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Simple Summary: The production of halophyte plants, like Salicornia ramosissima, is increasing as
they are highly valued for human consumption and due to their ability to grow in unutilized culti-
vation areas, like saline soils. However, only the green tips are commercialized, while the remaining
plant is considered a residue. This study aimed to explore the potential of these salicornia by-prod-
ucts to be included in aquafeeds for juvenile European seabass, partially replacing wheat meal. The
results obtained indicate that this substitution is possible with no apparent adverse effects on the
fish and on the economic viability of the feeds. Additionally, the inclusion of salicornia in the diets
was related to the decrease in compounds in fish muscle usually used as stress biomarkers and with
the increase in DHA levels, one of the most relevant Omega-3 fatty acids for human nutrition. There-
fore, data from this study suggest that salicornia by-products are a viable alternative to partially
replace wheat meal in diets for juvenile European seabass, allowing salicornia farmers to valorize a
residue and to implement the principles of circular economy in halophyte farming and the aquacul-
ture industry.

Abstract: The green tips of Salicornia ramosissima are used for human consumption, while, in a pro-
duction scenario, the rest of the plant is considered a residue. This study evaluated the potential of
incorporating salicornia by-products in diets for juvenile European seabass, partially replacing
wheat meal, aspiring to contribute to their valorization. A standard diet and three experimental
diets including salicornia in 2.5%, 5% and 10% inclusion levels were tested in triplicate. After 62
days of feeding, no significant differences between treatments were observed in fish growth perfor-
mances, feeding efficiency and economic conversation ratio. Nutrient digestibility of the experi-
mental diets was unaffected by the inclusion of salicornia when compared to a standard diet. Addi-
tionally, salicornia had significant modulatory effects on the fish muscle biochemical profiles,
namely by significantly decreasing lactic acid and increasing succinic acid levels, which can poten-
tially signal health-promoting effects for the fish. Increases in DHA levels in fish fed a diet contain-
ing 10% salicornia were also shown. Therefore, the results suggest that salicornia by-products are a
viable alternative to partially replace wheat meal in diets for juvenile European seabass,
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contributing to the valorization of a residue and the implementation of a circular economy paradigm
in halophyte farming and aquaculture.

Keywords: Salicornia ramosissima; residues; by-products; circular economy; European seabass;
aquafeeds

1. Introduction

The halophyte plant Salicornia ramosissima, popularly known as green samphire, is
widely distributed in the salt marshes of the Mediterranean region. It is an annual species
that grows at low salinities, although it can tolerate high salt concentrations in the soil.
From a production perspective, it can be irrigated with seawater, allowing the utilization
of unexploited cultivation areas, which is an advantage over most cultivated plants that
can be exploited [1-3]. Salicornia is considered a gourmet product for human consump-
tion, with its fresh branch tips being highly appreciated [3-7]. The nutritional profile of S.
ramosissima is characterized by considerable amounts of protein (5-10% DW), n-3 and n-6
polyunsaturated fatty acids (mainly a-linolenic and linoleic acid) and minerals (such as
sodium, potassium, calcium, magnesium, iron and manganese) [4,5]. Their richness in bi-
oactive secondary metabolites, which can have health-promoting effects for the consumer,
is a distinctive quality of these plants,exhibiting a significant antioxidant and anti-inflam-
matory potential due to their total phenolic content [5,8]. In addition, seeds of Salicornia
spp. contain considerable levels of lipids (*26-33%) and proteins (=31%) [9].

While the tenderest stems of salicornia are intended for human consumption, there
are currently no commercial applications for the remaining parts of the plant, often con-
sidered a residue. However, this salicornia biomass has enormous potential to be used for
animal nutrition, potentially as a feedstock ingredient that would reduce the use of edible
cereal crops like wheat. The production of this cereal in 2021 reached 776 million tons,
with around 70% being directly used for human nutrition, around 20% for livestock feed
and around 10% for seeds, industrial applications and other uses [10]. While wheat con-
sumption is expected to expand globally, albeit at a below-average pace, a decrease in feed
applications is anticipated to cause a 0.4% decline in total wheat utilization in 2022/2023,
predominantly driven by the escalation of market prices [10]. In the current scenario,
where a progressive increase in human population numbers is foreseen, the development
of alternative food and feed products by exploiting resources not usually used by tradi-
tional production (e.g., halophyte plants in saline soils, saline irrigation) is imperative.
Furthermore, the valorization of residues such as these salicornia by-products would con-
tribute to implementing circular economy principles in halophyte farming and the aqua-
culture industry, increasing the sustainability of both industries.

The European seabass (Dicentrarchus labrax) is one of the most representative species
in the Mediterranean aquaculture industry, with its global production reaching almost
300 thousand tonnes (USD 1.8 million in value) in 2021 [11,12]. The intensive production
of this carnivorous species relies on high protein diets whose formulation has traditionally
depended on fish meal (FM) as the major ingredient [13-15]. Nevertheless, FM prepon-
derance in aquafeeds has been progressively reduced due to limited market availability
and sustainability issues [16,17]. The European seabass has a high tolerance to vegetal
ingredients and high replacement levels of FM in formulated diets have been successfully
achieved with no adverse effects on fish growth performances, as thoroughly reviewed by
Oliva-Teles et al. [18]. Although salicornia protein contents are too low to replace FM di-
rectly, its by-products may serve as a source of carbohydrates in aquafeed formulations,
while potentially conferring functional properties to the feed due to their richness in bio-
active compounds.

In this context, the present study aimed to evaluate the potential of including S. ra-
mosissima aerial by-products in aquafeeds as a partial replacement of wheat meal in diets
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for juvenile European seabass. For this purpose, fish growth performance, survival, body
composition, muscle biochemical profiles, nutrient digestibility and the economic viability
of feeds were assessed.

