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Abstract

The need to maximize aquaculture production while addressing environmental and food se-
curity challenges posed by climate change has driven research towards the development of
functional aquafeeds that enhance performance and immunity in farmed species. However,
exposure to dietary and environmental stressors affects marine organisms, altering key
metabolic pathways best understood through high-throughput “omics” tools. This study as-
sessed the effects of Asparagopsis taxiformis supplementation on central metabolic pathways
by analyzing changes in primary metabolite levels in the liver of farmed Diplodus sargus
under optimal and suboptimal temperature conditions. Results showed that seaweed sup-
plementation had a beneficial effect on the fish’s primary metabolome; however, inclusion
levels and rearing conditions played a crucial role in determining outcomes. While 1.5%
supplementation maintained a balanced primary metabolome under optimal temperature
conditions, 3.0% supplementation most effectively mitigated the adverse effects of acute
thermal stress during a marine heatwave. These findings highlight the nutritive and func-
tional potential of A. taxiformis supplementation in aquafeeds for marine omnivorous fish
species and emphasize the importance of evaluating functional aquafeeds under subop-
timal rearing conditions. Overall, our results demonstrate the value of metabolomics in
elucidating the molecular basis underlying biological pathways in farmed marine fish and
optimizing production through climate-smart dietary strategies.

Keywords: climate change; functional feeds; GC-TOF-MS; white seabream; primary
metabolome; red macroalga; suboptimal rearing conditions
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Key Contribution: Seaweed supplementation and metabolic reprogramming are crucial for
the survival of farmed fish during heat stress. Inclusion percentages and rearing conditions
play a crucial role in the development of climate-smart feeds.

1. Introduction
Aquaculture’s fast expansion and contribution to global seafood production in the

last decades are widely recognized. Currently, more than 300 different finfish species are
farmed worldwide [1], each with distinct ecological traits, feeding patterns, and nutritional
requirements that must be carefully addressed to maximize productivity. Hence, over the
last years, fish nutrition has become one of the most investigated areas in aquaculture, with
one of the primary focus being the nutritional value, safety (to both farmed species and con-
sumers) and functionality (in terms of animal growth, performance, immunocompetence
and resilience to stress) of aquafeed ingredients [2–4]. In parallel, the limited availability
and recent surge in prices of raw materials traditionally used as ingredients in fish feed,
either from animal (i.e., fishmeals and oils extracted from wild pelagic species) or plant
(cereals and vegetable oils) origins, has rushed the aquaculture industry to find alternative
ingredients from sustainable sources in a sort of “hunt for gold”. In this sense, marine
macroalgae have been recently placed in the spotlight, as this group is a rich source of
essential nutrients and bioactive compounds [5,6]. Seaweeds’ reported beneficial effects
on farmed fish include the improvement of growth performance and physiological state
(e.g., lipid metabolism) [7–9], modulation of metabolic rates [10,11], immunostimulatory
effects [10,12], genoprotection [13], and enhancement of antimicrobial [14–17] and antioxi-
dant [10,12,18] responses. Still, many questions remain unanswered regarding the use of
seaweeds in aquafeeds. Key uncertainties include the metabolic and nutrient conversion
implications, optimal inclusion levels to achieve beneficial outcomes, and the impact of
dietary modulation on product nutritional value and safety [9,19,20], all of which hamper
the acceptance of these plant-based ingredients by aquafeed and fish producers.

In addition, nowadays, it has also become imperative to validate the effectiveness of
any dietary modulation strategy under suboptimal animal rearing conditions, as farmed
marine fish are increasingly exposed to sudden and severe environmental shifts caused
by extreme weather events linked to climate change, such as marine heatwave (MHW)
events [21]. Hobday et al. [22] defined an MHW event as “a prolonged discrete anomalously
warm water event that can be described by its duration, intensity, rate of evolution, and
spatial extent”. MHW events are increasing in number, intensity, and duration worldwide,
particularly in the Mediterranean region, affecting inshore and offshore aquaculture facili-
ties, and thus, strongly defying farmed species’ physiological tolerance [23,24]. Despite the
various uncertainties regarding the effects of MHWs in marine organisms/ecosystems, it is
fairly well known that these events have devastating impacts on farmed species, making
them particularly vulnerable to the various stress factors related to captivity (e.g., stocking
density, disease outbreaks, malnutrition) that, in turn, often culminates in massive animal
mortality and significant economic losses [25]. Hence, this urgently calls for climate-smart
adaptation strategies that can build resilience against the present and future environmental
challenges faced by the aquaculture sector. As such, eco-friendly nutritionally based ap-
proaches that maximize farmed animals’ growth and welfare under suboptimal rearing
conditions represent a valuable opportunity for the sector.

Either to validate the use of a certain ingredient/formula or to assess the metabolic
mechanisms underpinning farmed species responses to environmental stressors, growth
trials (e.g., performance, feed conversion [26]), biochemical (e.g., body composition, physi-
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ological biomarkers [12]) and aerobic scope [27] data are typically the common approaches.
However, when a given nutritional strategy is unable to meet fish metabolic requirements, a
physiological unbalance occurs, triggering a myriad of cascading effects (at developmental,
growth, reproductive, and immune levels, and including gene regulation and the produc-
tion of numerous metabolites [28–30]) that cannot be fully understood through the analysis
of conventional zootechnical parameters. As such, metabolomics is a “systems wide” molec-
ular approach that has recently gained attention in aquaculture research [31]. Metabolomics
is as a well-established “omics” tool concerned with the study of the organism’s physi-
ological state at the metabolite level by offering means to obtain a comprehensive view
of the changes in the levels of numerous low-molecular-weight endogenous metabolites
simultaneously (e.g., lipids, sugars, amino acids, organic acids) as well as an holistic view
of organisms’ physiological state taking into account the interactions between genetic
traits and environmental factors (e.g., dietary changes and/or stressors exposure [32,33]).
Often described as the “molecular phenotype” of living organisms [34,35], metabolites are
products of cellular processes, and in comparative experiments, metabolomics analyses
define significance by the relative changes in metabolite levels that can reveal the integrated
response of a given organism. However, metabolomics applications in modern aquaculture
research remain relatively recent and are still largely confined to studies in livestock [36–41].

In metabolomics analysis, gas chromatography time-of-flight mass spectrometry (GC-
TOF-MS) primary metabolite profiling platform can be used for a broad coverage of the
primary metabolome, being considered the “gold standard” for the analysis of primary
metabolites. GC-TOF-MS offers high chromatographic resolution, reproducibility, and
informative fragmentation patterns, making it especially suitable for the analysis of small
and polar primary metabolites [42].

In this setting, the current study aims to assess, for the first time, whether metabolomics
by means of GC-TOF-MS primary metabolite profiling provides additional functional
insights into explaining the effects of dietary supplementation with the red macroalga
Asparagopsis taxiformis on farmed juvenile Diplodus sargus primary metabolome, and to
explore its effectiveness as a nutritional modulation strategy to overcome the thermal
stress prompted by MHWs by highlighting functional central metabolic pathways and
relative changes in primary metabolite levels, enhancing a more comprehensive view of
these phenomena.

