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In keeping with the premises of Blue Circular Economy in the European Union, the present study explored the
possibility of using the invasive brown alga Rugulopteryx okamurae in aquafeeds for European sea bass (Dicen-
trarchus labrax). Assuming the raw algae biomass could negatively impact animal performance, four experi-
mental formulations were prepared, by including macroalgae material at 5%, using crude (CR), enzymatically
hydrolysed and fermented (EF), enzymatically hydrolysed (E), or fermented (F) R. okamurae biomass, which we
tested against a control feed (CT). To evaluate the effects of the experimental diets, besides animal growth
performance and biometric parameters, we devised a toolbox focused on the intestine and intestinal function: i)
ex-vivo epithelial resistance and permeability in Ussing chambers; ii) microbiota composition through NGS; iii)
expression profiles of selected markers for epithelial integrity, transport, metabolism, and immune response, by
qPCR. Our results show differentiated allometric growth among diets, coupled with intestinal epithelium al-
terations in permeability, integrity, and amino acid transport. Additionally, evidence of microbiota dysbiosis and
contrasting immune responses between experimental diets, i.e. pro-inflammatory vs. anti-inflammatory, are also
described. In conclusion, we believe that R. okamurae could be a suitable resource for aquafeeds for the European
sea bass, although its use requires a pre-treatment before inclusion. Otherwise, while the fish still have a positive
growth performance, the gastrointestinal tract pays a toll on the integrity, transport, and inflammatory processes.

and to exploit the large amounts of algal biomass available.
Marine seaweeds, such as brown algae (Phaeophyceae), are charac-

1. Introduction

The exotic brown algae Rugulopteryx okamurae has expanded with
large amounts of biomass in southern Europe, bearing one of the most
important causes of biodiversity loss by profoundly affecting the struc-
ture and functioning of native communities (Steen et al., 2017). Thus,
the rapid expansion of R. okamurae has caused a significant impact on
the pre-established benthic communities, as well as the accumulation of
thousands of tons of algae from its arrival and severe problems of
snagging in fishing nets (Garcia-Gomez et al., 2020). Therefore, it is
crucial to coordinate plans for removal or elimination by sustainable use

terized not only by having a protein content that ranges between 3 and
15% and lipid content of 0.4-5% dry weight but also by containing
bioactive compounds of potential interest, such as polysaccharides,
pigments (chlorophyll and carotenoids), sterols, terpenoids, poly-
phenols, and vitamins (Silva et al., 2015; Moutinho et al., 2018). The
Dictyotaceae family, to which R. okamurae belongs, has been studied
specifically for their high content of secondary metabolites, especially
from the terpene group (Paula et al., 2011), as bioactive molecules with
antimicrobial, anti-inflammatory, antifungal and antitumoral activity.
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Therefore, their inclusion at low levels in aquafeed formulations could
benefit farmed fish, giving them a significant nutraceutical character
under farming conditions. Indeed, previous studies have evaluated the
potential of several macroalgae as a source of protein and functional
ingredients in aquafeeds (Zhu et al., 2016; Peixoto et al., 2019),
including immunostimulatory effects and improvements on the oxida-
tive metabolism of gilthead sea bream (Sparus aurata) juveniles when
fed on a diet including rancid oil (Martinez-Antequera et al., 2021).

The sustainable use of invasive algae as an aquafeed ingredient
would comply with several principles of the European Union Blue Cir-
cular Economy. However, the inclusion of R. okamurae in aquafeeds,
even at low levels, has two main obstacles. On the one hand, this species
contains vacuoles of sulfuric acid. On the other hand, it possesses high
concentrations of chemical compounds such as dilkamural, recently
described to have anti-herbivory properties and contribute to the spe-
cies' invasion success (Casal-Porras et al.,, 2021). In addition,
R. okamurae has a high fibre content (cellulose, alginates, fucans and
laminarans) in the cell wall that would act as a physical barrier, hin-
dering the release of potentially bioactive compounds and other nutri-
ents and maybe anti-nutritional compounds, contained in the algal
biomass (Siriwardhana et al., 2004).

These properties of R. okamurae could be a disadvantage for
carnivorous fish species, as they can also affect feed intake, growth
performance and fish health. Therefore, processing prior inclusion of the
algae biomass could be an essential procedure to break the cell walls,
thus improving nutrient bioavailability (Tibbetts, 2018). Previous
studies show promising results in enhancing accessibility to intracellular
nutrients when macroalgae such as Gracilaria gracilis and Ulva rigida
underwent physical-mechanical and enzymatic pre-treatments. These
treatments yielded changes in the protein profile of the algae, lessening
the presence of high molecular weight proteins, and increasing those of
low molecular weight, such as small peptides and free amino acids
(Valente et al., 2006; Batista et al., 2020).

Among the treatments used for algal cell wall rupture, enzymatic and
fermentative pre-treatments have gained importance, showing more
effective and profitable results on several physiological aspects, such as
health and growth in farmed fish (Demuez et al., 2015; Molina-Roque
et al., 2022). The inclusion of algae in low percentages in the diet of
other commercial species, such as the sea bream (S. aurata), pre-treated
by physical-mechanical processes, revealed an improvement in the
innate immune response of the mucus (Reis et al., 2021). Additionally,
in the red tilapia (Oreochromis sp.), supplementation with 15% Ulva sp.
biomass promoted growth performance and feed conversion ratios (El-
Tawil, 2010). According to other studies, the inclusion of various species
of macroalgae as dietary supplement in European sea bass (Dicentrarchus
labrax) was without effects on growth but improved the innate immune
response at low percentages of inclusion (Valente et al., 2006; Peixoto
et al., 2016, 2019). These observations point to clear species-specific
effects depending on the algae included in aquafeeds and the target
fish species.

Our premise in this work with Rugulopteryx okamurae and European
sea bass (Dicentrarchus labrax) was that including the raw algae in the
diet would negatively impact performance. Therefore, the algal biomass
was subjected to different pre-treatments, including enzymatic hydro-
lysis and/or fermentation processes, to re-purpose a seemingly harmful
ingredient. We targeted the whole-body effect, especially markers of
performance. In addition, we focused on the intestinal level, as the
gastrointestinal tract receives or suffers the first impact of feeds and
devised a toolbox to understand the effects of R. okamurae inclusion on
gut microbiota, epithelial function and molecular intestinal markers
related to integrity, amino acid transport, metabolic enzymes, and im-
mune response.
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2. Materials and methods
2.1. Ethics

Fish were kept and handled following the guidelines for experi-
mental procedures in animal research of the Ethics and Animal Welfare
Committee of the University of Cadiz, according to the Spanish (RD53/
2013) and European Union (2010/63/EU) legislation. The Ethical
Committee from the Autonomous Andalusian Government approved the
experiments (Junta de Andalucia reference number 04,/04/2019/056).