2. Materials and Methods
2.1. Dietary Treatments

Four experimental diets were evaluated in triplicates. A control diet (CTRL) was for-
mulated to meet the nutritional requirements of juvenile European seabass, containing
35% fish meal, 16.3% wheat meal, 13% soy protein concentrate and 10% wheat gluten as
the main protein sources and 5.7% rapeseed oil and 5.2% fish oil as the main lipid sources.
Additionally, three experimental diets based on CTRL were used, differing only in the
ingredient formulation by replacing wheat meal with salicornia whole plant biomass at
2.5% (SAL2.5), 5% (SAL5) and 10% (SAL10) inclusion levels, respectively. Salicornia bio-
mass was obtained from Praia da Areia Branca, Torreira, Portugal (40°46'22.1" N 8°39'29.5"
W), in June 2020. The roots and green tips, which are used for human consumption, were
separated and not used in the current trial, so the biomass included in the experimental
diets would resemble the by-products of salicornia production. The remaining parts of the
plant were then dried in mesh mats that allowed air circulation, to prevent any degrada-
tion promoted by humidity. Wheat gluten levels were slightly adjusted in the experi-
mental diets to ensure that protein levels remained similar between diets. The experi-
mental diets’ formulation, production cost and nutrient composition analysis can be seen
in Table 1 and Table 2, respectively.

Table 1. Formulation and production cost of the experimental diets used to culture juvenile Euro-
pean seabass, assuming three different hypothetical market prices for salicornia by-products.

Ingredients (%) CTRL SAL2.5 SAL5 SAL10
Fishmeal LT70 2 35.00 35.00 35.00 35.00
Krill meal 5.00 5.00 5.00 5.00
Soy protein concentrate ¢ 13.00 13.00 13.00 13.00
Wheat gluten d 10.00 10.10 10.10 10.30
Corn gluten meal ¢ 8.00 8.00 8.00 8.00
Wheat meal f 16.30 13.70 11.20 6.00
Vitamin and mineral premix 8 1.00 1.00 1.00 1.00
Monocalcium phosphate P 0.78 0.78 0.78 0.78
Yttrium oxide 0.02 0.02 0.02 0.02
Fish oil = 5.20 5.20 5.20 5.20
Rapeseed oil j 5.70 5.70 5.70 5.70
Salicornia ramosissima biomass 0.00 2.50 5.00 10.00
Production cost (EUR Kg)

Salicornia—0.000 EUR kg1 1.164 1.159 1.151 1.140
Salicornia—0.145 EUR kg1 1.164 1.162 1.159 1.155
Salicornia—0.232 EUR kg™ 1.164 1.164 1.163 1.163

a Sopropéche, France. » Aker Biomarine, Norway. ¢ Soycomil P, ADM, Netherlands. 4 VITAL, Ro-
quette, France. ¢ COPAM, Portugal. f Molisur, Spain. 8 Premix Lda, Portugal. ' Aliphos Monocal,
Aliphos, Belgium. ! Amperit, Hogands Germany GmbH, Germany. i JC Coimbra, Portugal. * Ri-
asearch, Portugal.
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Table 2. Nutrient composition of the experimental diets used to culture juvenile European seabass.

Nutrient Composition

(% Dry Matter) CTRL SAL2.5 SAL5 SAL10
Dry matter 94.1 96.5 95.5 94.5
Crude protein 52.4 51.4 53.7 52.1
Crude lipids 16.8 16.8 17.3 17.3
Ash 9.0 9.8 10.5 11.3
Energy (KJ g' DM) 23.4 23.1 23.3 22.7

Diets were manufactured by extrusion at Sparos Lda (Olhao, Portugal) facilities. All
powder ingredients were mixed according to the target formulation in a double-helix
mixer (model 500L, TGC Extrusion, Roullet-Saint-Estéphe, France) and ground (below 400
pum) in a micropulveriser hammer mill (model SH1, Hosokawa-Alpine, Augsburg, Ger-
many). Diets (pellet size: 1.2 and 2.0 mm) were manufactured with a twin-screw extruder
(model BC45, Clextral, Firminy, France) with a screw diameter of 55 mm. Extrusion con-
ditions: feeder rate (80 kg/h), screw speed (255 rpm), water addition in barrel 1 (340 mL
min'), temperature barrel 1 (36 °C) and temperature barrel 3 (110-112 °C). Extruded pel-
lets were dried in a vibrating fluid bed dryer (model DR100, TGC Extrusion, Roullet-Saint-
Estephe, France). After cooling, oils were added by vacuum coating (model PG-10VCLAB,
Dinnissen, Sevenum, Netherlands). Coating conditions were pressure of 700 mbar, with
spraying time under vacuum of approximately 90 s and a return to atmospheric pressure
at 120 s. After coating, diets were packed in sealed plastic buckets and stored at room
temperature.

2.2. Fish Rearing and Sampling

European seabass juveniles (7.3 + 0.1 g) originating from Sonrionansa (Cantabria,
Spain) were transported to Riasearch Lda facilities (Murtosa, Portugal) by a legally au-
thorized ground carrier in live fish transportation. These were distributed to 12 tanks with
200 L part of a state-of-the-art 40 m? clear water recirculating aquaculture system (RAS).
Each tank was stocked with 80 individuals. Water parameters were measured daily using
commercial equipment. During the experimental period, temperature was maintained at
21.6 + 0.2 °C, dissolved oxygen at 6.4 + 0.6 mg L, salinity at 18.2+ 0.2 g L', pH at 7.5 +
0.2, NHs at 0.0+ 0.0 mg L' and NOzat 0.1 £ 0.1 mg L.

Fish were kept under a 14 h light:10 h dark photoperiod and fed by hand until visual
satiety with 3 daily meals for 62 days. Feed given to each tank was quantified daily. The
feed size was 1.2 mm for the first 30 days and 2 mm for the remaining feeding period.

At the end of the experiment (Day 62), fish from each tank were weighed to determine
mean body weight, specific growth rate (SGR), feed intake, feed conversion ratio (FCR),
economic conversion ratio (ECR, EUR spent in feed per Kg of biomass gain, for three dif-
ferent hypothetical salicornia by-products market price scenarios: 0%, 50% and 80% of
wheat meal cost) and survival. Furthermore, 10 fish per tank were euthanized with a lethal
dosage of anesthetic: 5 were sampled for whole-body composition analysis, and muscle
samples were taken from 5 additional fish for biochemical profiling. Samples for whole-
body composition and biochemical profiling were kept at —20 °C and -80 °C until further
analysis, respectively. Fish were fasted overnight prior to any sampling procedures.