2. Materials and Methods
2.1. Ethical Statement

The present study was performed by researchers with certification in animal exper-
imentation (EU functions A and B). All animal handling and sampling procedures were
strictly in accordance with the ARRIVE (Animal Research: Reporting of In Vivo Experi-
ments) guidelines and ethical standards for the care and use of animals were consistently
followed. These practices were in line with the recommendations of the Federation of Euro-
pean Laboratory Animal Science Associations (FELASA) and complied with the Portuguese
legislation on laboratory animal science (EU Directive 2010/63; Decree-Law No. 113/2013).
The research was approved by IPMA’s Animal Welfare and Ethics Body (ORBEA; au-
thorization number 001/2023, 2 November 2023), under the oversight of the National
Authority for the use of live animals, also recognized as the Directorate-General for Food
and Veterinary (DGAV).

2.2. Seaweed Collection and Experimental Diets

The seaExpert company harvested the gametophyte life stage of the invasive seaweed
Asparagopsis taxiformis from rocky substrates at depths between 3 and 5 m through scuba
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diving in Angústias dock, Faial Island, Azores, Portugal (38◦31′45.0′ ′ N 28◦37′09.0′ ′ W).
Subsequently, seaweeds were transported to the processing facility in a controlled envi-
ronment, ensuring cool and dark conditions. Specially designed boards facilitated water
drainage during transportation. To prepare seaweeds for further use, a Black Block solar
dryer (BBKW, Lisboa, Portugal) was used, employing a dark setting, and maintaining at
a maximum temperature of 40 ◦C for 2 days. Following the drying process, seaweeds
were securely stored in pre-labeled dark plastic bags and sent to SPAROS Lda, a spe-
cialized company in Olhão, Portugal, focused on fish feed production. At SPAROS Lda,
four distinct diets were meticulously formulated, considering the nutritional requirements
of juvenile white seabream (Diplodus sargus) (detailed feed composition is reported in
Marmelo et al. [43] and in Table 1). The diets shared similar nutritional compositions,
with the key variation being the percentage of powdered dry seaweed incorporated at the
expense of wheat meal. The red macroalga A. taxiformis was chosen as feed supplement
as it has (i) relatively high protein content and structurally diverse bioactive compounds
than the other taxonomic groups of macroalgae (i.e., brown and green macroalgae [44]);
and (ii) a cosmopolitan distribution being, in some locations of the Southwestern Mediter-
ranean Sea, undoubtedly invasive and outcompeting indigenous benthic organisms [45].
Thus, its incorporation in feeds may constitute a window of opportunity to mitigate its
destructive effects on the ecosystem while being sustainable due to its high availability
in the Mediterranean region. The formulated diets were as follows: (i) commercial con-
trol diet without seaweed supplementation (0%, CTR); (ii) diet supplemented with 1.5%
A. taxiformis (1.5-AT); (iii) diet supplemented with 3.0% A. taxiformis (3.0-AT); and (iv) diet
supplemented with 6.0% A. taxiformis (6.0-AT).

Table 1. Formulation and proximate chemical composition (% dry matter, DM) of the four di-
ets fed to Diplodus sargus juveniles during the experimental trial. Abbreviations: CTR-fish fed a
non-supplemented/commercial diet; 1.5-AT-fish fed a supplemented diet containing 1.5% of dried
Asparagopsis taxiformis; 3.0-AT-fish fed a supplemented diet containing 3.0% of dried A. taxiformis;
6.0-AT-fish fed with supplemented diet containing 6.0% of dried A. taxiformis.

Ingredients (%) CTR 1.5-AT 3.0-AT 6.0-AT

Fishmeal super prime 1 25.0 25.0 25.0 25.0

Fish protein concentrate 2 2.0 2.0 2.0 2.0

Soy protein concentrate 3 10.0 10.0 10.0 10.0

Pea protein concentrate 4 3.0 3.0 3.0 3.0

Wheat gluten 5 6.5 6.5 6.5 6.5

Corn gluten meal 6 10.0 10.0 10.0 10.0

Soybean meal 44 7 6.0 6.0 6.0 6.0

Rapeseed meal 8 6.0 6.0 6.0 6.0

Wheat meal 9 10.8 9.3 7.8 4.8

Faba beans (low tannins) 10 6.0 6.0 6.0 6.0

Vitamin and mineral premix 11 1.0 1.0 1.0 1.0

Choline chloride 50% 12 0.2 0.2 0.2 0.2

Monoammonium phosphate 13 1.2 1.2 1.2 1.2

Fish oil 14 5.0 5.0 5.0 5.0

Soybean oil 15 7.3 7.3 7.3 7.3

Macroalga Asparagopsis taxiformis 16 0 1.5 3.0 6.0
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Table 1. Cont.

Ingredients (%) CTR 1.5-AT 3.0-AT 6.0-AT

Dry matter, DM (%) 94.2 94.0 93.9 94.1

Crude protein, %DM 46.0 46.0 45.9 45.7

Crude fat, %DM 16.0 16.0 16.1 16.1

Fiber, %DM 1.8 1.9 2.0 2.1

Starch, %DM 13.7 12.8 11.8 9.9

Ash, %DM 6.8 7.1 7.4 8.0

Gross energy, MJ kg−1 21.0 21.0 20.9 20.8
1 Diamante: 66.3% crude protein (CP), 11.5% crude fat (CF), South America, Pesquera Diamante, Peru.
2 CPSP90: 82.6% CP, 9.6% CF, Sopropêche, France. 3 Soycomil P: 62.2% CP, 0.7% CF, ADM, The Netherlands.
4 Lysamine GPS: 78.1% CP, 8.3% CF, Roquette, France. 5 VITAL: 80.4% CP, 5.8% CF, Roquette, France. 6 Corn
gluten meal: 61.2% CP, 5.2% CF, COPAM, Portugal. 7 Soybean meal 44: 43.8% CP, 3.5% CF, solvent extracted,
Ribeiro & Sousa Lda., Portugal. 8 Rapeseed meal: 34.3% CP, 2.1% CF, solvent extracted, Ribeiro & Sousa Lda.,
Portugal. 9 Wheat meal: 11.7% CP, 1.6% CF, Molisur, Spain. 10 Faba beans (low tannins): 24.5% CP, 1.7% CF,
Ribeiro & Sousa Lda., Portugal. 11 Vitamins (IU or mg kg−1 diet): DL-alphatocopherol acetate, 100 mg; sodium
menadione bisulphate, 25 mg; retinyl acetate, 20,000 IU; DL-cholecalciferol, 2000 IU; thiamine, 30 mg; riboflavin,
30 mg; pyridoxine, 20 mg; cyanocobalamin, 0.1 mg; nicotidin acid, 200 mg; folic acid, 15 mg; ascorbic acid,
1000 mg; inositol, 500 mg; biotin, 3 mg; calcium panthotenate, 100 mg; choline chloride, 1000 mg, betaine, 500 mg.
Minerals (g or mg kg−1 diet): cobalt carbonate, 0.65 mg; copper sulphate, 9 mg; ferric sulphate, 6 mg; potassium
iodide, 0.5 mg; manganese oxide, 9.6 mg; sodium selenite, 0.01 mg; zinc sulphate, 7.5 mg; sodium chloride, 400 mg;
calcium carbonate, 1.86 g; excipient wheat middlings. Premix Lda., Portugal. 12 Choline chloride 50%: ORFFA,
The Netherlands. 13 Windmill AQUAPHOS: 26% phosphorus, ALIPHOS, The Netherlands. 14 Fish oil: 98.1%
CF, 16% EPA, 12% DHA, Sopropêche, France. 15 Soybean oil: 98.6% CF, JC Coimbra, Portugal. 16 Asparagopsis
taxiformis: SeaExpert Company, Angústias dock, Faial Island, Azores, Portugal.