2.2. Algae collection and processing

Rugulopteryx okamurae biomass (30 kg) was collected at 3 m depth
from La Caleta de Tarifa beach (Cadiz, Spain). The seaweed was washed
well in tap water to remove the foreign particles and then dried in a
forced-air chamber (Airfrio, Almeria) at 30 °C for 12 h. As structural
polysaccharides are not well digested by fish and compromise the
nutritional value of algae, two biological treatments (microbial
fermentation and enzymatic hydrolysis) were applied for increasing the
nutritional value and nutrient bioavailability. Both procedures are
common techniques applied to algae for using in aquafeeds (Fernandes
et al., 2022; Saez et al., 2022; Felix and Brindo, 2014). The dried algae
were ground in a laboratory pulverizer (100 UPZ, Hosokawa Alpine,
Germany), sieved through a 0.2 mm mesh, and used for aquafeed
elaboration as follows: i) raw seaweed powder; ii) enzymatically
hydrolysed biomass; iii) fermented biomass; and finally, iv) enzymati-
cally hydrolysed and fermented biomass. Enzymatic hydrolysis was
performed using a blend of enzymes (xylanase 20,000 Ug~; glucanase
30,000 U g~ %; cellulase 10,000 Ug ™, and protease 10,000 U g™ }) at pH 5
and 50 °C during 24 h using 0.05 enzyme to substrate ratio. Fermenta-
tion of the seaweed was carried out in the fermenter vessel inoculating
seaweed biomass with 10® CFU g™! of Saccharomyces cerevisiae and 10®
CFU g™ ! of Bacillus subtilis. The sugar substrate dextrose was added at 5%
w/w of the base material. The fermentation was carried out at 40 °C till
the pH reached 4.5. A pH between 4 and 5 is desired for fermentation
because when the pH <4, the feed intake decreases and at pH > 5, mi-
crobial spoilage is likely to occur. As detailed above, the third batch of
seaweed was prepared in two sequential steps using enzymatic hydro-
lysis followed by fermentation. LifeBioencapsulation S.L. (Almeria,
Spain) generated the algal biomasses. Table 1 shows the proximal
composition of the raw crude and treated algal biomasses. The chemical
composition of algal biomasses and feeds was carried out according to
AOAC (2000) for dry matter and ash. Crude fibre was analysed by
ANKON methodology (ANKOM?2% Fibre Analyzer, Metrohm Hispania,
Madrid) following the procedure of AOAC (2000). Crude protein content
(N x 6.25) was determined using elemental analysis (Fisons EA 1108
analyzer, Fisons Instruments, USA), and total lipid content was quanti-
fied according to the methods described by Folch et al. (1957). Nitrogen-
free extract (Nfe) was estimated as the weight difference of crude pro-
tein, crude lipid and ash from 100, and this value was computed as the
total carbohydrate content. Gross energy of the experimental diets was
calculated using energetic conversion factors (16.7, 23.6 and 38.9 kJ/g
for carbohydrate, protein, and lipid, respectively) according to Miglavs

Table 1
Chemical composition (% dry matter) of the different R. okamurae biomasses
used in the feeding trial.

Algal biomass Crude Total Ash Nfe*  Crude
protein lipids fibre
Crude (CR) 8.7 4.2 143 728 352
Hydrolysed and 11.3 5.5 139 693 259
fermented (EF)
Hydrolysed (E) 9.0 4.9 149 712  29.0
Fermented (F) 10.1 5.3 141 705 285

" Nitrogen-free extract calculated as 100 — (% crude protein + % lipid + % ash).
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and Jobling (1989).

2.3. Diets

Five grossly isoproteic, isolipidic and isoenergetic diets were
formulated with a proximate composition close to commercial feeds for
the European sea bass and produced at the Universidad de Almeria fa-
cilities (Experimental Aquafeed Service) using a two-screw extruder
(Evolum 25, Clextral, France). Fish meal (FM), krill meal and fish oil
(FO) were included at 12%, 3% and 9.2%, respectively, in all experi-
mental diets for mimicking the dietary inclusion level of fish derivatives
used these days in commercial aquafeeds for this fish species (Table 2).

This control diet (CT) was formulated without algal biomass. Each
one of the four experimental and supplemented diets under study

Table 2

Ingredient and proximate composition of the experimental diets.
Ingredient composition (% dry matter) CT CR EF E F
Fishmeal LT94! 12.0 12.0 12.0 12.0 12.0
Krill meal® 3.0 3.0 3.0 3.0 3.0
Wheat gluten3 13.3 13.3 13.3 13.3 13.3
Soybean meal* 250 250 250 250 @ 25.0
Soybean protein concentrate® 10.0 10.0 10.0 10.0 10.0
Crude algae 5.0
Hydrolysed-fermented algae 5.00
Hydrolysed algae 5.00
Fermented algae 5.00
Fish oil® 9.2 9.2 9.2 9.2 9.2
Soybean oil” 4.3 4.2 4.2 4.2 4.2
Wheat meal® 165 11.6 116 11.6 116
Lysine® 1.5 1.5 1.5 1.5 1.5
Methionine'® 0.6 0.6 0.6 0.6 0.6
Betain'! 0.5 0.5 0.5 0.5 0.5
Vitamin and mineral premix'2 2.0 2.0 2.0 2.0 2.0
Vitamin C* 0.1 0.1 0.1 0.1 0.1
Guar gum'* 2.0 2.0 2.0 2.0 2.0

Proximate composition (%)

Crude protein 43.3 43.0 42.4 42.1 42.5
Crude lipid 16.2 160 165 168  16.5
Ash 6.8 7.4 7.6 7.5 7.6

Gross energy (MJ/kg)'® 221 220 220 221 220

Dietary codes: CT: algae-free control diet; CR stand for crude algae included at
5%. EF stand for enzymatically-hydrolysed and fermented algae included at 5%.
E stand for enzymatically-hydrolysed algae included at 5%. F stand for fer-
mented algae included at 5%.

169.4% crude protein, 12.3% crude lipid (Norsildemel, Bergen, Norway).

2 purchased from Bacarel (UK). CPSP90 is enzymatically pre-digested fishmeal.
3 78% crude protein (Lorca Nutricién Animal SA, Murcia, Spain).

4 48% crude protein, 8% crude lipid (Lorca Nutricién Animal SA, Murcia, Spain).
5 Soybean meal, 65% crude protein, 4% crude lipid (DSM, France).

© AF117DHA (Afamsa, Spain).

7 P700IP (Lecico, DE).

8 Local provider (Almeria, Spain).

9,10, 11 1 orea Nutricién Animal SA (Murcia, Spain).

12 1 ifeBioencapsulation S.L. (Almerfa, Spain). Vitamins (mg kg™ '): vitamin A
(retinyl acetate), 2000,000 UL vitamin D3 (DL-cholecalciferol), 200,000 UI;
vitamin E (Lutavit E50), 10,000 mg; vitamin K3 (menadione sodium bisulphite),
2500 mg; vitamin Bl(thiamine hydrochloride), 3000 mg; vitamin B2 (ribo-
flavin), 3000 mg; calcium pantothenate, 10,000 mg; nicotinic acid, 20,000 mg;
vitamin B6 (pyridoxine hydrochloride), 2000 mg; vitamin B9 (folic acid), 1500
mg; vitamin B12 (cyanocobalamin), 10 mg vitamin H (biotin), 300 mg; inositol,
50,000 mg; betaine (Betafin S1), 50,000 mg. Minerals (mg kg-1): Co (cobalt
carbonate), 65 mg; Cu (cupric sulphate), 900 mg; Fe (iron sulphate), 600 mg; I
(potassium iodide), 50 mg; Mn (manganese oxide), 960 mg; Se (sodium sele-
nite), 1 mg; Zn (zinc sulphate) 750 mg; Ca (calcium carbonate), 18.6%;
(186,000 mg); KCl, 2.41%; (24,100 mg); NaCl, 4.0% (40,000 mg).

13 TECNOVIT, Spain;

14 EPSA, Spain.

15 Gross energy was estimated by energetic coefficients (kJ/g) according to
Miglavs and Jobling (1989): crude protein, 23.6; crude lipid, 38.9; Nfe, 16.7.
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included 5% of one type of macroalgae biomasses described above: i) the
crude macroalgae, without any biotechnological treatment (CR); ii) the
enzymatically hydrolysed and fermented (EF), iii) the enzymatically
hydrolysed (E), or iv) the fermented (F) algae biomass (Table 2). The
dietary inclusion level used was chosen following a similar study carried
out by Fernandes et al. (2022) in the same species using bio-
technologically treated Ulva rigida biomass.