Digestibility Trial

In parallel, a digestibility trial was conducted to collect feces for an analysis of nutri-
ent apparent digestibility. The trial was performed in a clear water RAS, equipped with
12 fiberglass tanks of 70 L water capacity designed according to the Guelph system (each
tank provided in the outlet with a feces settling column). Sixteen fish averaging 60.2 + 0.8
g were allocated to each tank and diets were randomly assigned to triplicate groups of
these fish. Fish were fed by hand twice daily until apparent visual satiation. Fish were
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adapted to the rearing conditions and diets for 5 days. Thereafter, feces were collected
daily until enough feces had been gathered to perform the required analysis, and then
pooled for each tank and frozen at —20 °C until analysis. Water parameters were controlled
daily using commercial equipment and kept similarly to those described for the growth
trial.

2.3. Bromatological Analyses

Bromatological analyses of the experimental diets, fish carcasses and feces were per-
formed following the Association of Official Analytical Chemists procedures [19]. Briefly,
dry matter was determined by drying samples at 105 °C in an oven until constant weight;
ash by incineration at 450 °C for 16 h in a muffle furnace; crude protein content (N x 6.25)
by the Kjeldahl method after acid digestion using a Kjeltec digestion and distillation unit
(model 1015 and 1026, Tecator Systems, Hogands, Sweden;, respectively); lipid content by
petroleum ether extraction (Soxtec HT System, GeminiBV, Apeldoorn, Netherlands); and
gross energy, by direct combustion in an adiabatic bomb calorimeter (PARR model 1261,
PARR Instruments, Moline, IL, USA). Yttrium oxide was determined as follows: sample
digestion with HNOs + H20: + HF in a microwave, dilution and analysis on an ICP-SFMS
(Element™ 2 ICP-SFMS, ThermoFisher Scientific™, Carlsbad, CA, USA). Feces were ana-
lyzed for protein, lipids, energy and yttrium oxide (Y20s) contents. Apparent digestibility
coefficients (ADC) were calculated according to the following formula: ADCnutrient = 100
- [100 x (Y20s diet/Y20s feces) x (nutrient feces/nutrient diet)].

2.4. Muscle Biochemical Profile

Muscle samples were cut into small pieces and kept in an oven at 35 °C to dehydrate.
When the weight of the samples stabilized, they were macerated using a mill. Samples
were then derivatized in triplicate by adding 250 uL of pyridine, 250 uL of BSTFA (N,O-
bis(trimethylsilyl)trifluoroacetamide), 50 pL of trimethylsilyl chloride, 200 pL of 1 mg/mL
of triacontane (internal standard) and 250 uL of dichloromethane to 15 mg of biomass.
The mixtures were maintained at 70 °C for 30 min and then transferred to vials. Samples’
derivates were injected in duplicates into a GC-MS (Gas Chromatography-Mass Spec-
trometry) apparatus.

GC-MS analysis of each silylated sample was performed using a GC-MS QP2010 Ul-
tra Shimadzu (University of Aveiro, Aveiro, Portugal) equipped with a ZB-5ms | & W ca-
pillary column (30 m x 0.25 mm x 0.25 um). Samples were injected with a split ratio of 1:10
and helium as carrier gas with a flux of 1.19 mL/min. The injector temperature was 320 °C
and the transfer-line temperature was 200 °C. The temperature of the column was main-
tained at 70 °C for 5 min and then increased, first at 4 °C/min until 250 °C, followed by an
increase of 2 °C/min until 300 °C, where it was maintained for 5 min. The mass spectrom-
eter was operated in the electronic impact (EI) mode with an energy of 0.1 kV, and data
were collected at a rate of 1 scan/s over a range of m/z 50-1000. The performed chroma-
tography lasted 80 min and the standards were analyzed separately by GC-MS under the
same chromatographic conditions. The compounds were identified based on a direct com-
parison with the mass spectra database libraries (NIST14 Mass Spectra and WILEY Reg-
istry TM of Mass Spectra Data), and when possible pure standards of each compound
were subjected to the same derivatization procedure and injected in the same chromato-
graphic conditions. The quantification of each metabolite present in each replicate was
obtained from calibration curves acquired by injection of solutions of known concentra-
tion of each standard. Standard concentrations were chosen to ensure the quantification
of each compound in the samples through the interpolation of the calibration curve.

2.5. Data Analysis

Specific growth rate (SGR,% weight day') was calculated as SGR = (es - 1) x 100,
where g = (InWf - InWi) x t1. Wf and Wi correspond to the final and initial weights (g),
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respectively, and t corresponds to time in days. Feed conversion ratio (FCR) was calcu-
lated as FCR = (Fi/Wg), where Fi corresponds to feed ingested (g) and Wg to the mean
weight gain (g). Feed intake (% average body weight (ABW) day~') was calculated as feed
intake = (Fi/((Wi + Wf)/2)/t) x 100, where Fi corresponds to feed ingested (g), Wi and Wf
correspond to the initial and final weights (g), respectively, and t corresponds to time in
days. The economic conversion ratio (ECR) was calculated as ECR = ((Fi x C)/Wg), where
Fi corresponds to feed intake (Kg), C to diet price (EUR Kg-1) and Wg to the mean weight
gain (Kg). Survival was expressed as a percentage and calculated as S = (5£/Si) x 100, where
Si and Sf correspond to the initial and final number of individuals in the tanks, respec-
tively.

Differences in growth performance, feeding efficiency, survival, ECR, whole body
composition, digestibility and muscle biochemical profiles between dietary treatments
were evaluated using one-way ANOVA, followed by Tukey’s HSD multiple comparison
tests. Kruskal-Wallis one-way analysis of variance tests, followed by Wilcoxon pairwise
comparison tests, were used when data did not comply with the one-way ANOVA’s as-
sumptions. Results were expressed as means + standard deviation (SD). In results ex-
pressed as percentages, an arcsine transformation was performed prior to any statistical
test: T = ASIN (SQRT (value/100)). The significance level considered was p < 0.05 for all
tests performed.