2.3. Organisms and Acclimation Period

The white seabream, Diplodus sargus (Linnaeus, 1758), was selected as a biologi-
cal model because it is an ecologically relevant coastal species [46,47] and an emerg-
ing species for aquaculture with high sensitivity to drastic environmental variations, as
well as one of the most important species for commercial and recreational fisheries in
southern European countries and in the Mediterranean [48–51]. Specimens of D. sargus
(n = 150; for the purposes of the present study, only 30 animals were used in total; i.e.,
the remaining fish were used in several analyses whose results are reported in other
manuscripts of the authors, [43,52]) were reared at the Aquaculture Research Station of
the Portuguese Institute for the Sea and Atmosphere (EPPO-IPMA, Olhão, Portugal) until
they reached the juvenile stage (total length = 12.2 ± 0.3 cm and weight = 28.5 ± 1.1 g;
mean ± standard deviation) in recirculation aquaculture system (RAS), under the fol-
lowing abiotic conditions: (i) temperature: 24.0 ± 0.5 ◦C; (ii) dissolved oxygen: 7.2 ± 0.2
mg L−1; (iii) salinity: 35.0 ± 0.5 psu; (iv) pH: 8.0 ± 0.1 units; and (v) photoperiod: 12 h
light/12 h dark. Specimens were transported to IPMA’s Live Marine Organisms Bioterium
(LABVIVOS) in Algés, Portugal. Upon arrival, juvenile fish were distributed into two
tanks (660 L total capacity each) for a 3-week quarantine period, during which they were
maintained in similar abiotic conditions as those previously described. Throughout the
quarantine period, juvenile fish were fed a high-quality commercial diet (control) twice a
day, an amount of feed equivalent to 1.5% of their average body weight (bw).

2.4. Experimental Design and Fish Rearing Conditions

For the purposes of the marine heatwave (MHW) event simulation, the average
conditions (i.e., peak temperature, ramp temperature rise rate, duration of “plateau” phase
at peak temperature) of a MHW category II “Strong” were used as a reference in the
experimental design, as this corresponds to the most typically observed scenario in the
Mediterranean environment [23], where D. sargus is grown in aquaculture. The other
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MHW categories include category I “Moderate”; category III “Severe”; and category IV
“Extreme” [23].

The trial involved two phases (see Figure A1): Phase 1—Supplementation period
for 30 days, during which fish were kept at the optimal temperature of 24 ◦C (T30); and
Phase 2—Marine Heatwave simulation, during which fish were exposed to a category
II Mediterranean heatwave, including a ramp temperature increase period of 8 days
(+0.5 ◦C/day) up to 28 ◦C [53], followed by a 15-day period of exposure to the peak
temperature (i.e., 28 ◦C). After the 3-week quarantine period, D. sargus specimens were
randomly and equitably distributed in 15 rectangular experimental glass tanks (200 L total
capacity each), with independent RAS. Information regarding the RAS system equipment
and functioning is described in detail in Marmelo et al. [43]. Seawater abiotic parameters
were adjusted as necessary, with dissolved oxygen maintained at 7.2 ± 0.2 mg L−1, salinity
at 35.0 ± 0.5 psu, pH at 8.0 ± 0.1 units, and photoperiod of 12 h light and 12 h dark (12 L:12
D). Ammonia (NH3/NH4

+), nitrites (NO2
-) and nitrates (NO3

−) levels were measured on a
weekly basis using colorimetric test kits (Salifert, The Netherlands) and maintained below
detectable levels (except for nitrates that were kept < 50 mg L−1), by daily water renewals
of 25% in each tank.

Five treatments were assigned (each composed by three replicate tanks, Figure A1):
(i) Control (CTR)-fish fed with non-supplemented/commercial diet while being exposed
to optimal temperature conditions; i.e., 24 ◦C during the entire trial (53 days in to-
tal); (ii) Control+Heatwave (CTR+HW)-fish fed with non-supplemented/commercial diet,
and exposed to a category II Mediterranean MHW after a 30-day supplementation pe-
riod; (iii) 1.5% of A. taxiformis+Heatwave (1.5-AT-HW)-fish fed with the commercial diet
supplemented with 1.5% of dried A. taxiformis, and exposed to a category II Mediter-
ranean MHW after a 30-day supplementation period; (iv) 3.0% of A. taxiformis+Heatwave
(3.0-AT-HW)-fish fed with the commercial diet supplemented with 3.0% of dried A. taxiformis,
and exposed to a category II Mediterranean MHW after a 30-day supplementation period;
and (v) 6.0% of A. taxiformis+Heatwave (6.0-AT-HW)-fish fed with the commercial diet
supplemented with 6.0% of dried A. taxiformis, and exposed to a category II Mediterranean
MHW after a 30-day supplementation period.

On Phase 1 of the trial (Supplementation period), fish were hand-fed twice daily (2.0%
bw) with the respective aquafeed in each treatment, while being exposed to 24 ◦C for
30 consecutive days (Figure A1). Then, on Phase 2 of the trial, a category II (strong) MHW
was simulated in all treatments except for the CTR treatment. Seawater temperature was
maintained at the peak level of 28 ◦C for 15 days in a row (corresponding to the heatwave
“plateau”; Appendix A, Figure A1). No animal mortality was observed throughout both
phases of the trial.

2.5. Fish Sampling

Samplings were conducted after each phase of the trial: Phase 1 (Supplementation
period)-T30; i.e., after a 30-day feeding trial (and before the heatwave was simulated);
and Phase 2 (Marine Heatwave simulation)-T53; i.e., after 15 days of exposure to the peak
marine heatwave temperature (corresponding to 53 days of trial in total; Figure A1).

Fish were fasted for 24 h prior to sampling. Three fish per treatment (i.e., one fish
from each replicate tank) were randomly collected and anesthetized by immersion in an
overdosed tricaine methanesulfonate solution (2 g L−1 of MS-222, Acros Organics, Geel,
Belgium), buffered with sodium bicarbonate (NaHCO3, Sigma-Aldrich, St. Louis, MO,
USA), using a ratio of 1:2 of MS-222/sodium bicarbonate to reduce fish stress. Once the
anesthetic took effect, fish death was confirmed by cervical cut, and the animals were then
dissected. Fish liver was collected, placed in 2 mL tubes, and immediately frozen in liquid
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nitrogen. Liver samples were freeze-dried at −40 ◦C and 0.06 mbar for 48 h, weighed, and
stored at −80 ◦C until further analyses.