2.4. Feeding protocol and sampling procedures

European sea bass (D. labrax) juveniles were obtained from com-
mercial sources (CUPIBAR, Chiclana de la Frontera, Cadiz) and after an
initial acclimation period (7 days) to the experimental facility (CTA-
QUA, El Puerto de Santa Maria, Cadiz, Spain; Spanish Operational Code
REGA ES110270000411), fish were randomly distributed in fifteen 100
L tanks (n = 20 fish per tank, 60 fish per experimental diet, 24.6 + 0.3 g
of initial mean body weight). Tanks were coupled to a single recircula-
tion aquaculture system (RAS), equipped with physical and biological
filters, and programmable temperature (21 + 0.5 °C) and O, devices
(>85% saturation). The photoperiod followed the natural changes from
April to July at Cadiz latitude (36°35'06”N; 06°13'48”W), and salinity
maintained constant (36 %o). The experimental diets were offered to
visual satiety three times per day, six days per week, from April to July
(2020). Visual satiety was established as the moment when fish lost
interest in food, marked by the cessation of activity in the tank. Feed
intake was recorded weekly for each replicate tank to calculate growth
performance parameters.

At the end of the trial overnight fasted fish were randomly taken
from each replicate tank between 9:30 and 11:00 h. This was done on
three consecutive days (day 92 to day 94 of the trial), taking fish from
one tank per diet daily to avoid potential circadian effects. Fish were
deeply anaesthetised with an overdose of 2-phenoxyethanol (1 mL L
seawater), cervical sectioned, individually weighed, measured for
standard body length, and then sampled to obtain gastrointestinal tracts.

The whole intestine was isolated and clamped (from pyloric caeca to
anal sphincter) with two haemostatic forceps and then measured to
obtain the Intestine length index (ILI, [100*intestine length]/standard
body length). Next, 9 to 10 fish (3-4 per replicate tank) were used for
electrophysiological analysis and 27-30 fish (9-10 per replicate tank)
were used for intestinal fluid collection for microbiota analysis; in
addition, representative biopsies from discrete regions of the intestine
(anterior and posterior intestine from 3 to 4 fish per replicate tank) were
also obtained for molecular analysis. The remaining fish in each tank
were deeply anaesthetised in the same way, counted, and individually
weighed and measured to obtain the final biomass per tank and to
calculate the condition factor (K) calculated as K = (100*body weight)/
fork length®.

2.5. Intestinal electrophysiology in Ussing chambers

2.5.1. Voltage clamp

The anterior intestine was isolated and mounted as previously
described (Fuentes et al., 2010) on a tissue holder of 0.25 cm? and
positioned between two half-chambers containing 2 mL of physiological
saline (147 mM NaCl, 1.1 mM MgSO4, 19 mM Na-Gluconate, 3 mM
KH3POy4, 1.5 mM CaCly, 5 mM NaHCO3, 5 mM glucose, 5 mM HEPES, 5
mM Na-HEPES, with pH 7.80, Alves et al., 2019). During the ex vivo
experiments, the tissue was bilaterally gassed with 0.3% CO2 + 99.7%
O, and at 22 °C. Short-circuit current (Is., pA cm~?) was monitored by
clamping the epithelia to 0 mV. Voltage clamping and current injections
were performed using a VCC MC8 voltage clamp amplifier (Physiologic
Instruments, San Diego, USA). Bioelectrical parameters for each tissue
were recorded continuously onto Labscribe3 running in a MacIntosh
computer using an IWorx188 data acquisition system from the time of
mounting for 90 min. Epithelial resistance (Rt, Q.cm?) was manually
calculated (Ohm's law) using the current deflections induced by a
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bilateral +1 mV pulse of 3 s every minute. The apical side of the prep-
aration was considered as the ground. Therefore, positive currents are
absorptive, while secretory currents are negative.

2.5.2. Permeability assay

After 20-30 min of tissue stabilisation after mounting in vitro, the
saline was replaced with a fresh well-gassed solution to a final volume of
1.2 mL per chamber, and a permeability assay was carried out as
described in Molina-Roque et al. (2022), adapted for fish from Arnold
etal. (2019). In short, enough fluorescein isothiocyanate-dextran (FITC,
average mol. wt. 4000, Sigma, Madrid) and Rhodamine B iso-
thiocyanate-dextran (RITC, average mol. wt. 70,000, Sigma, Madrid)
prepared as concentrated stocks of 100 mg mL™! were added to final
concentrations of 0.5 mg mL ™! to the apical chamber and a sample (0.2
mL) collected from both the apical and the basolateral compartments
after 15 min of mixing to establish time zero. After exactly 1-h, new
samples from both the donor and receiver compartments were collected
into fresh vials.

Fluorescence measurements were performed using a Multi-Mode
Microplate Reader BioTek SynergyTM 4 (BioTek® Instruments,
Winooski, VT, USA) set for excitation wavelength at 492 nm and emis-
sion wavelength at 520 nm for FITC and set for excitation wavelength at
530 nm and emission wavelength at 590 nm for RITC. To establish
concentrations in the apical and basolateral chambers, we used stan-
dards in the range of 0.2-2000 ng.

The apparent permeability (P,pp) was estimated using the equation:
Papp = (V*dC)/(A*Co*dT), where Py is the permeability in centimetres
per second, V is the volume of the receiver chamber, A is the surface area
of the tissue in square centimetres, Cy is the starting concentration in the
donor compartment (apical) and dC/dT is the rate of concentration
change (ng s_l) of FITC and RITC in the receiving chamber (basolateral).

2.6. Microbiota analysis

2.6.1. DNA extraction

The procedure was done in a flow cabinet, on an ice tray covered
with a fresh disposable sterile cloth and using fresh disposable sterile
dissecting tools for each fish. After intestinal clamping (as described in
Section 2.4.), the intestinal fluid was collected into a sterile vial for DNA
extraction. Bacterial DNA extraction was conducted in fresh intestinal
fluid samples immediately after collecting, using the EZNA stool DNA kit
(Omega Bio-Tek, United States) following the manufacturer's in-
structions in the Pathogen Detection Protocol. For each extraction
sample, the intestinal fluid of three animals was combined using equal
volumes. A total of 3 extraction samples per tank (n = 9 fish/tank), from
3 tanks per treatment (n = 9 DNA samples/experimental diet from 27
fish), were processed. After extraction, DNA was stored at —20 °C until
used.