3. Results
3.1. Zootechnical Parameters

At the end of the experiment (Day 62), no significant differences between treatments
were found in fish final mean body weight, SGR, feed intake, FCR and survival values
(Table 3).

Table 3. Initial and final weight, specific growth rate (SGR), feed conversion ratio (FCR), feed intake
and survival of juvenile European seabass fed the experimental diets for 62 days.

CTRL SAL25  SAL5 SAL10 p Value
Initial weight (g) 727003 724+003 727+009 7.26+0.10 0.959
Final weight (g) 43.70+0.32 43.30+1.28 43.60+0.98 43.50+0.95 0.980
SGR (% day~) 293+001 293005 293+003 293+003 099
FCR 1.00£0.03 099+0.01 099+0.02 1.01+0.00 0.470

Feed i % AB

dieydl)mtake (% ABW 2324004 230+0.02 230+003 236+0.02 0.99%
Survival (%) 94.60+4.10 97.10+1.60 97.90+1.20 95.80+1.60 0.856

Results expressed as mean + standard deviation (1 = 3 experimental units). For each parameter, one-
way ANOVA p values are indicated.

3.2. Economic Conversion Ratio

As for ECR, no significant differences between treatments were found in any of the
three hypothetical scenarios for salicornia market price (Table 4).

Table 4. Economic conversion ratio (ECR) of the experimental diets containing salicornia biomass
used to culture European seabass juveniles for 62 days.

CTRL SAL25 SAL5 SAL10 p Value
ECR (Salicornia ) 10 0041 1147+0018 11380023 11570007 0727
EURkg10.000) ke e st = '
ECR (Salicornia
EUR kg-10.145) 1159 +0.041 1.150+0.018 1.146+0.023 1.172+0.007 0.614
ECR (Salicornia

EUR Kg-10.232) 1.159 £0.041 1.152+0.018 1.150+0.023 1.180+0.007 0.483
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Results expressed as mean + standard deviation (1 = 3 experimental units). ECR was calculated for
three hypothetical scenarios, based on different S. ramosissima by-product market prices per kg: EUR
0.000, EUR 0.145 (50% of wheat meal cost) and EUR 0.232 (80% of wheat meal cost). For each pa-
rameter, one-way ANOVA p values are indicated.

3.3. Whole-Body Composition

Moreover, significant differences between treatments were found in the fish whole-
body composition. Fish fed the SAL2.5 and SAL5 diets had significantly higher energy
content than those fed CTRL (Table 5).

Table 5. Whole-body composition (% fresh weight) of juvenile European seabass fed the experi-
mental diets containing salicornia for 62 days.

CTRL SAL2.5 SAL5 SAL10 p Value
Dry matter (%)  295+25  324+11  324%09  309+07  0.125
Protein (%) 145+16  160+13  169+14  157+12 0549
Lipids (%) 127+12  129+01  11.8+06 12407 0111
Ash (%) 45407 57+0.7 56+0.6 54+1.1 0.652
Energy (KJg!)  7.8+08:  89+03° 90+00°> 85+02=® 0018

Results expressed as mean + standard deviation (1 = 3 experimental units). Different superscript
letters indicate statistical differences (p < 0.05) between treatments in a one-way ANOVA, followed
by a Tukey HSD multiple comparison test.

3.4. Digestibility

As for nutrient digestibility, the ADC of dry matter was significantly higher in diets
SAL2.5 and SAL5 than in CTRL and SAL10, while the ADC of protein was significantly
higher in SAL2.5 than in SAL10 (Table 6).

Table 6. Apparent digestibility coefficients (ADC) of the experimental diets containing S. ramosis-
sima.

CTRL SAL25 SAL5 SAL10 p Value
Dry matter ! 81.4+05¢ 842+06b 832+0.6" 80.2+0.82  <0.001
Protein 2 96.4 +0.4 @ 97.1+£0.0b 969+0.3® 96.3+032  0.034
Lipids 2 98.9+0.5 98.6 +0.5 98.6 + 0.4 98.4+0.6 0.664

Results expressed as mean + standard deviation (1 = 3 experimental units). Different superscript
letters indicate statistical differences (p < 0.05) between treatments in a one-way ANOVA, followed
by a Tukey HSD multiple comparison test. ' ADC = 100 - 100 x (% yttrium in feed/% yttrium in
feces). 2 ADC =100 - 100 x (% yttrium in feed/% yttrium in feces) x (% nutrient in feces/% nutrient
in feed).

3.5. Muscle Biochemical Profiles

Regarding the muscle biochemical profiles, the inclusion of salicornia biomass in the
experimental diets had profound modulatory effects on most compounds analyzed, with
only 11,14-Eicosadienoic acid and arachidonic acid levels being similar in all dietary treat-
ments (Table 7).

Table 7. Muscle biochemical profiles of European seabass fed the experimental diets containing S.
ramosissima for 62 days.

Compounds (ug mg Dry Weight) CTRL SAL2.5 SAL5 SAL10 p Value

Alcohols Glycerol 18.47+0.28% 1876+132¢ 17.20+094P 13.99+044= <0.001
Alanine 3.29+0210 2.95+0.082 3.02£0.072 3.55+0.12¢ <0.001