2.6. Extraction of Primary Metabolites from D. sargus Liver Tissues

Primary metabolites were extracted following a previously described method [54]
from 25 to 28 mg dry weight (DW) of finely homogenized D. sargus liver tissues (three
biological replicates per treatment) in 700 µL ice-cold methanol (HPLC-grade; Merck,
Lisbon, Portugal) containing ribitol as internal standard (0.2 mg mL−1 ribitol in water;
Sigma-Aldrich, St. Louis, MO, USA). Samples were vortex-mixed and incubated in a shaker
(ThermoMixer, Eppendorf, Hamburg, Germany) for 15 min at 70 ◦C and 950 rpm and,
subsequently, centrifuged at 12,000× g for 10 min. The supernatant was collected, mixed
with 370 µL chloroform (Merck) and 750 µL water (HPLC-grade; Merck), and mixed with
a vortex. After centrifugation at 2200× g for 15 min, an aliquot of 150 µL of the polar
(aqueous/methanol) phase was evaporated to dryness for 3 h at 30 ◦C using a centrifugal
concentrator (Concentrator Plus, Eppendorf, Hamburg, Germany), and stored at −80 ◦C
prior to derivatization and GC-TOF-MS analysis.

2.7. GC-TOF-MS Primary Metabolite Profiling Analysis

Dried polar extracts were derivatized following the Lisec et al. [54] protocol with
40 µL of 20 mg mL−1 methoxyamine hydrochloride (Sigma-Aldrich, St. Louis, MO, USA)
in pure pyridine (Merck S.A., Lisbon Portugal), vortex-mixed, and incubated in a shaker
(ThermoMixer, Eppendorf, Hamburg, Germany) for 2 h at 37 ◦C and 950 rpm. Subsequently,
70 µL of N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA reagent for TMS derivatiza-
tion; Macherey-Nagel) and 20 µL mL−1 of a mixture of fatty acid methyl esters (FAMES)
were added. Sample mixtures were vortex-mixed and, subsequently, incubated in a shaker
(ThermoMixer, Eppendorf, Hamburg, Germany) for 30 min at 37 ◦C and 950 rpm. Bio-
logical variations were controlled by analyzing quality control (QC) standards by FAMES
internal standard markers and a QC standard solution of 41 pure reference compounds (i.e.,
the most detected and abundant metabolites) throughout the analysis. Primary metabolite
profiling analysis of the derivatized samples (1 µL injection) was performed on an Agi-
lent 6890 N gas chromatograph (Agilent Technologies, Böblingen, Germany) coupled to a
LECO Pegasus III TOF-MS running in electron ionization (EI) mode (LECO Instrumente,
Mönchengladbach, Germany). The chromatographic separation was performed on a VF-
5MS column (Varian Inc., Palo Alto, CA, USA; 30 m length, 0.25 mm inner diameter, and
0.25 mm film thickness). The temperature program was set as follows: isothermal for 2 min
at 85 ◦C, followed by a 15 ◦C min−1 ramp to 360 ◦C, and hold at this temperature for 6 min.
The injector and transfer line temperatures were set to 230 ◦C and 250 ◦C, respectively, and
the helium carrier gas flow was set to 2 mL min−1. After a solvent delay of 180 s, mass
spectra were scanned from m/z 70 to 600 with an acquisition rate of 20 spectra s−1 and a
detector voltage between 1700 and 1850 V.

2.8. Metabolite Data Processing and Statistical Analysis

GC-TOF-MS data were evaluated using AMDIS (Automated Mass Spectral Deconvolu-
tion and Identification System) software (version 2.71). Primary metabolites were annotated
using the TagFinder 4.0 software [55] and a reference library of ambient mass spectra and
retention indices from the Golm Metabolome Database [56,57]. The relative abundance of
primary metabolite levels was normalized to the signal intensity of the internal standard
(ribitol) and the DW of the samples (see Table S1). Metabolomics statistical analyses were
performed in R Studio software (version 1.3-3; MA, USA) [58] using the “agricolae” [59],
“gplots” [60], and “mixOmics” [61] packages. One-way ANOVA at a 95% confidence
level was used to assess differences between treatments. Subsequently, fold changes were
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determined and log10-transformed for heatmap plotting. Supervised partial least squares
discriminant analysis (PLS-DA) was performed using the leave-one-out cross-validation
embedded in the “mixOmics” package. Supplementary Tables S2 and S3 present the VIP
scores for each PLS-DA analysis, indicating the relative importance of each metabolite in
discriminating between the classes.

3. Results
3.1. GC-TOF-MS Primary Metabolite Profiling of Diplodus Sargus Liver Tissues When
Supplemented with A. taxiformis

The analysis of fish liver metabolome through GC-TOF-MS allowed us to identify
46 primary metabolites under both optimal and suboptimal growth conditions, including
22 amino acids (AAs) and derivatives, 11 sugars and sugar alcohols, four organic acids,
and nine other metabolites.

Primary metabolite profiling revealed that, at optimal growth conditions (Phase 1:
24 ◦C–T30), liver tissues of supplemented fish were mainly characterized by an increase in
the levels of most AAs, sugars, and organic acids, particularly at 3.0-AT and 6.0-AT. Among
these, a significant increase in the levels of both the AAs 4-Hydroxiproline (up to 2-fold) at
3.0-AT and tyrosine (up to 1.5-fold) at 6.0-AT was observed (Figure 1, Table S4).

Central metabolic pathways representing the changes in the relative levels of primary
metabolites in the liver tissues of D. sargus grown under optimal conditions are represented
in Figure S1. In Phase 1, PLS-DA analysis revealed that, while the sample groups corre-
sponding to the 3.0-AT and 6.0-AT were clearly discriminated, CTR and the 1.5-AT sample
groups were clustered together (Figure 2A). The correlation circle plot (Figure 2B) identifies
the metabolites most responsible for the separation between sample groups. In more detail,
the contribution plots (Figure 3) show that among those metabolites, 4-hydroxyproline
(which significantly increased, up to 2-fold), alanine, glycine, myo-inositol-1-phosphate
(component 1), and uracil, phosphoric acid and myo-inositol (component 2) contributed the
most to the discrimination within the 3.0-AT sample group. Tyrosine (which significantly
increased, up to 1.5-fold), adenosine-5-mono-phosphate, β-alanine, aspartate, erythritol,
succinate, phenylalanine (component 1), and maltose, serine, succinate, malate, and fructose
(component 2) contributed the most to the discrimination within the 6.0-AT sample group.