2.6.2. Library construction, verification and NGS sequencing

Before sequencing, DNA samples were analysed in-house to ensure
samples had sufficient integrity and quantity (at least 10 ng pL~!) for
optimal amplification. Each DNA sample was quantified using the
Qubit® 2.0 fluorometer and the Qubit™ dsDNA BR Assay Kit (Thermo
Fisher Scientific), following the manufacturer's instructions. Quality was
verified through 1.5% agarose gel electrophoresis using 1 pL of each
DNA sample. Next, samples were commercially sequenced at Stab Vida,
Lda. (Caparica, Portugal). The NGS sequencing project started with li-
brary construction (region V3-V4 of the 16S RNA gene, reference
nucleotide interval 341-805 nt) for each DNA sample, performed using
the Illumina 16S Metagenomic Sequencing Library preparation proto-
col. Ten ng of each DNA sample were used for the first PCR round, with
KAPA HiFi HotStart ReadyMix and 200 nM of primers, in a final reaction
volume of 25 pL. The gene-specific primers used in this protocol were
taken from Klindworth et al. (2013) as the most promising primer pair:
Forward Primer (5'- CCTACGGGNGGCWGCAG-3’) and Reverse Primer
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(5'-GACTACHVGGGTATCTAATCC-3'). Illumina adapter overhang
nucleotide sequences were added to the gene-specific primer sequences:
Forward overhang (5- TCGTCGGCAGCGTCAGATGTGTATAAGAGA-
CAG-3') and Reverse overhang (5'-GTCTCGTGGGCTCGGAGATGTGTA-
TAAGAGACAG-3'). Cycling conditions were an initial step at 95 °C for 3
min, followed by 25 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30s,
ending with a final extension step at 72 °C for 5 min. After this first PCR,
products in each library were checked on a Bioanalyzer DNA 1000 chip
(Agilent) to verify the size. Next, libraries from each treatment were
pooled, i.e., 9 libraries per treatment (3 per replicate tank) were com-
bined and purified using AMPure XP beads (Beckman Coulter, Life Sci-
ences). Five pL of each pooled library was subjected to a second PCR
(index PCR) to attach dual indices and Illumina sequencing adapters
using the Nextera XT Index kit and KAPA HiFi HotStart ReadyMix, in a
50 pL reaction volume. Cycling conditions were the same as in the first
round except that only 8 cycles were used. Another cleaning step with
AMPure XP beads (Beckman Coulter, Life Sciences) was performed to
clean up the final libraries before quantification with the Qubit® 2.0
fluorometer and the Qubit™ dsDNA BR Assay Kit (Thermo Fisher
Scientific).

After verifying that all re-amplifications had reached a concentration
above the 4 nM threshold, the DNA fragments were sequenced with
MiSeq Reagent Kit v3 in the lllumina MiSeq platform, using 300 bp
paired-end sequencing reads.

2.6.3. Bioinformatic analyses and data curation

The quality of the produced data was determined by Phred quality
score at each cycle (position in the read). The plot containing the
average quality at each cycle was created with the FastQC tool
(Andrews, 2010) The analysis of the generated raw sequence data,
feature table construction, and taxonomy classifications were conducted
using QIIME2 v2020.8 (Caporaso et al., 2010).

The reads were denoised using the DADA2 plugin (Callahan et al.,
2016). The following processes were applied: trimming and truncating
low-quality regions, dereplicating the reads, and filtering chimaeras.

In the case of species diversity analysis, it is necessary to know
whether the number of reads of the sequencing reaches a reasonable
amount so that more sequencing does not significantly increase species
diversity. We randomly selected a different number of sequences and
analysed the operational taxonomic units (OTUs) detected at each
fraction to form a rarefaction curve. The reads were organized in OTUs
and then classified by taxon using a fitted classifier. The scikit-learn
classifier was used to train the classifier using the SILVA database. For
classification purposes, only OTUs containing at least 10 sequence reads
were considered significant.

This Targeted Locus Study project (PID PRJNA860562) has been
deposited at DDBJ/EMBL/GenBank under the accession
KFVS00000000. The version described in this paper is the first version,
KFVS01000000.

2.7. Expression analysis

2.7.1. Sample collection and RNA extraction

Upon intestinal dissection, anterior and posterior intestinal tissue
samples were immediately taken, submerged in >10 volumes of RNA-
later® (Sigma-Aldrich) and kept at —20 °C until RNA extraction. Three
to four animals per tank from triplicate tanks per treatment were
sampled, in a total of at least 9 animals per treatment and the corre-
sponding 9 tissue samples per intestinal region.

Total RNA was isolated using the NucleoSpin® RNA kit, from
Macherey-Nagel, following the manufacturer's instructions. Then, RNA
was quantified for each sample using the Qubit™ RNA BR Assay Kit from
Invitrogen. The quality (RIN) of each RNA sample was verified using the
Agilent 2100 Bioanalyzer and the RNA Nano Kit from Agilent technol-
ogies. Only samples with RIN higher than 8.5, which is indicative of
clean and intact RNA, were used for further analysis.
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2.7.2. Primer design and qPCR analysis

Primers were designed for each gene of interest with the software
Primer3 (v. 0.4.0) (Koressaar and Remm, 2007; Untergasser et al.,
2012), either using sequences retrieved from the GenBank or using se-
quences previously generated from RNAseq (Fuentes Lab, Supplemen-
tary Table S1).

First-strand cDNA of each sample was synthesized from 1 pg total
RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA) according to the user's manual.

qPCR was performed using iQ™ SYBR® Green Supermix (Bio-Rad,
USA) in a CFX Touch™ Real-Time PCR Detection System (Bio-Rad,
USA). A volume of 10 pL with 0.4 pM of each primer (Supplementary
Table S1), 2 pL of cDNA (10 ng of cDNA assumed from RNA input), 2.6
pL of MQ water and 5 pL of 2x iQ SYBR Green Supermix was used for
each qPCR reaction. Cycling conditions were an initial denaturation for
5 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 30 s at 60 °C. A
melting curve analysis ensued after completion of the 40 cycles to verify
no non-specific amplification was obtained. The reference genes actb
and eefla were used for normalization. Transcripts quantification was
performed according to the Pfaffl method (Pfaffl, 2001) and corrected
for the efficiency of each primer pair. All the R? from the calibration
plots were in the range of 0.980 and 1. Values were expressed as fold
change calculated in relation to values of the control group after
normalization against those of the reference genes. At least nine bio-
logical replicates with two technical replicates each were used for the
gPCR analyses.

2.8. Statistical analyses

All results are shown as mean =+ standard error of the mean (mean +
SEM). After verifying homogeneity of variance and normality, statistical
analysis of the data was conducted by using One-Way analysis of vari-
ance (ANOVA) followed by Dunnett's multiple comparisons test per-
formed with GraphPad Prism version 9.3.1 for macOS (GraphPad
Software, San Diego, California USA, www.graphpad.com). A compar-
ison of triplicate tanks for all parameters was also performed with One-
Way ANOVA. The level of significance was set at p < 0.05.

For estimates of alpha diversity in the microbiota samples, a hit map
(number of reads allocated to each OTU at Class level) was imported to
PRIMER-e, version 7 software (Massey University, Albany, New Zea-
land), with the PERMANOVA + add-on (Clarke et al., 2014), and di-
versity indexes (Chao, Shannon-Weaver and Simpson reciprocal) were
calculated for each combined sample.

To explore the variance in microbial communities between diets and
test beta diversity, a multivariate analysis was conducted using the
microbiota relative frequency values. Data were square-root trans-
formed and the Bray-Curtis dissimilarity coefficient was used to
construct a resemblance matrix, prior to subsequent analyses: CLUSTER,
SIMPROF (Similarity Profile Analysis) and Monte Carlo test, with data
visualized using Principal Coordinate (PCO) analysis. A SIMPER (Simi-
larity percentages) analysis was used to identify which OTUs were
mainly responding to the different diets under evaluation.

In addition, multivariate analyses were conducted separately in the
anterior and posterior intestine gene expression data sets. Both data sets
were square-root transformed, and a Bray-Curtis dissimilarity coefficient
was used to construct resemblance matrices prior to subsequent ana-
lyses: ANOSIM (Analysis of Similarities, One-Way A), SIMPROF,
SIMPER and PERMANOVA (Permutational Multivariate Analysis of
Variance).

To further explore the effect of each diet on the expression level of
immune-related genes in each intestinal region, the Bray-Curtis
dissimilarity coefficient was used to construct a resemblance matrix. A
PERMANOVA analysis (pair-wise tests) was run on that resemblance
matrix, and a multivariate means plot (e.g., a representation of the
average effect of each diet on gene expression level at each intestinal
region), together with an approximate measure of the uncertainty about
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those means, were calculated using the routine Bootstrap averages and
visualized using metric multidimensional scaling analysis (MDS).