Amino acids Glycine 472+0.11° 3.24+0.367 513+0.21° 470+045> <0.001
Serine 2.95+0.06° 2.88+0.04 2 2.89+0.02 2 2.88+0.01= 0.019
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Acetic acid 0.04+001°  041+002°  035+017°  029+020° 0.001
, Lactic acid 23.98+050b 2238+149° 19.06+1.19° 18.73+034° <0.001
Sirsgamc ¢ Malic acid 039+0.04c 01640072  024+003®  026+0.05° <0.001
Propanoic acid 035+001¢ 01740012  022+001°  031+0.02¢ <0.001
Succinic acid 02240002  031+0.04°  039+001c  074+021¢ <0.001
Heptadecanoic acid 1.06 £0.13 2 0.87+0.09a 090+0.03a 1.31+0.20>  <0.001
Soturateq | Myristicacid 930+038% 83140392  870+0.16®  956=0.77¢  0.001
ity acids  Pmitic acid 31.84+2.15% 2854+300® 2859+141® 2679+102¢ 0.003
Pentadecanoic acid 516+0.07® 50940032  517+0.02%  523+0.10° 0012
Stearic acid 28.68+324° 2413+3840  2465+157® 2330+143¢ 0013
11,14-Eicosadienoic acid 3.40 +0.05 3.36 +0.05 3.39+0.03 3.41 +0.05 0.273
11-Eicosenoic acid 55140482  503+025¢  498+012°  629+037° <0.001
9,12-Octadecadienoic acid 7.68+0.44>  6.89+0342  696+0.132  7.61+042° 0.001
Arachidonic acid 3.40 + 0.05 3.42 +0.04 3.45+0.03 3404004  0.180
Unsaturated Docosahexaenoic acid 577+038s  571+0232 57540172  635+034b  0.003
fatty acids  (DHA)
E;‘;iipemaemm A0 692033 6304034% 58420120 659035 <0001
Oleic acid 58.19+2.59%  56.05+517° 5459+197°  4879+246° 0.001
Palmitelaidic acid 1276 +0.83¢  722+0442  7.67+0252  9.09+1.00° <0.001
Sterols Cholesterol 266+0220  242+026®  226+0.18°  297+024c  <0.001

Results expressed as mean + standard deviation (n = 3 experimental units). Different superscript
letters indicate statistical differences (p < 0.05) between treatments in a one-way ANOVA, followed
by a Tukey HSD multiple comparison test.

4. Discussion

This study aimed to evaluate the potential of incorporating S. ramosissima aerial by-
products in diets for juvenile European seabass, partially replacing wheat meal, aspiring
to contribute to the valorization of these residues and to implement principles of circular
economy in halophyte farming and aquaculture. The European seabass was chosen as the
model organism for this study as it is one of the most produced finfish species in Mediter-
ranean aquaculture and, despite being a carnivorous species, has considerable tolerance
to feeds formulated with high proportions of vegetal ingredients, as long as their indis-
pensable amino acid profile is appropriate [18,20]. Overall, the survival, growth perfor-
mance and feeding efficiency results obtained in the current study can be considered very
satisfactory and indicate that proper zootechnical conditions were maintained during the
experimental trial and that the feeds utilized were adequate for the developmental stage
of the fish. The results obtained were superior to those reported by Peres and Oliva-Teles
[21], who studied the utilization of dietary protein by European seabass juveniles (5.5 g)
at 18 °C and 25 °C, describing final weights of up to 29.9 g after 12 weeks; Moreira et al.
[22], who described an increase in fish weight from 15 g to up to 45 g in 10 weeks, at 25
°C, utilizing different carbohydrate levels in aquafeeds; Gasco et al. [23], who tested the
inclusion of Tenebrio molitor meal in diets for European seabass juveniles (5.2 g) for 70 days,
at 19.5 °C, with fish achieving final weights up to 22.1 g with the control diet; Coutinho et
al. [24], who tested the effects of dietary methionine and taurine supplementation in the
diets of European seabass juveniles (6.9 g) at 23 °C, describing final weights of up to 28.4
g after 85 days; and Torrecillas et al. [25], who reported an increase in fish weight from
around 13 g to up to 44.4 g in 70 days, at 23 °C, utilizing feeds supplemented with an
arachidonic acid rich oil.

The inclusion of salicornia in the diets, in proportions up to 10%, did not compromise
their adequacy, as fish survival, growth performance and feeding efficiency values were
identical to those obtained when using the control diet. Additionally, no negative effects



Animals 2024, 14, 614

9 of 12

were observed in the fish whole body composition and digestibility of nutrients, indicat-
ing that the replacement of wheat meal with salicornia did not affect the experimental
diets” bioavailability of nutrients and their metabolic utilization by the fish. In fact, when
2.5% and 5% of S. ramosissima biomass were used in feeds, an increase in fish whole body
energy levels was verified in relation to those fed the standard diet, which can probably
be explained by significantly higher levels of ADC of dry matter and a tendency for higher
levels of protein ADC in the SAL2.5 and SAL5 dietary treatments.

Furthermore, the analysis performed on the muscle of the fish revealed that the in-
clusion of salicornia biomass in the experimental diets had significant modulatory effects
on the levels of the alcohols, amino acids, organic acids, saturated fatty acids, unsaturated
fatty acids and sterols that were evaluated. However, these results are complex and a pat-
tern of the relationship between the variations observed and the inclusion of salicornia in
the diets is difficult to establish. The alterations in the levels of most compounds analyzed
did not affect fish zootechnical parameters, but further studies that delve into what these
represent for the fish health status and the nutritional benefits for the consumer are still
necessary. Still, it should be noted that lactic acid levels in the fish muscle significantly
decreased as the proportions of salicornia in the diets increased to 5% and 10%. Lactic acid
has been used to measure stress levels in fish and increases have been associated with
handling stress in striped bass Morone saxatilis juveniles [26]; with hypoxia stress in chan-
nel catfish Ictalurus punctatus [27] and in largemouth bass Micropterus salmoides [28]; and
with air exposure and physical exhaustion in red throat emperor Lethrinus miniatus [29].
Therefore, these results suggest that salicornia may have contributed to an increase in the
fish resilience to stress, resulting in a decrease in lactic acid production, as these were
subject to sampling procedures that included netting, brief air exposure and handling
prior to being euthanized with a lethal dosage of anesthetic, and muscle samples were
taken. Concomitantly, succinic acid levels in fish muscle tissue increased linearly with
salicornia proportions, which again may indicate a health-promoting effect for the fish
through the inclusion of the halophyte in their diets. This organic acid has been used as a
dietary additive in aquafeeds and has been linked with the enhancement of growth per-
formances, feeding efficiency, immune activity and/or modulation of the gut microbiota
composition of several species of fish and shrimp [30-34]. Additionally, DHA levels were
significantly higher in fish fed the diet with the highest salicornia inclusion than in the
remaining dietary treatments, while levels of EPA were similar to those of fish fed the
standard diet. These results suggest that utilizing aquafeeds containing salicornia by-
products would retain, or potentially increase, the benefits associated with the consump-
tion of fish, as DHA and EPA are two of the most relevant Omega-3 fatty acids due to their
recognized essential role in human nutrition and development [35-39].