3.2. GC-TOF-MS Primary Metabolite Profiling of Diplodus Sargus Liver Tissues When Exposed to
the MHW

During Phase 2 of the study, the effect of increased seawater temperature was assessed
in non-supplemented and supplemented fish. Starting with the effect of seawater tempera-
ture conditions alone (i.e., supplementation comparisons between CTR and CTR+HW), a
general increase in the levels of AAs (glutamine, ornithine, pyroglutamate, and serine, up to
2.6-fold), organic acids (threonate; 2-fold increase), in a sugar alcohol (polyol myo-inositol;
1.8-fold increase), and other metabolites (adenine and nicotinamide; 3-fold and 1.3-fold
increase, respectively), as well as a decrease in the levels of some sugars (maltose and
trehalose, down to 1.0-fold) was observed in fish exposed to the MHW in relation to those
reared under optimal conditions (Figure 4A and Figure S2; Table S5A).

As for the effect of the MHW upon supplementation with A. taxiformis (i.e., comparing
CTR+HW against 1.5-AT-HW, 3.0-AT-HW, and 6.0-AT-HW treatments), a higher number of
significant changes in most primary metabolite levels was, overall, found in supplemented
animals with central metabolic pathways of D. sargus revealing marked differences in
the levels of AAs, as well as in carbohydrate metabolism (Figure S3). While the levels of
most AAs significantly decreased at 1.5-AT-HW and 6.0-AT-HW, 6.0-AT-HW showed an
increased in the levels of most sugars (Figure 4B), namely, fructose (up to 4-fold), maltose
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(up to 37-fold), mannose (up to 8-fold), trehalose (up to 28-fold), and the sugar alcohol
mannitol (up to 3.5-fold) (Table S5B).

Figure 1. Heatmap visualization representing the changes in relative levels of primary metabolites in
fish liver tissues at Phase 1—Supplementation period for 30 days, during which fish were kept at the
optimal temperature of 24 ◦C (T30). Relative values (as means of 3 independent measurements) were
normalized to the dry weight (DW) of the samples and IS ribitol. False color imaging was performed
on log10-transformed GC-TOF-MS metabolite data. Fold changes were calculated in relation to
the respective control (CTR) condition. Significant differences in relation to the respective control
(CTR) condition using one-way ANOVA are indicated as # p < 0.05. Fishes were kept at the optimal
temperature of 24 ◦C (CTR) and fed a supplemented diet with 1.5, 3, and 6.0% Asparagopsis taxiformis
for 30 days (1.5-AT, 3.0-AT, and 6.0-AT, respectively). Metabolites grouped in amino acids and
derivatives (AA), sugars and derivatives (sugar phosphate; sugar alcohol; sugar acid) (SS), organic
acids (OA), and others (O).
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Figure 2. Partial least squares discriminant analysis (PLS-DA) score plot (A) and PLS-DA correlation
circle plot (B) of the primary metabolite profile in fish liver tissues at Phase 1—Supplementation
period for 30 days, during which fish were kept at the optimal temperature of 24 ◦C (T30). Abbre-
viations: CTR-fish fed a non-supplemented/commercial diet for 30 days at optimal temperature;
1.5-AT-fish fed a supplemented diet containing 1.5% of dried Asparagopsis taxiformis for 30 days at
optimal temperature; 3.0-AT-fish fed a supplemented diet containing 3.0% of dried A. taxiformis for
30 days at optimal temperature; 6.0-AT-fish fed with supplemented diet containing 6.0% of dried
A. taxiformis for 30 days at optimal temperature.

Figure 3. Partial least squares discriminant analysis (PLS-DA) contribution plot of the primary
metabolite profile in fish liver tissues at Phase 1—Supplementation period for 30 days, during
which fish were kept at the optimal temperature of 24 ◦C (T30). Abbreviations: CTR-fish fed a
non-supplemented/commercial diet for 30 days at optimal temperature; 1.5-AT-fish fed a supple-
mented diet containing 1.5% of dried Asparagopsis taxiformis for 30 days at optimal temperature;
3.0-AT-fish fed a supplemented diet containing 3.0% of dried A. taxiformis for 30 days at optimal
temperature; 6.0-AT-fish fed with supplemented diet containing 6.0% of dried A. taxiformis for 30 days
at optimal temperature.

Interestingly, in 3.0-AT-HW treatment, only a few metabolites showed altered abun-
dance under suboptimal conditions (Figure 4B); i.e., the AAs alanine, glutamine, and
threonine significantly increased up to 1.5-fold (Table S5B), while the levels of other pri-
mary metabolites remained largely unchanged.
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Figure 4. Heatmap visualization representing the changes in relative levels of primary metabolites
in fish liver tissues at Phase 2—Marine Heatwave simulation, during which fish were exposed to
a category II Mediterranean heatwave (CTR+HW), including a ramp temperature increase period
of 8 days (+0.5 ◦C/day) up to 28 ◦C [53], followed by a 15-day period of exposure to the peak tem-
perature (i.e., 28 ◦C, CTR+HW, T53). Relative values (as means of 3 independent measurements)
were normalized to the dry weight (DW) of the samples and IS ribitol. False color imaging was
performed on log10-transformed GC-TOF-MS metabolite data. Fold changes were calculated in
relation to the respective control condition at 24 ◦C (CTR) (A) and the CTR+HW treatment; i.e., fish
fed with non-supplemented/commercial diet and exposed to a category II Mediterranean marine
heatwave after a 30-day supplementation period (B). Significant differences in relation to the respec-
tive control conditions (i.e., CTR in (A) and CTR+HW in (B)) using one-way ANOVA are indicated as
# p < 0.05. Metabolites were grouped in amino acids and derivatives (AA), sugars and derivatives
(sugar phosphate; sugar alcohol; sugar acid) (SS), organic acids (OA), and others (O). Abbreviations:
1.5-AT-HW-fish fed with supplemented diet containing 1.5% of dried Asparagopsis taxiformis, and
exposed to a category II Mediterranean marine heatwave after a 30-day supplementation period;
3.0-AT-HW-fish fed with supplemented diet containing 3.0% of dried A. taxiformis, and exposed to a
category II Mediterranean marine heatwave after a 30-day supplementation period; 6.0-AT-HW-fish
fed with supplemented diet containing 6.0% of dried A. taxiformis, and exposed to a category II
Mediterranean marine heatwave after a 30-day supplementation period.

In Phase 2, PLS-DA analysis revealed clear discrimination between all sample groups
(Figure 5A). The correlation circle plot (Figure 5B) identifies the key metabolites most
responsible for discriminating between the different sample groups. Among those metabo-
lites, the contribution plots did not highlight key metabolites that contributed the most
to the discrimination of the 1.5-AT-HW treatment (Figure 6). However, the contribution
plots highlight glutamine, which significantly increased up to 1.5-fold, lysine, proline
(component 1), threonine, which also significantly increased up to 1.5-fold, and glycerol-
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3-phosphate (component 2) as the key metabolites that contributed the most for the dis-
crimination of the 3.0-AT-HW treatment (Figure 6). The most relevant contribution to
the cluster of the 6.0-AT-HW treatment was observed for those sugars whose levels were
shown to significantly increase, namely, trehalose, fructose, maltose, mannose, and the
sugar alcohol mannitol (component 1) (Table S5B), and phosphoric acid, mannitol, and
succinate (component 2).