3. Results
3.1. Growth performance and biometric parameters

No mortality occurred during the experiment, and animals grew
from 24.6 + 0.3 g of initial body mass to 65-77 g, depending on the
dietary group. Significant differences in the body weight were observed
at the end of the experiment, with a reduction in diets including crude
(CR), enzymatically treated (E) or fermented (F) algae biomass, though
not in the enzymatically hydrolysed and fermented (EF) diet, when
compared to the control (CT) group. The same pattern was observed for
SGR, where CR, E and F diets caused a significant decrease in relation to
CT, not seen with the EF diet. No differences were observed in feed
intake (g aquafeed/fish), but a significant increase of FCR was observed
in fish fed CR diet compared to those of the CT group. In contrast, the
other diets did not significantly alter FCR when compared to CT. In
addition, CT group showed the highest final fork length, being signifi-
cantly different compared to both CR and F groups, but not EF and E
groups. This result reveals differentiated growth potential among
treatments, albeit without significant variation in the condition factor
(K). Finally, we observed an evident elongation of the intestine of fish
fed CR diet, causing a significant increase in the ILI (%) somatic index
when compared with the CT group. In contrast, fish from the EF group
showed a significantly lower ILI value than the CT (Table 3).

3.2. Tissue resistance and permeability in Ussing chambers

Electrophysiological analysis of the intestine showed a significant
decrease in the epithelial resistance (Ry) of fish fed with the four sup-
plemented diets (CR, EF, E, F) when compared to the CT group (Fig. 1A),
whereas a significant increase in the short-circuit current (I3.) was only

Table 3

Growth performance and somatic indexes of European sea bass juveniles fed to
visual satiety the experimental diets over 92 days with a control aquafeed and
four supplemented diets with 5% of different R. okamurae products. Data on
biometric parameters are the mean + SEM of 60 fish/diet.

CT CR EF E F
Initial body 25.78 + 25.85 + 25.71 + 25.99 + 25.76 +
mass (g) 0.17 0.18 0.19 0.19 0.17
Final body 77.51 + 65.34 + 74.24 + 67.59 + 66.51 +
mass (g) 1.29 3.18%* 0.44 2.63% 0.86**
Final fork 19.0 £ 18.0 + 18.4+0.3 18.3 £ 18.2 +
length (cm) 0.2 0.2% 0.2 0.2%
SGR* 1.21 + 1.01 + 1.17 + 1.08 + 1.05 +
0.03 0.05%* 0.02 0.01* 0.01*
K’ 1.11 + 1.06 + 1.09 + 1.06 + 1.06 +
0.01 0.02 0.02 0.02 0.02
Feed intake 72.5 + 63.9+56 727+37 670+ 63.2 + 3.9
(g/fish) 1.6 1.2
FCR® 1.40 + 1.61 + 1.47 + 1.55 + 1.53 +
0.02 0.03* 0.03 0.02 0.04
ILI (%) 59.97 + 66.33 + 47.14 £+ 56.10 + 55.15 +
2.83 1.31* 2.13%* 2.11 2.90

Data on biometric parameters are the mean + SEM of 60 fish/diet. Data on so-
matic indexes are the mean + SEM of 12 fish/diet. Data on SGR, FCR and Feed
intake are the mean + SEM of triplicate tanks per diet. Asterisks indicate sig-
nificant differences among dietary treatments versus the control (CT) group
based on one-way ANOVA and Dunnett's test (*p < 0.05; **p < 0.01). CT:
control; CR: crude macroalgae; EF: enzymatically hydrolysed and fermented
biomass; E: enzymatically hydrolysed biomass; F: fermented biomass.

@ Specific growth rate = 100 * (In final body weight — In initial body weight)/
days.

b Condition factor = (100*body weight)/fork length®.

¢ Feed Conversion Ratio = (100*total feed intake)/total weight gain.

4 Intestine length index = (100*intestine length)/fork length.
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observed in the EF experimental group (Fig. 1B). Regarding intestinal
permeability (Papp), FITC did not show differences among experimental
groups (Fig. 1C), although RITC revealed a significant reduction in the
EF group when compared with fish fed the CT diet (Fig. 1D).

3.3. Microbiota analysis

3.3.1. Sequencing depth

The intestinal microbiota composition for each treatment was ana-
lysed by sequencing a fragment of the V3-V4 hypervariable region of the
16S rRNA gene. After filtering as described in Section 2.6.3), a maximum
of 394,102 reads (for CT) and a minimum of 289,822 reads (for E) were
obtained. These 300 bp sequences were assigned to 541 unique features
(OTUs) based on 97% similarity using QIIME, and a taxonomical clas-
sification was performed using the SILVA database. Rarefaction curves
reached the saturation phase between 10,000 and 20,000 sequence
readings (Supplementary Fig. S1).

3.3.2. Diversity analysis of microbiota in the five pooled samples

The alpha diversity indexes were found highest for the microbiota of
the CR group and lowest for the F group (Supplementary Table S2), with
samples of fish fed CT, E and EF diets having very similar values in all
calculated indexes.

Beta diversity analyses are illustrated as CLUSTER and principal
coordinates (PCO) plots in Supplementary Figs. S2 and S3, respectively.
Both analyses show significant differentiation between the bacterial
community of the samples pooled from animals under the F diet and the
bacterial communities observed in the samples pooled from the other
diets (SIMPROF Type 1 test, p < 5%; Monte-Carlo test P = 0.048). With a
simple experimental design such as the present, the number of possible
permutations is not sufficient for a proper PERMANOVA analysis, and
instead, the Monte Carlo test should be used (Clarke et al., 2014), as was
done here.

3.3.3. Composition of microbial communities
There was a 2.64% relative frequency of unassigned OTUs in the case

of the fish fed CR diet, but this value was below 0.4% in all other
treatments. The taxonomic compositions of D. labrax intestinal micro-
biota primarily presented representatives of the phyla Proteobacteria
and Bacteroidota, followed by Patescibacteria, Verrucomicrobiota,
Actinobacteria and Firmicutes (Fig. 2 and Supplementary Table S3). A
marked decrease in the relative frequency of phyla Proteobacteria and
Bacteroidota was observed in the E and F groups compared to fish fed
the other three diets. However, marked differences in the relative fre-
quency of families within each phylum were also observed, depending
on the diet (Supplementary Table S4). In the fish fed CT diet, the family
Flavobacteriaceae comprised 41.65% of the Bacteroidota and Proteo-
bacteria were mainly represented by the Rhodobacteraceae (36%), with
only 1.3% ascribed to the Vibrionaceae family. In contrast, in all other
dietary groups, the relative frequency for Vibrionaceae was higher than
20%, reaching 50% and 84%, respectively, in the fish fed E and the F
diets. Although the relative frequency of the Flavobacteriaceae family
systematically decreased in all other groups compared to the CT, it
reached the lowest value in F. The same effect was observed for the
Rhodobacteraceae family. Other than for these three families (Vibriona-
ceae, Flavobacteriaceae and Rhodobacteraceae), the relative frequency
values found in the fish fed F diet were equal to or below 1%. These
differences were further highlighted in the SIMPER analysis (similarity
percentages — species contributions, One-Way analysis; Supplementary
Table S5). The average dissimilarity between the fish fed F diet and the
group composed by all the other samples was 32.39%, whereas the
similarity between samples from the same cluster was 81.98%. This
analysis also revealed that the main OTUs driving the difference be-
tween the two groups were Gammaproteobacteria (34.07%), Alphap-
roteobacteria (18.13%) and Bacteroidia (16.11%). This information was
overlaid onto the result of the PCO analysis (Supplementary Fig. S3).