The economic analysis performed revealed that the inclusion of salicornia biomass in
the diets, partially replacing wheat meal, did not affect the formulation costs and the ECR
values of the experimental diets in the hypothetical scenarios explored. Considering that
this salicornia biomass is regarded as a residue with no commercial value and is replacing
an edible cereal whose demand and market prices have been increasing in recent years,
these outcomes can be deemed extremely promising. Accordingly, these by-products
could potentially be marketed at up to 80% of the wheat meal price, making them more
appealing for feed manufacturers, and could generate almost EUR 14 million annually for
salicornia farmers, representing the valorization of 60 thousand tonnes of residues (con-
sidering 10% of inclusion in 600 thousand tonnes of aquafeeds, amounts conservatively
estimated by the authors as necessary for European seabass global production). Moreover,
salicornia and European seabass production are predominantly established in the Medi-
terranean area. The proximity of both industries would contribute to the reduction in the
environmental footprint of feeds for European seabass, as wheat production in Europe is
on a small scale and mostly comes from exports from Asia and the United States of Amer-
ica [40].
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5. Conclusions

In conclusion, data from this study indicate that S. ramosissima biomass can success-
fully replace wheat meal in diets for juvenile European sea bass for up to 10% of their
composition, with no detrimental effects on fish growth performances, feeding efficiency,
survival, whole body composition and digestibility coefficients. The inclusion of salicornia
in the diets produced intricate modulatory effects on the fish muscle tissue biochemical
profiles that require further assessment. Even so, decreases in lactic acid and increases in
succinic acid levels were verified, which can potentially signal health-promoting effects
for the fish. Increases in DHA levels in fish fed a diet containing 10% salicornia were also
shown. Additionally, the results suggest that S. ramosissima aerial by-products are an eco-
nomically viable alternative to wheat meal in aquafeed formulations for European seabass
juveniles. This scenario would allow salicornia farmers to valorize a residue that could
potentially be marketed at 80% of the wheat meal retail price, while contributing to the
implementation of a circular economy paradigm in halophyte farming and the aquacul-
ture industry. Furthermore, the use of these by-products could reduce the environmental
footprint of European seabass production due to the proximity of both industries in the
Mediterranean region.

Author Contributions: Conceptualization, M.P., B.C. and R.J.M.R.; methodology, A.B., A.C. and
D.C.G.AP; formal analysis, A.B.; investigation, A.B., A.C, A.L,, B.S.,, C.N. and A.C.S.V,; resources,
A.C,D.CGAP,]D,MP,B.C.and RJ.M.R,; data curation, A.B.; writing—original draft prepara-
tion, A.B. and D.J.; writing—review and editing, all authors; supervision, M.P.,, B.C. and RJ.M.R;
project administration, M.P., B.C. and R.J.M.R,; funding acquisition, M.P., B.C. and RJ.M.R. All au-
thors have read and agreed to the published version of the manuscript.

Funding: This work is part of the project AQUACOMBINE, which has received funding from the
European Union’s Horizon 2020 research and innovation programme under Grant Agreement No.
862834. The APC was funded by project AQUACOMBINE. Thanks are due to the University of
Aveiro and Portuguese National Funds, through FCT (Fundagao para a Ciéncia e Tecnologia), and
as applicable co-financed by FEDER within the PT2020 partnership agreement by funding the
LAQV-REQUIMTE (UIDB/50006/2020 + UIDP/50006/2020). Also, thanks are due to CESAM by
FCT/MCTES (UIDP/50017/2020 + UIDB/50017/2020 + LA/P/004/2020), through National funds, as
well as to FCT - Foundation for Science and Technology within the scope of UIDB/0443/2020 and
UIDP/04423/2020. This study was also supported by national funds through the FCT —Foundation
for Science and Technology within the scope of UIDB/04423/2020 and UIDP/04423/2020. B.C. was
supported by the FCT through grant 2020.00290.CEECIND and A.C. through 2022.00460.CEEC-
IND/CP1728/CT0014.

Institutional Review Board Statement: All activities were undertaken within the clear boundaries
of national and EU legal frameworks, directed by qualified scientists/technicians (following
FELASA category C recommendations) and conducted according to the European guidelines on the
protection of animals used for scientific purposes (Directive 2010/63/UE of the European Parliament
and the European Union Council) and under the strict monitoring and control of DGAV (Dire¢ao
Geral de Alimentacdo e Veterinaria), Animal Welfare Division, which is the competent authority
responsible for implementing the legislation on the “protection of animals used for scientific pur-
poses”. The animal study protocol was approved by the General Director of DGAV (internal refer-
ence: 041/000/000/2021; approval date: 12 February 2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to project confidentiality issues.

Acknowledgments: Special thanks to Renata Serradeiro. The authors also would like to
acknowledge technical support from Francisco Tavares and Ruben Lourosa during salicornia har-
vest and preparation, Ana Nobre for coordination assistance and the Sparos feed production team
for manufacturing the tested diets.

Conflicts of Interest: A.B, D.J., A.L., B.S. and R.J.M.R. worked for Riasearch Lda and ].D. worked
for Sparos Lda during this study. The remaining authors declare that they have no conflicts of in-
terest. The views expressed in this work are the sole responsibility of the authors and the project



Animals 2024, 14, 614 11 of 12

consortium and do not necessarily reflect the views of any third party. The European Commission
is not responsible for any use that may be made of the information it contains.