Figure 5. Partial least squares discriminant analysis (PLS-DA) score plot (A) and PLS-DA correlation
circle plot (B) of the primary metabolite profile in fish liver tissues at Phase 2—Marine Heatwave
simulation, during which fish were exposed to a category II Mediterranean heatwave (CTR+HW),
including a ramp temperature increase period of 8 days (+0.5 ◦C/day) up to 28 ◦C [53], followed
by a 15-day period of exposure to the peak temperature (i.e., 28 ◦C, CTR+HW, T53). Abbrevia-
tions: CTR+HW-fish fed with non-supplemented/commercial diet and exposed to a category II
Mediterranean marine heatwave after a 30-day supplementation period; 1.5-AT-HW-fish fed with
supplemented diet containing 1.5% of dried Asparagopsis taxiformis, and exposed to a category II
Mediterranean marine heatwave after a 30-day supplementation period; 3.0-AT-HW-fish fed with
supplemented diet containing 3.0% of dried A. taxiformis, and exposed to a category II Mediterranean
marine heatwave after a 30-day supplementation period; 6.0-AT-HW-fish fed with supplemented diet
containing 6.0% of dried A. taxiformis, and exposed to a category II Mediterranean marine heatwave
after a 30-day supplementation period.

Figure 6. Partial least squares discriminant analysis PLS-DA Contribution plot of the primary
metabolite profile in fish liver tissues at Phase 2—Marine Heatwave simulation, during which fish were
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exposed to a category II Mediterranean heatwave (CTR+HW), including a ramp temperature in-
crease period of 8 days (+0.5 ◦C/day) up to 28 ◦C [53], followed by a 15-day period of exposure
to the peak temperature (i.e., 28 ◦C, CTR+HW, T53). Abbreviations: CTR+HW-fish fed with non-
supplemented/commercial diet and exposed to a category II Mediterranean marine heatwave after
a 30-day supplementation period; 1.5-AT-HW-fish fed with supplemented diet containing 1.5% of
dried Asparagopsis taxiformis, and exposed to a category II Mediterranean marine heatwave after a
30-day supplementation period; 3.0-AT-HW-fish fed with supplemented diet containing 3.0% of dried
A. taxiformis, and exposed to a category II Mediterranean marine heatwave after a 30-day supplemen-
tation period; 6.0-AT-HW-fish fed with supplemented diet containing 6.0% of dried A. taxiformis, and
exposed to a category II Mediterranean marine heatwave after a 30-day supplementation period.

4. Discussion
4.1. Effects of A. taxiformis Supplementation on Fish Liver Primary Metabolome Under an
Optimal Temperature Regime (CTR Versus 1.5-AT, 3.0-AT, and 6.0-AT)

Under optimal rearing conditions (i.e., 24 ◦C), supplementation with 1.5% of
A. taxiformis did not significantly affect the primary metabolism of D. sargus. The ab-
sence of evident metabolic interferences, together with the maintenance of fish growth
performance indicators (i.e., specific growth rate, SGR, and feed conversion ratio, FCR)
and the improvement of antioxidant and immune responses reported in our previous stud-
ies [43,52] confirms that aquafeeds supplemented with low doses (i.e., 1.5%) of A. taxiformis
provide a nutritionally balanced solution with beneficial functional outcomes.

Supplementation with higher levels of A. taxiformis (3.0% or 6.0%) led to no-
table changes in the primary metabolome of juvenile D. sargus, specifically increasing
4-hydroxyproline (4-Hyp; at 3.0%) and tyrosine (Tyr; at 6.0%). These AAs are not typically
abundant in Asparagopsis spp. [62–64], and their presence may vary with the seaweed’s
harvest location and season [65]. Both 4-Hyp and Tyr have recognized benefits in fish
nutrition: 4-Hyp supports collagen synthesis and growth, while Tyr is a precursor for
hormones and neurotransmitters involved in metabolism and stress response [66–71]. Both
play important roles in stress mitigation, redox balance, and cell protection in fish [66–75].
Therefore, the increased levels of these AAs may help explain the improved antioxidant
activity and reduced cell damage observed in fish fed higher doses of A. taxiformis. Hence,
the significant increase in 4-Hyp and Tyr might partially explain the increased antioxidant
scavenging activity and decreased cell damage in fish supplemented with high doses of A.
taxiformis, as previously reported in our studies [43,52].

In parallel, a decrease in the levels of benzoic acid was also observed in fish supple-
mented with 6.0% of A. taxiformis, most likely, due to the reduction in wheat meal (a major
source of this phenolic compound [76]) in these feeds required to guarantee an isoproteic
and isolipidic diet. Given the involvement of benzoic acid in various biological pathways
(growth, digestion efficiency, immune function, and gut health [77–79]), as well as its
anti-bacterial and antifungal properties [80], the significant reduction in this compound in
fish supplemented with 6.0% of A. taxiformis can be considered an adverse outcome.