3.4. Gene expression analysis
3.4.1. Epithelial integrity

The expression of 9 genes coding for proteins involved in main-
taining the structural integrity of the intestinal epithelium was analysed
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Fig. 2. Relative frequency (%) at the phylum level for each pooled sample of microbiota from the intestinal fluid of European sea bass (D. labrax L.) fed the
experimental diets over 92 days. CT — Control diet; CR — diet with crude algae biomass; EF — diet with enzymatically hydrolysed and fermented algae biomass; E — diet
with enzymatically hydrolysed algae biomass; F- diet with fermented algae biomass.

in the anterior intestine (Supplementary Table S1, Fig. 3). Only in four of
those genes the expression was found to be altered in relation to the CT
diet, by showing a significant decrease in the expression fold change:
cdh17 in all dietary groups, cldn 15 in the CR, E and F groups, tjap in the
CR and E groups, and jama in the CR group.

3.4.2. Amino-acid transport and metabolism

For this panel, the expression of eight genes was analysed in the
anterior intestine. We included three solute carrier transporters from the
Slc6a family and two from the Slc38a family, as well as alpi, anpep and si.
A significant decrease in fold change was observed in the case of the
slc38a2, in all dietary groups except in the F group, and in the case of
slc6al6a in the fish fed CR and E diets. For all other 6 genes tested, no
significant changes in expression were detected (Supplementary
Table S1, Fig. 4).

3.4.3. Immune response

The expression levels of nine immune-related genes (Supplementary
Table S1) were analysed in samples from the anterior and the posterior
intestine for all diets. Only the expression of gene il6 was found to be
significantly affected (up-regulated) in relation to CT in the anterior
intestine and only in the EF group (Fig. 5). In contrast, in the posterior
intestine, the expression level of il6 was not significantly affected.
However, in this region, the expression levels of ifng and il10 were
significantly increased in the fish fed EF and F diets, whereas the tran-
scripts of il8 and il12b showed a significant increase in the CR group
(Fig. 6.)

3.4.4. Multivariate analysis

In the anterior intestine, the ANOSIM (Analysis of Similarities, One-
Way A) run on the resemblance matrix (S17 Bray-Curtis similarity) did
not find statistically significant differences in the five diets in terms of
their overall effect on the expression of all genes under analysis. How-
ever, a PERMANOVA analysis (pair-wise tests) run on the same resem-
blance matrix showed a significant difference between the CT and the
CR diets (P = 0.042), but not for any other pair-wise test. The SIMPER
(Similarity Percentages) analysis (Supplementary Table S6) run on the
square-root transformed data matrix found the highest and lowest
average similarity, respectively, in groups F (90.53) and CT (87.05) with
the highest average dissimilarity between groups CT and CR (12.41) and
the lowest average dissimilarity between groups EF and F (9.98). Taken
together these data suggest that, in the anterior intestine, only the CR
diet significantly affected the expression pattern of the genes analysed.

In the posterior intestine, the ANOSIM run on the resemblance ma-
trix (S17 Bray-Curtis similarity) did not find statistically significant
differences in the five diets regarding their overall effect on the
expression of the immune-related genes under analysis. However, a
PERMANOVA analysis (pair-wise tests) run on the same resemblance
matrix showed a significant difference between the CT diet and the EF
(P =0.037) and F (P = 0.003) diets, and between the E diet and EF (P =
0.033) and F (P = 0.001) diets. No significant differences were found for
any other pair-wise test. The SIMPER (Similarity Percentages) analysis
(Supplementary Table S7) run on the square-root transformed data
matrix found the highest and lowest average similarity, respectively, in
groups EF (87.75) and CR (84.73) with the highest average dissimilarity
between groups CR and F (15.45) and the lowest average dissimilarity
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Fig. 3. qPCR results for the epithelium integrity-related genes analysed in the anterior intestine of European sea bass (D. labrax L.) fed the experimental diets over 92
days. CT - Control diet; CR — diet with crude algae biomass; EF — diet with enzymatically hydrolysed and fermented algae biomass; E — diet with enzymatically
hydrolysed algae biomass; F- diet with fermented algae biomass. Values were expressed as fold change calculated in relation to values of the control group, after
normalization against those of the reference genes. Significant differences versus control obtained in a One-Way ANOVA with Dunnett's multiple comparisons test are

indicated as *p < 0.05, **p < 0.01 or **p < 0.001.
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Fig. 4. qPCR results for the amino-acid transport- and metabolism-related genes analysed in the anterior intestine of European sea bass (D. labrax L.) fed the
experimental diets over 92 days. CT — Control diet; CR — diet with crude algae biomass; EF - diet with enzymatically hydrolysed and fermented algae biomass; E — diet
with enzymatically hydrolysed algae biomass; F- diet with fermented algae biomass. Values were expressed as fold change calculated in relation to values of the
control group, after normalization against those of the reference genes. Significant differences versus control obtained in a One-Way ANOVA with Dunnett's multiple

comparisons test are indicated as *p < 0.05, **p < 0.01 or **p < 0.001.

between groups CT and E (12.56).
To further test the statistical significance of the observed differences

in expression levels of immune-related genes between the anterior and
posterior intestinal regions in the CR, EF, E and F diets, a multivariate
means plot was obtained by running the routine Bootstrap averages in
PRIMER-e on the resemblance matrix. Fig. 7 shows the MDS plot of
group averages and confidence limits of the effect of each of those four
diets on the expression of immune-related genes in each intestinal re-
gion. A PERMANOVA analysis (pair-wise tests) run on the same
resemblance matrix further supported the statistical significance of

different immune-related responses observed between the anterior and
posterior intestinal regions in the CR (P = 0.003), EF (P = 0.004) and the
F (P = 0.016) diets. As expected, no significant difference between
anterior and posterior intestine immune responses was detected in the E

diet (P = 0.357).

4. Discussion

We set out this study to test whether the inclusion of R. okamurae
biomass, an invasive seaweed on the coast of the Mediterranean Sea and
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Fig. 5. qPCR results for the immune-related genes analysed in the anterior intestine of European sea bass (D. labrax L.) fed the experimental diets over 92 days. CT —
Control diet; CR — diet with crude algae biomass; EF — diet with enzymatically hydrolysed and fermented algae biomass; E — diet with enzymatically hydrolysed algae
biomass; F- diet with fermented algae biomass. Values were expressed as fold change calculated in relation to values of the control group, after normalization against
those of the reference genes. Significant differences versus control obtained in a One-Way ANOVA with Dunnett's multiple comparisons test are indicated as *p <

0.05, **p < 0.01 or **p < 0.001.

the Atlantic Ocean, could be used as ingredient to replace some of the
ingredients in aquafeeds for European sea bass. To this end, we prepared
four experimental diets in which the wheat meal of the control diet (CT)
was partially replaced (5% w:w) by R. okamurae biomass, either crude
(CR), enzymatically hydrolysed and fermented (EF), hydrolysed (E) or
fermented (F).

The focus of our work was on the intestine and on intestinal re-
sponses to feed composition manipulation. We first identified impacts on
growth performance and somatic indexes, which did not seem to be
directly affected by feed intake, but by a reduction of nutrient assimi-
lation and/or conversion as suggested by the values of SGR and FCR.
Overall, the groups fed CR and F diets resulted in smaller (shorter and
lighter) animals with longer intestines in the case of CR. The animals fed

10

the E diet were lighter, while the effect of the EF diet was only significant
in the intestine length (smaller ILI than CT). The contrasting impact on
the intestinal length caused by the CR and EF diets is a striking alteration
in morphology since it is well-known in fish that diet correlates with
digestive ability (Serra et al., 2021).