References

1. Koyro, HW.; Khan, M.A,; Lieth, H. Halophytic crops: A resource for the future to reduce the water crisis? Emirates ]. Food Agric.
2011, 23, 1-16

2. Buhmann, A K; Waller, U.; Wecker, B.; Papenbrock, J. Optimization of culturing conditions and selection of species for the use
of halophytes as biofilter for nutrient-rich saline water. Agric. Water Manag. 2015, 149, 102-114. https://doi.org/10.1016/j.ag-
wat.2014.11.001

3. Jeronimo, D.; Lillebg; AL; Cremades, ].; Cartaxana, P.; Calado, R. Recovering wasted nutrients from shrimp farming through the
combined culture of polychaetes and halophytes. Sci. Rep. 2021, 11, 6587. https://doi.org/10.1038/s41598-021-85922-y.

4. Isca, V.M.S,; Seca, AM.L,; Pinto, D.C.G.A; Silva, H.; Silva, A.M.S. Lipophilic profile of the edible halophyte Salicornia ramosis-
sima. Food Chem. 2014, 165, 330-336. https://doi.org/10.1016/j.foodchem.2014.05.117.

5. Barreira, L.; Resek, E.; Rodrigues, M.].; Rocha, M.1; Pereira, H.; Bandarra, N.; da Silva, M.M.; Varela, ].; Custddio, L. Halophytes:
Gourmet food with nutritional health benefits? ]. Food Compos. Anal. 2017, 59, 35-42. https://doi.org/10.1016/j.jfca.2017.02.003.

6.  Custddio, 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. https://doi.org/10.3354/aei00244.

7. Maciel, E,; Lillebg; AL; Domingues, P.; da Costa, E.; Calado, R.; Domingues, M.R.M. Polar lipidome profiling of Salicornia ra-
mosissima and Halimione portulacoides and the relevance of lipidomics for the valorization of halophytes. Phytochemistry 2018,
153, 94-101. https://doi.org/10.1016/j.phytochem.2018.05.015.

8.  Lopes, A.; Rodrigues, M.].; Pereira, C.; Oliveira, M.; Barreira, L.; Varela, J.; Trampetii, F.; Custédio, L. Natural products from
extreme marine environments: Searching for potential industrial uses within extremophile plants. Ind. Crops Prod. 2016, 94, 299—
307. https://doi.org/10.1016/j.indcrop.2016.08.040.

9. Glenn, E.P,; Coates, W.E; Riley, J.J.; Kuehl, R.O.; Swingle, R.S. Salicornia bigelovii Torr.: A seawater-irrigated forage for goats.
Anim. Feed. Sci. Technol. 1992, 40, 21-30.

10. FAOa—Food and Agriculture Organization of the United Nations. Available online:
https://www.fao.org/3/cc3020en/cc3020en_wheat.pdf (accessed on 21 November 2023)

11. FAOb —Food and Agriculture Organization of the United Nations. Available online: https://www.fao.org/fishery/statistics-
query/en/aquaculture/aquaculture_quantity (accessed on 1 November 2023)

12. FAOc —Food and Agriculture Organization of the United Nations. Available online: https://www .fao.org/fishery/statistics-
query/en/aquaculture/aquaculture_value (accessed on 1 November 2023).

13. Tacon, A.G.J.; Metian, M. Global overview on the use of fish meal and fish oil in industrially compounded aquafeeds: Trends
and future prospects. Aquaculture 2008, 285, 146. https://doi.org/10.1016/j.aquaculture.2008.08.015.

14. Tacon, A.G.J.; Metian, M. Feed matters: Satisfying the feed demand of aquaculture. Rev. Fish. Sci. Aquac. 2015, 23, 1-10.
https://doi.org/10.1080/23308249.2014.987209.

15. Cashion, T.; Le Manach, F.; Zeller, D.; Pauly, D. Most fish destined for fishmeal production are food-grade fish. Fish. Fish. 2017,
18, 837-844. https://doi.org/10.1111/faf.12209.

16. Ytrestoyl, T.; Aas, T.S,; Asgérd, T. Utilisation of feed resources in production of Atlantic salmon (Salmo salar) in Norway.
Aquaculture 2015, 448, 365-374. https://doi.org/10.1016/j.aquaculture.2015.06.023.

17. Stevens, ].R.; Newton, R.W.; Tlusty, M.; Little, D.C. The rise of aquaculture by-products: Increasing food production, value, and
sustainability through strategic utilisation. Mar. Policy 2018, 90, 115-124. https://doi.org/10.1016/j.marpol.2017.12.027.

18. Oliva-Teles, A.; Enes, P.; Peres, H. Replacing fishmeal and fish oil in industrial aquafeeds for carnivorous species. In Feed and
Feeding Practices in Aquaculture, Davies, A. Ed., Woodhead Publishing: Oxford, UK, 2015, pp. 203-233.
https://doi.org/10.1016/B978-0-08-100506-4.00008-8.

19.  AOAC. Official Methods of Analysis, 17th ed.; Association of Official Analytical Chemists: Gaithersburg, MD, USA, 2000.

20. Kaushik, S.J.; Coves, D.; Dutto, G.; Blanc, D. Almost total replacement of fish meal by plant protein sources in the diet of a
marine teleost, the European seabass, Dicentrarchus labrax. Aquac. 2004, 230, 391-404. https://doi.org/10.1016/S0044-
8486(03)00422-8.

21. Peres, M.H.; Oliva-Teles, A. Influence of temperature on protein utilization in juvenile European seabass (Dicentrarchus labrax).
Aquaculture 1999, 170, 337-348. https://doi.org/10.1016/S0044-8486(98)00422-0.

22. Moreira, L.S.; Peres, H.; Couto, A.; Enes, P.; Oliva-Teles, A. Temperature and dietary carbohydrate level effects on performance
and metabolic utilisation of diets in European sea bass (Dicentrarchus labrax) juveniles. Aquaculture 2008, 274, 153-160.
https://doi.org/10.1016/j.aquaculture.2007.11.016.

