.org/10.3390/md14030049
http://www.ncbi.nlm.nih.gov/pubmed/27005634
http://doi.org/10.1016/j.scienta.2011.02.001
http://doi.org/10.1007/978-94-011-5266-2_6
http://doi.org/10.1111/j.1365-2745.2006.01156.x
http://doi.org/10.1038/srep41225
http://www.ncbi.nlm.nih.gov/pubmed/28120885
http://doi.org/10.1080/02626667.2014.983518
http://doi.org/10.1016/j.chroma.2004.07.090
http://doi.org/10.1016/j.jembe.2008.07.006
http://doi.org/10.1002/9781118445112.stat07841
http://doi.org/10.1093/aob/mcu267
http://www.ncbi.nlm.nih.gov/pubmed/25844430
http://doi.org/10.1016/j.envexpbot.2012.07.005
http://doi.org/10.1007/s10499-015-9898-3

Appl. Sci. 2021, 11, 11586 17 of 17

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

Burdge, G.C.; Calder, P. Conversion of -linolenic acid to longer-chain polyunsaturated fatty acids in human adults. Reprod. Nutr.
Dev. 2005, 45, 581-597. [CrossRef]

Ksouri, R.; Megdiche-Ksouri, W.; Jallali, I.; Debez, A.; Magné, C.; Hiroko, I.; Abdelly, C. Medicinal halophytes: Potent source
of health promoting biomolecules with medical, nutraceutical and food applications. Crit. Rev. Biotechnol. 2011, 32, 289-326.
[CrossRef]

Barcel6-Coblijn, G.; Murphy, E.J. Alpha-linolenic acid and its conversion to longer chain n—3 fatty acids: Benefits for human
health and a role in maintaining tissue n—3 fatty acid levels. Prog. Lipid Res. 2009, 48, 355-374. [CrossRef] [PubMed]

Li, Q.; Song, J. Analysis of widely targeted metabolites of the euhalophyte Suaeda salsa under saline conditions provides new
insights into salt tolerance and nutritional value in halophytic species. BMIC Plant Biol. 2019, 19, 1-11. [CrossRef]

Sinclair, A.J.; Attar-Bashi, N.M.; Li, D. What is the role of «-linolenic acid for mammals? Lipids 2002, 37, 1113-1123. [CrossRef]
He, M.; Ding, N.-Z. Plant Unsaturated Fatty Acids: Multiple Roles in Stress Response. Front. Plant Sci. 2020, 11, 562785. [CrossRef]
[PubMed]

Harwood, J. Recent advances in the biosynthesis of plant fatty acids. Biochim. Biophys. Acta (BBA) Lipids Lipid Metab. 1996, 1301,
7-56. [CrossRef]

Singh, S.P; Zhou, X.-R.; Liu, Q.; Stymne, S.; Green, A.G. Metabolic engineering of new fatty acids in plants. Curr. Opin. Plant Biol.
2005, 8, 197-203. [CrossRef] [PubMed]

Bertin, R.L.; Gonzaga, L.V.; Borges, G.; Azevedo, M.S.; Maltez, H.E; Heller, M.; Micke, G.A.; Tavares, L.B.B.; Fett, R. Nutrient
composition and, identification/quantification of major phenolic compounds in Sarcocornia ambigua (Amaranthaceae) using
HPLC-ESI-MS/MS. Food Res. Int. 2014, 55, 404—411. [CrossRef]

Chen, J.; Liu, H. Nutritional Indices for Assessing Fatty Acids: A Mini-Review. Int. J. Mol. Sci. 2020, 21, 5695. [CrossRef]
[PubMed]

Gunning, D.; Maguire, J.; Burnell, G. The Development of Sustainable Saltwater-Based Food Production Systems: A Review of
Established and Novel Concepts. Water 2016, 8, 598. [CrossRef]

Hu, Z; Lee, ].W,; Chandran, K; Kim, S.; Brotto, A.C.; Khanal, S.K. Effect of plant species on nitrogen recovery in aquaponics.
Bioresour. Technol. 2015, 188, 92-98. [CrossRef] [PubMed]

European Commission. Communication from the Commission to the European Parliament, the Council, the European Economic and Social
Committee and the Committee of the Regions: On a Monitoring Framework for the Circular Economy; European Commission: Strasbourg,
France, 2018; Available online: https://eur-lex.europa.eu/legal-content/EN/TXT /?uri=COM%3A2018%3A29%3AFIN (accessed
on 25 October 2021).


http://doi.org/10.1051/rnd:2005047
http://doi.org/10.3109/07388551.2011.630647
http://doi.org/10.1016/j.plipres.2009.07.002
http://www.ncbi.nlm.nih.gov/pubmed/19619583
http://doi.org/10.1186/s12870-019-2006-5
http://doi.org/10.1007/s11745-002-1008-x
http://doi.org/10.3389/fpls.2020.562785
http://www.ncbi.nlm.nih.gov/pubmed/33013981
http://doi.org/10.1016/0005-2760(95)00242-1
http://doi.org/10.1016/j.pbi.2005.01.012
http://www.ncbi.nlm.nih.gov/pubmed/15753001
http://doi.org/10.1016/j.foodres.2013.11.036
http://doi.org/10.3390/ijms21165695
http://www.ncbi.nlm.nih.gov/pubmed/32784511
http://doi.org/10.3390/w8120598
http://doi.org/10.1016/j.biortech.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25650140
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2018%3A29%3AFIN

	Introduction 
	Materials and Methods 
	Short Description of the Donor Site and Selected Halophyte Species 
	Aquaponics System 
	Stocking and Sampling of Halophytes 
	Fatty Acid Methyl Ester Analysis 
	Statistical Analysis 

	Results 
	Aquaponic System Characterization 
	Halimione portulacoides Fatty Acids Profile 
	Salicornia ramosissima Fatty Acids Profile 
	Sarcocornia perennis Fatty Acids Profile 

	Discussion 
	Conclusions 
	References