Having established significant morphometric changes, we aimed to
expose putative intestine functional alterations in response to the in-
clusion of R. okamurae in the diet. Previous work documented that
vegetable protein in fish feeds, such as the inclusion of different amounts
of microalgae, can compromise or alter intestinal function or integrity,
at least in the Gilthead sea bream (Estensoro et al., 2016; Molina-Roque
et al., 2022). Therefore, we measured tissue resistance (Rt) in Ussing
chambers, which is the gold standard for exposing tissue integrity and
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Fig. 6. qPCR results for the immune-related genes analysed in the posterior intestine of European sea bass (D. labrax L.) fed the experimental diets over 92 days. CT —
Control diet; CR — diet with crude algae biomass; EF — diet with enzymatically hydrolysed and fermented algae biomass; E — diet with enzymatically hydrolysed algae
biomass; F- diet with fermented algae biomass. Values were expressed as fold change calculated in relation to values of the control group, after normalization against
those of the reference genes. Significant differences versus control obtained in a One-Way ANOVA with Dunnett's multiple comparisons test are indicated as *p <

0.05, **p < 0.01 or **p < 0.001.

selectivity changes. In our study in the sea bass intestine, the resistance
of the epithelium significantly decreased to similar values in all diets
compared to control fish (CT group). This decrease reveals intestinal
barrier function modifications and epithelial integrity impairment. To
further consolidate our results, we measured paracellular permeability
using standard methods with 4kD FITC-dextran (Balda et al., 1996) and
70 kD RITC-dextran. The permeability of the epithelium to relatively
small molecules (FITC, 4 kD) was unaffected. Still, a significantly
reduced permeability to larger molecules (RITC, 70 kD) was observed in
fish fed the EF formulation. Additionally, we tested the expression of an
array of putative markers of epithelial integrity (Van Itallie and
Anderson, 2014), such as cadherins (cdh17), claudins (cldn4, 12, 15, 20

11

and 34), occludin (ocln), tight junction proteins or tight junction-
associated proteins (jp3 and tjap1), and junctional adhesion molecule-
A (jama). Most genes showed no response to dietary manipulation in
relation to the CT diet. Nevertheless, the significant changes found in
gene expression showed a consistent downregulation effect compared to
CT values, supporting the dietary impact of feed manipulation in sea
bass intestinal barrier function, already shown by the decrease in Rt.
This effect was particularly evident with cdh17 and cldn15, which will
likely serve as molecular markers for the diagnosis of epithelial integrity
together with tissue resistance measurements.

To further evaluate other possible diet-induced changes in digestive-
absorptive processes, we also analysed the gene expression levels of
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Fig. 7. MDS plot of group averages and

Transform: Sgquare root

Resemblance: S17 Bray-Cunis similar

confidence regions. The plot shows the
effect of each diet (Treatment) on the

d

expression of immune-related genes in

20 swess: 014 | TREATMENTXREGION each intestinal region (Anterior or
v CRANTERIOR Posterior). CT — Control diet; CR — diet
v CRPOSTERIOR with crude algae biomass; EF - diet
5 W EFANTERIOR with enzymatically hydrolysed and
0O EFPOSTERIOR fermented algae biomass; E — diet with
& EANTERIOR enzymatically hydrolysed algae
o © EPOSTERIOR biomass; F- diet with fermented algae
%] 0 ® FANTERIOR biomass. The multivariate means plot
9 O FPOSTERIOR was obtained from running the routine
v av.:CRANTERIOR Bootstrap averages in PRIMER-e, which
v av:CRPOSTERIOR calculates and plots bootstrap averages
B av:EFANTERIOR and confidence regions by boot-
-5 O av:EFPOSTERIOR strapping centroids of resemblance
& av:EANTERIOR matrix groups. The centroids are
& av:EPOSTERIOR calculated within a metric MDS of the
® av.FANTERIOR resemblance matrix. MDS was selected
-10 T T T T T 1|0 av:FPOSTERIOR to produce a final ordination plot
-15 -10 -5 0 5 10 18 including the confidence regions. PER-
MDS1 MANOVA P values for pair-wise tests
were: CRANTERIOR, CRPOSTERIOR
=0.003; EFANTERIOR, EFPOSTERIOR
= 0.004; FANTERIOR, FPOSTERIOR =
0.016; EANTERIOR, EPOSTERIOR =
0.357.

amino acid and peptide transporters and digestive enzymes located in
the brush border membrane (BBM) of enterocytes. In examining the
expression of amino acid solute carrier proteins, we did not aim for an
exhaustive analysis. We focused on some members of the families SLC6
and SLC38, which are neutral amino acid transporters. The Slc6al8 and
Slc6al9 are neutral amino acid transporters located at the apical
membrane of intestinal and renal epithelia in mice (Broer, 2014; Fair-
weather et al., 2015). In tilapia, they express in different segments of the
intestine, and their expression is regulated by fasting and refeeding
(Orozco et al., 2018). In the sea bass anterior intestine, incorporating
R. okamurae in feeds did not affect the expression of slc6al9b and
slc6al8. However, we detected significant downregulation of the
slc6al6a. Little is known about Slc6al6 other than it is a sodium- and
chloride-dependent neurotransmitter orphan transporter. Based on
structure analysis, it is likely to function as a nutrient amino acid
transporter (Castagna et al., 2022).

Members of the SLC38 family are Na™ dependent neutral amino acid
transporters, highly regulated by amino acid depletion (Broer, 2014). In
the sea bass intestine, feed manipulation did not affect the expression of
the slc38a3b. Interestingly a solid significant downregulation was
observed in the expression levels of the slc38a2 in all groups except the
F. This observation is relevant because this transporter is considered a
transceptor (Hundal and Taylor, 2009), a plasma protein that may
function not just as a transporter, but also have a separate function in
signalling, with a potential regulatory role in the expression of other
amino acid transporters. Further research on the function of Slc38a2 in
regulating responses to feed composition and manipulation in aqua-
culture is guaranteed.

Several studies have reported that changes in diet composition can
significantly modulate BBM enzyme activity in fish enterocytes (Krog-
dahl et al., 1999; Krogdahl and Bakke-McKellep, 2005; Tibaldi et al.,
2006; Hamza et al., 2015; Tang et al., 2016). In the case of diets with
plant-derived ingredients, the presence of anti-nutritional factors
(ANFs), e.g., tannin, phytic acid, trypsin inhibitor, lectins, saponins, can
hinder the bioavailability and digestibility of the nutrients and might
cause improper amino acid balance (Francis et al., 2001). Our work in
the sea bass did not find changes in the expression levels of the genes
encoding the three BBM digestive enzymes (anpep for aminopeptidase N,
AP-N; alpi for intestinal-type alkaline phosphatase, IAP; si for sucrase-
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isomaltase, SI) by the inclusion of R. okamurae biomass. AP-N and IAP
are related to intestinal development and maturation (Imentai et al.,
2022). AP-N plays a vital role in protein digestion, and IAP is involved in
the absorption of nutrients such as lipids, glucose, calcium, and inor-
ganic phosphate and is pivotal in controlling gut and systemic inflam-
mation (Lalles, 2020). In turn, SI catalyses the hydrolysis of dietary
carbohydrates, including starch, sucrose, and maltose, and a higher
expression is usually an indicator of the species' flexibility toward an
herbivorous profile (German et al., 2004). Previous studies have shown
that protein levels and their source regulate AP-N gene expression levels
in the grass carp (Tang et al., 2016). The expression of alpi increases in
gilthead sea bream fed with processed animal proteins (Naya-Catala
et al., 2021) and by alterations in the gut microbiota composition in
zebrafish (Bates et al., 2007). Expression levels of si increased in food-
deprived European sea bass in a linear correlation with the expression
levels of anpep (Hakim et al., 2009). In a recent study with D. labrax
using a blend of two marine microalgae in a graded replacement (15%
and 45%) of dietary fish meal (Messina et al., 2019), the authors re-
ported no changes in the activity of the BBM enzymes maltase, sucrase-
isomaltase, y-glutamyl transferase and alkaline phosphatase. Neverthe-
less, they observed a significant increase in expression fold change,
depending on the percentage of fish meal replacement, in si (1.5 and 1.9
respectively), anpep (1.87 and 1.99), and peptide transporter 1 (slc15al;
1.4 and 1.5) in the anterior intestine of fish fed the microalgae-including
diets. From their data set, the authors concluded that adding the blend of
dried marine microalgae as an alternative to dietary fish meal did not
hamper gut digestive-absorptive functions.