23. Gasto, L.; Henry, M.; Piccolo, G.; Marono, S.; Gai, F.; Renna, M.; Lussiana, C.; Antonopoulou, E.; Mola, P.; Chatzifotis, S. Tenebrio
molitor meal in diets for European sea bass (Dicentrarchus labrax L.) juveniles: Growth performance, whole body composition
and in vivo apparent digestibility. Anim. Feed. Sci. Technol. 2016, 220, 34-35. https://doi.org/10.1016/j.anifeedsci.2016.07.003.

24. Coutinho, F.; Simdes, R.; Monge-Ortiz, R.; Furuya, W.M.; Pousao-Ferreira, P.; Kaushik, S.; Oliva-Teles, A.; Peres, H. Effects of

dietary methionine and taurine supplementation to low-fish meal diets on growth performance and oxidative status of



Animals 2024, 14, 614 12 of 12

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

European sea bass (Dicentrarchus labrax) juveniles. Aquaculture 2016, 479, 447-454.
https://doi.org/10.1016/j.aquaculture.2017.06.017.

Torrecillas, S.; Betancor, M.B.; Caballero, M.]J.; Rivero, F.; Robaina, L.; Izquierdo, M.; Montero, D. Supplementation of
arachidonic acid rich oil in European sea bass juveniles (Dicentrarchus labrax) diets: Effects on growth performance, tissue fatty
acid profile and lipid metabolism. Fish. Physiol. Biochem. 2018, 44, 283-300. https://doi.org/10.1007/s10695-017-0433-5.

Reubush, K.J.; Heath, A.G. Metabolic responses to acute handling by fingerling inland and anadromous striped bass. J. Fish.
Biol. 1996, 49, 830-841. https://doi.org/10.1111/j.1095-8649.1996.tb00082.x.

Small, B.C. Effect of isoeugenol sedation on plasma cortisol, glucose, and lactate dynamics in channel catfish Ictalurus punctatus
exposed to three stressors. Aquaculture 2004, 238, 469—481. https://doi.org/10.1016/j.aquaculture.2004.05.021.

Yang, S.; Wu, H.; He, K;; Yan, T.; Zhou, J.; Zhao, L.L.; Sun, J.L.; Lian, W.Q.; Zhang, D.M.; Du, Z.].; Luo, W.; He, Z; Ye, X; Li, S.J.
Response of AMP-activated protein kinase and lactate metabolism of largemouth bass (Micropterus salmoides) under acute
hypoxic stress. Sci. Total Environ. 2019, 666, 1071-1079. https://doi.org/10.1016/j.scitotenv.2019.02.236.

Currey, L.M.; Heupel, M.R.; Simpfendorfer, C.A.; Clark, T.D. Blood lactate loads of redthroat emperor Lethrinus miniatus
associated with handling stress and exhaustive exercise. J. Fish. Biol. 2013, 83, 1401-1406. https://doi.org/10.1111/jfb.12216.
Duan, Y.; Wang, Y.; Zhang, J.; Sun, Y.; Wang, J. Dietary effects of succinic acid on the growth, digestive enzymes, immune
response and resistance to ammonia stress of Litopenaeus vannamei. Fish. Shellfish. Imunol. 2018, 78, 10-17.
https://doi.org/10.1016/j.£s1.2018.04.008.

Duan, Y.; Wang, Y.; Ding, X.; Xiong, D.; Zhang, J. Response of intestine microbiota, digestion, and immunity in Pacific white
shrimp Litopenaeus vannamei to dietary succinate. Aquaculture 2020, 517, 734762.
https://doi.org/10.1016/j.aquaculture.2019.734762.

Rombenso, A.; Truong, H.; Simon, C. Dietary butyrate alone or in combination with succinate and fumarate improved survival,
feed intake, growth and nutrient retention efficiency of juvenile Penaeus monodon. Aquaculture 2020, 528, 735492.
https://doi.org/10.1016/j.aquaculture.2020.735492.

Yang, D.; Yang, H.; Cao, Y.; Jiang, M.; Zheng, ].; Peng, B. Succinate promotes phagocytosis of monocytes/macrophages in teleost
fish. Front. Mol. Biosci. 2021, 8, 644957. https://doi.org/10.3389/fmolb.2021.644957.

Ding, Q.; Lu, C,; Hao, Q.; Zhang, Q.; Yang, Y.; Olsen, R.E.; Ringo, E.; Ran, C.; Zhang, Z.; Zhou, Z. Dietary succinate impacts the
nutritional metabolism, protein succinylation and gut microbiota of zebrafish. Front. Nutr. 2022, 9, 894278.
https://doi.org/10.3389/fnut.2022.894278.

Horrocks, L.A.; Yeo, Y.K. Health benefits of docosahexaenoic acid (DHA). Pharmacol. Res. 1999, 40, 211-225.
https://doi.org/10.1006/phrs.1999.0495.

Narayan, B.; Miyashita, K.; Hosakawa, M. Physiological effects of eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA)-A review. Food Rev. Int. 2006, 22, 291-307. https://doi.org/10.1080/87559120600694622.

Siriwardhana, N.; Kalupahana, N.; Moustaid-Moussa, N. Health benefits of n-3 Polyunsaturated Fatty Acids: Eicosapentaenoic
Acid and Docosahexaenoic Acid. In Advances in Food and Nutrition Research; Kim, S.K., Ed.; Academic Press: Cambridge, MA,
USA, 2012; Volume 65, pp. 211-222. https://doi.org/10.1016/B978-0-12-416003-3.00013-5.

Calder, P.C. Docosahexaenoic Acid. Ann. Nutr. Metab. 2016, 69, 8-21. https://doi.org/10.1159/000448262.

Sun, G.Y.; Simonyi, A.; Fritsche, K.L.; Chuang, D.Y.; Hannink, M.; Gu, Z.; Greenlief, C.M.; Yao, J.K; Lee, ].C.; Beversdorf, D.Q.
Docosahexaenoic acid (DHA): An essential nutrient and a nutraceutical for brain health and diseases. Prostaglandins Leukot.
Essent. Fat. Acids 2017, 136, 3-13. https://doi.org/10.1016/j.plefa.2017.03.006.

FAOSTAT. Production: Crops and Livestock Products. Available online: https://www.fao.org/faostat/en/#data/QCL (accessed
on 23 November 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