4.2. Effects of MHW on Fish Liver Primary Metabolome (CTR Versus CTR+HW)

Heat stress can lead to a wide range of metabolic disruptions in fish species, including
increased glycolysis and lipid oxidation, accumulation of stress-related molecules (e.g.,
reactive oxygen species and heat shock proteins), and shifts in the metabolism of AAs and
fatty acids [81–83]. The present findings highlight that metabolite profiling offers relevant
insights for the early detection and management of stress signs in farmed marine fish,
therefore, potentially contributing to the prevention of animal mortality and associated
economic losses that often result from extreme weather events, such as MHWs. The acute
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exposure to increased temperatures prompted by a simulated MHW induced significant
changes in the levels of AAs, sugars and sugar alcohols, organic acids, and other primary
metabolites. As observed in other studies, the significant increase in AAs (i.e., glutamine—
Gln, ornithine—Orn, pyroglutamate—Pyr, and serine—Ser) in fish exposed to the MHW
might be related to an enhancement of protein and AA catabolic events to fuel the metabolic
reprogramming associated with elevated temperatures [84,85]. In our study, the significant
increase in Gln following exposure to MHW may suggest that (i) ammonia generated from
AAs catabolism could have accumulated in the fish body, and consequently, the levels of
Gln increased in order to reduce ammonia’s toxicity, and/or (ii) a response to oxidative
stress occurred, given that Gln is the precursor of glutathione (GSH [72]). Supporting our
findings, Liu et al. [86] also observed a significant increase in hepatic Gln after juvenile
lenok (Brachymystax lenok) exposure to thermal stress (∆T = 8 ◦C for 7 days). Besides Gln,
the levels of Orn also increased in response to MHW. Orn is a non-protein AA and an
intermediate of the urea cycle [87]. The urea cycle is an endogenous source of arginine
that also supports the removal of nitrogenous waste following protein metabolism [88].
Both Orn and urea are products of arginine breakdown by arginase in the fish liver [89].
The obtained Orn can be used to generate proline or polyamines (e.g., putrescine). The
increase in Orn in D. sargus liver indicates that the fish needed to excrete nitrogenous waste
resulting from protein and AA catabolism. Supporting our results, Jiang et al. [90] found
significantly higher levels of Orn and Gln in the liver tissue of Qingtian paddy field carp
(Cyprinus carpio var qingtianensis) after acute exposure to heat stress (∆T = +10 ◦C for 24 h).
Moreover, Pyr was significantly increased under MHW exposure. Pyr is an intermediary in
the GSH biosynthesis pathway [91]. In this metabolic pathway, gamma-glutamylcysteine
is converted to Pyr by ATP-dependent 5-oxoprolinase, which further converts Pyr into
glutamate (Glu) and can restore GSH levels under oxidative stress conditions [91,92]. Thus,
the increase in the levels of Pyr and no changes in Glu may indicate the inability to further
proceed to GSH synthesis and concomitant oxidative stress and cellular damage. Once
again, these results are in accordance with Pereira et al. [52] findings, as oxidative stress
and cellular damage (i.e., increased CAT and GST activities, and LPO levels) were observed
in non-supplemented fish after exposure to MHW. Alongside, MHW exposure led to an
increase in Ser in D. sargus juveniles’ liver tissue. Ser participates in fat digestion and in the
one-carbon metabolism pathway [93]. D-serine is related to fish locomotor activity induced
by environmental stressors. Aguilar and colleagues [94] observed an increase in D-serine
in zebrafish (Danio rerio) after chronic exposure to thermal stress (∆T = +3.1 ◦C and +4.6 ◦C
for 270 days). Moreover, it was demonstrated that exogenous Ser promotes the synthesis of
GSH, which downregulates ROS to dampen immune responses [95]. Hence, an increase
in Ser might be related to the upsurge in metabolism, and consequently, an increase in
oxidative stress and locomotor activity.

Besides the increase in AAs, an increase in the levels of the polyol myo-inositol was
also observed after exposure to heat stress. This can imply that the TCA cycle was weak-
ened, given that myo-inositol inhibits the activity of succinate dehydrogenase and malate
dehydrogenase [95]. This result is supported by Kim et al. [96], where an increase in
myo-inositol was also observed in olive flounder (Paralichthys olivaceus) juveniles after
exposure to heat stress (∆T = +4 ◦C for 7 days). Threonate is an oxidized derivative
of ascorbate (vitamin C) [97] and, thus, its increase at higher temperatures further rein-
forces the statement that heat stress resulted in oxidative stress. Both niacin (vitamin B3)
and adenine (vitamin B4) levels were observed to increase at higher temperatures. Tian
et al. [98] also observed a significant high abundance of vitamins (B6 and C) following rain-
bow trout (Oncorhynchus mykiss) chronic exposure to warmer temperatures (∆T = +4 ◦C
for 56 days), most likely as a result of the fish homeostasis maintenance process. The
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observed changes in carbohydrate levels elicited by MHW are likely due to increased
cellular energy demands prompted by thermal and/or oxidative stress. Noteworthy, the
significant decrease in the levels of the maltose and trehalose might have been compensated
by the increase in Orn, Gln, and Ser, as these glucogenic AAs serve as important carbon
sources for gluconeogenesis (review in Falco et al. [99]). For instance, Zhao et al. [100]
stated that Gymnocypris chilianensis specimens can maintain their physiological state under
high temperature stress by enhancing glucose metabolism and regulating lipid and AA
metabolic pathways. Alongside, in a study on American shad (Alosa sapidissima), it was hy-
pothesized that the metabolism of carbohydrates, proteins, and fatty acids was accelerated
under heat stress to ensure sufficient energy allocation towards fish immune responses and
homeostasis maintenance [101]. In the dynamic energy budget (DEB) theory presented by
Kooijman et al. [102], a certain amount of energy assimilated by organisms is reserved for
fast providing the extra energy demand during stress exposure, but this consumption for
self-maintenance will compete with other energy provisions for reproduction, development,
and growth. The depletion of energy-related compounds, such as sugars, might further
affect the self-maintenance, growth, and development of D. sargus juveniles.

4.3. Influence of A. taxiformis Supplementation on Fish Metabolic Responses to MHW (CTR+HW
Versus 1.5-AT-HW, 3.0-AT-HW, and 6.0-AT-HW)

Upon exposure to an MHW, supplementation with 3.0% of A. taxiformis did not trigger
significant changes in D. sargus primary metabolome, compared to non-supplemented fish;
i.e., CTR+HW, except for the increase in the levels of a few beneficial AAs (Ala, Gln, and
Thr). Diets enriched with Gln have been reported to improve fish feed efficiency, enhance
intestinal function, and bolster innate immune responses [103,104]. Moreover, Ala is used
as a substrate for glycogen and/or glucose production in the liver but may also be oxidized
in the liver and used as a direct energy source [105], while the key roles of Gln and Thr have
been discussed above. Indeed, Pereira et al. [52] reported increased GST and superoxide
dismutase (SOD) activity, as well as decreased LPO in the liver of fish from 3.0-AT-HW
treatment, therefore, confirming that this level of seaweed inclusion renders a better animal
physiological condition. In alignment with these findings, results from this study also show
that this intermediate level of supplementation corresponds to a nutritionally balanced
feed formulation that meets the higher metabolic requirements of fish exposed to acute
thermal stress.

In contrast, the significant reduction in various primary metabolite levels in fish
supplemented with 1.5% and 6.0% of A. taxiformis evidence that these feed formulations do
not constitute an effective solution to counteract the negative effects prompted by MHWs.
In 1.5-AT-HW treatment, a metabolic reprogramming related to stress occurred; i.e., a
substantial decrease was observed in the levels of several AAs that play important roles in
fish nutrition and metabolism (e.g., aspartate-Asp, 4-Hyp, lysine-Lys, threonine-Thr; [72]).
These key roles include the following: (i) major glucogenic precursor and important
energy substrate (Asp; [72]); (ii) growth, developmental regulation and reproduction (e.g.,
Hyp; [68,72]); and (iii) immune responses and gastrointestinal development (e.g., Lys and
Thr; [106,107]).

Supplementation with 6.0% of A. taxiformis also resulted in the reduction in several
AAs, including Glu, Gln, 4-Hyp, and methionine (Met). Glu, Gln, and Met are functional
AAs; i.e., they participate and control vital metabolic pathways in fish associated with
health, growth, development, reproduction, antioxidant defenses, and survival [108]. In
fish, Gln plays an important role in nutrition and metabolism. It participates in cell signal-
ing, growth and development regulation, immunity, ammonia detoxification, antioxidant
defenses, gut development, and stress responses [109]. Regarding Met, it is a glucogenic
AA that produces glucose as an energy source, thus having a key role in the one-carbon
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metabolism pathway [110,111]. Under Met-limiting conditions, an excess of branched chain
AAs reduces Met oxidation that will adversely affect gluconeogenesis [110–112], being
reported to decrease percent weight gain, feed efficiency, and feed intake [113–115] as
well as deposition of muscle protein [116]. Moreover, previous studies have demonstrated
the role of Met in enhancing the fish immune system [117–119] and its antioxidant poten-
tial [120,121]. In addition to the reduction in several AAs, supplementation with 6.0% of
A. taxiformis also caused an increase in the levels of several sugars with important roles
in fish metabolism (e.g., fructose, maltose, mannose, trehalose, and mannitol). This result
may indicate protection against heat stress, as carbohydrates work as available energy
reserves and precursors for the biosynthesis of AAs. Previous studies have already pointed
out their beneficial effects in fish fitness; these include increased survival rate and serum
resistance against bacterial infection at control and/or suboptimal rearing conditions, as
well as alleviation of hepatic cholesterol accumulation [122–125]. The drastic changes in
both AAs and sugars observed in D. sargus’s primary metabolome at 6.0-AT-HW treatment
imply that the fish were not physiologically well prepared to deal with thermal stress.

Altogether, data reported in this study coupled to previous studies [43,52] evidence
that the optimal, or most-effective, level of seaweed supplementation depends on both:
(i) the intended physiological outcome (e.g., improvement of metabolic or nutrient con-
version efficiency, immune stimulation, antioxidant capacity enhancement); and (ii) the
surrounding environmental conditions (e.g., optimal versus suboptimal). Hence, these
findings emphasize the need to address the challenges posed in contemporary aquaculture
nutrition from a holistic perspective and to further invest in effective, tailor-made solutions
that meet specific animal welfare goals, under specific production contexts.

5. Conclusions
The present study confirmed that (i) A. taxiformis supplementation at low (i.e., 1.5%;

under optimal temperature conditions) or intermediate (i.e., 3.0%, under suboptimal tem-
perature conditions) inclusion levels have a beneficial effect in juvenile D. sargus primary
metabolome, leading to an increase in the levels of functional AAs, sugars and other pri-
mary metabolites; (ii) the thermal stress induced by MHWs results in a general shutdown
of central metabolism leading to a reduction in the levels of key primary metabolites; and
(iii) the negative outcomes elicited by a MHW can be partially mitigated with A. taxiformis
supplementation at an intermediate level of inclusion (3.0%). Yet, it should be noticed that
these findings can be limited to the magnitude and duration of the MHW event, as well as
to the fish species and life stage.

Although incorporating seaweeds into aquafeed formulations is a promising strategy
to enhance the resilience and economic feasibility of the aquaculture sector, the suitability
of these eco-innovative diets should first be validated in different contexts (e.g., considering
distinct species’ nutritional requirements and climate conditions of specific regions of the
planet). Additionally, validation should follow holistic nutrigenomics approaches that
assess animal responses at multiple levels of biological organization, including molecular,
cellular, tissue, and whole-organism scales.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/fishes10070350/s1, Figure S1: Central metabolic path-
ways representing the changes in the relative levels of primary metabolites in liver tissues of Diplodus
sargus grown under optimal conditions and upon supplementation with Asparagopsis taxiformis;
Figure S2: Central metabolic pathways representing the changes in the relative levels of pri-
mary metabolites in liver tissues of D. sargus grown under suboptimal temperature conditions;
Figure S3: Central metabolic pathways representing the changes in the relative levels of primary
metabolites in liver tissues of Diplodus sargus grown under suboptimal temperature conditions and
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upon supplementation with Asparagopsis taxiformis; Table S1: Normalized raw data (dry weight
and internal standard ribitol) obtained in the present study; Table S2: VIP (Variable Importance in
Projection) scores for each metabolite across the first and second components of the PLS-DA model,
based on the analysis of the primary metabolite profile in fish liver tissues at Phase I; Table S3: VIP
(Variable Importance in Projection) scores for each metabolite across the first and second components
of the PLS-DA model, based on the analysis of the primary metabolite profile in fish liver tissues
at Phase II; Table S4: Fold changes in relative levels of primary metabolites in fish liver tissues, in
relation to the respective control (CTR) condition. Fish were kept at the optimal temperature of
24 ◦C (CTR) and fed a supplemented diet with 1.5, 3.0, and 6.0% Asparagopsis taxiformis for 30 days
(1.5-AT, 3.0-AT, and 6.0-AT, respectively). Relative values were normalized to the fresh weight (FW)
of the samples and IS ribitol. Data are presented as means ± SE of 3 independent measurements.
Significant changes of log10-transformed data using one-way ANOVA (p < 0.05) are presented in
bold. Metabolites grouped in amino acids and derivatives (AA), sugars and derivatives (sugar phos-
phate; sugar alcohol; sugar acid) (SS), organic acids (OA), and others (O); Table S5A: Fold changes
in relative levels of primary metabolites in fish liver tissues, after a marine heatwave simulation,
during which fish were exposed to a category II Mediterranean heatwave (CTR+HW), including a
ramp temperature increase period of 8 days (+0.5 ◦C/day) up to 28 ◦C [50], followed by a 15-day
period of exposure to the peak temperature (CTR+HW), in relation to the respective control condition
at 24 ◦C (CTR). Relative values were normalized to the fresh weight (FW) of the samples and IS
ribitol. Data are presented as means ± SE of 3 independent measurements. Significant changes
of log10-transformed data using one-way ANOVA (p < 0.05) are presented in bold. Metabolites
grouped in amino acids and derivatives (AA), sugars and derivatives (sugar phosphate; sugar alcohol;
sugar acid) (SS), organic acids (OA), and others (O); Table S5B: Fold changes in relative levels of
primary metabolites in fish liver tissues. Fish were exposed to a category II Mediterranean marine
heatwave after a 30-day supplementation period and fed with a non-supplemented/commercial
diet (CTR+HW) or a diet supplemented with 1.5, 3.0, and 6.0% Asparagopsis taxiformis (1.5-AT-HW,
3.0-AT-HW, and 6.0-AT-HW, respectively). Relative values were normalized to the fresh weight (FW)
of the samples and IS ribitol. Data are presented as means ± SE of 3 independent measurements.
Significant changes of log10-transformed data using one-way ANOVA (p < 0.05) are presented in bold.
Metabolites grouped in amino acids and derivatives (AA), sugars and derivatives (sugar phosphate;
sugar alcohol; sugar acid) (SS), organic acids (OA), and others (O).
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Appendix A

 

Figure A1. Experimental setup and illustration of the category II Mediterranean heatwave simulation.
The fish were randomly and equally distributed in 15 tanks (5 treatments in triplicate, n = 10 fish
in each tank). The experimental trial involved two phases: Phase 1—Supplementation period for
30 days, during which fish were kept at the optimal temperature of 24 ◦C (T30); and Phase 2—Marine
heatwave simulation, during which fish were exposed to a category II Mediterranean heatwave,
including a ramp temperature increase period of 8 days (+0.5 ◦C/day) up to 28 ◦C [53], followed by a
15-day period of exposure to the peak temperature (i.e., 28 ◦C, T53).
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