In our case, the lack of significant alterations in the expression of
anpep, alpi and si suggests that the 5% algal biomass in the diets, irre-
spective of the pre-processing protocol, did not significantly change the
expression signalling pattern of key digestive metabolism enzymes in
the sea bass.

The gastrointestinal tract (GIT) plays the physiological role of
digestion and absorption of nutrients but also ensures immune homeo-
stasis by protecting from potentially harmful microorganisms while
continuously being exposed to a load of dietary antigens and commensal
bacteria (Ringg et al., 2010; Pichietti et al., 2021). One of the aspects
that need assessment when using plant- or algae-derived diets to replace
fish meal is the reaction of the immune system and the extent of
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dysbiosis caused to the microbiota present in the GIT (Li et al., 2014;
Ringg et al., 2016; Egerton et al., 2018; Limborg et al., 2018; Serra et al.,
2021). Because gut microbiota composition is diet-dependent and in-
fluences host health and well-being, understanding how gut microbiota
might shape gut immunity and modulate the immune response is
paramount to evaluating and implementing alternative feed ingredients
into aquafeeds.

To further characterize the impact of the four diets prepared with
algae biomass, we analysed the composition of the intestinal fluid
(digesta) microbiota through NGS, using composite samples, and the
expression levels of immune-related genes in the anterior and posterior
intestinal regions. A recent study characterized the sea bass gut micro-
biota using high-throughput sequencing in animals fed different diets,
including plant-based diets (Serra et al., 2021). The overall composition
of the bacterial community of D. labrax obtained in our work under the
CT diet was comparable to the designated core microbiota found in
those previous works. Proteobacteria and Bacteroidota essentially
dominated, followed by Patescibacteria, Verrucomicrobiota and Acti-
nobacteria with similar contributions, and finally by Firmicutes with a
lower relative frequency. In our study, the CT diet already incorporates
soymeal and wheat meal. Hence, a high relative frequency of Bacter-
oidota, considered a carbohydrate fermenting phylum (Pardesi et al.,
2022), is to be expected. Interestingly, however, the relative frequency
of Firmicutes, another carbohydrate fermenting phylum typical of her-
bivorous fish (Pardesi et al., 2022), shows a tendency to increase in the
diets with algae biomass, except for F. However, the main impact of the
algae-including diets is more evident in specific families within the
Proteobacteria and Bacteroidota phyla, where an increase in the relative
frequency of the family Vibrionaceae coincides with a marked decrease
in Flavobacteriaceae and Rhodobacteraceae. That combined effect is more
striking in the F diet. Flavobacteriaceae are primarily associated with
nutrient acquisition, such as carbohydrate metabolism, and a recent
study suggests the potential for diverse secondary metabolite biosyn-
thesis (Gavriilidou et al., 2020). In turn, bacteria from Rhodobacteraceae
positively correlate with growth performance (Huang et al., 2020),
pathogen defence (Yao et al., 2018) and cold resistance (Liu et al., 2019)
in shrimp.

In the present work, the decrease in the relative frequency of bac-
terial groups highlighted as playing a functional role in the digestion
metabolism in the fish intestine is mostly evident in diets with pre-
treated algae biomass. Apparently, the inclusion of the pre-digested
algae biomass, albeit at 5%, was sufficient to cause different degrees
of dysbiosis in what can be considered digestive core microbiota.
However, we can rule out the impact of pre-treatment in the case of the
CR diet. Instead, we suggest it is due to the inclusion of putative anti-
nutrients of algal structural biomass, causing a substrate imbalance for
the commensal bacteria. The bacterial community in the fish fed CR diet
also showed the highest alfa diversity values, with an increase in the
number of OTUs at low relative frequencies, suggesting an additional
effect in the secondary microbiota elicited by the inclusion of the algae
crude extract itself.

The marked increase in the relative frequency of Vibrionaceae was
mainly due to an increase in Vibrio species. This observation prompted a
closer inspection performed by running BLAST analyses in GenBank for
each Vibrio sequence revealing the presence of OTUs ascribed to the
clades Harvey, Anguillarum, Splendidus and Mediterranean (data not
shown). All these clades harbour provable or putative pathogenic Vibrio
species for marine animals. Since we did not analyse the mucosa
microbiota, we cannot extrapolate if these high relative frequencies
were limited to merely opportunistic Vibrio in the digesta or if an un-
derlying pathogenic situation was developing. Nevertheless, the high
relative frequency of Vibrio in the digesta did not significantly affect K
index. However, it might have created an immune challenge, ultimately
contributing indirectly to the reduced final body mass observed in the
CR, E and F groups.

In the present work, we quantified the expression level of three types
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of cytokines (interferon-gamma, two chemokines, and six interleukins)
in the anterior and posterior intestines. No significant effect was
observed in the E group in both intestinal segments, despite the high
relative frequency of Vibrionaceae in the microbiota. Of the nine genes
under analysis, the expression of il6 was significantly altered only in the
anterior intestine and only in the fish fed EF diet. This interleukin is
considered a key pro-inflammatory, inducible by lipopolysaccharides
(LPS), the endotoxin of Gram-negative bacteria. It promotes the prolif-
eration of macrophages and B cells and up-regulates antimicrobial
peptide (AMP) gene expression in macrophages (Zou and Secombes,
2016). In contrast to the anterior intestine, more genes had their
expression altered in the posterior intestine. This observation is consis-
tent with evidence gathered by other authors, with different fish species,
establishing the posterior intestine as the intestinal region more reactive
for most of the immune-related genes studied (Pichietti et al., 2021, and
references therein).

In the posterior intestine, animals fed the EF and F diets showed a
significant increase in the expression level of ifng and il10. IFN-y and IL-
10 are associated with type M1 and type M2 macrophages, respectively
(Muraille et al., 2014). Thl cells mediate the conversion of M1 into a
potent antimicrobial effector cell that activates infected macrophages
through cell contact and the focal secretion of IFN-y. Th2 cells, in turn,
are involved in the induction of the alternatively activated macrophage
phenotype (M2), which mediates resolution of the inflammatory stage
and initiates tissue repair in wound healing processes and maintains
tissue integrity (Muraille et al., 2014).

It was previously suggested that the IL-10-mediated immune re-
sponses involve the fine-tuned regulation of cytokines, including IFN-y
and IL-10 itself, by enhancing the expression of suppressors of cytokine
signalling (SOCS) proteins (Ding et al., 2003). The effect of fish IFN-y on
the activation of M1 macrophage is the induction of the typical immune
profile: inflammation, increased respiratory burst and nitric oxide pro-
duction (Pereiro et al., 2019) to establish the first line of defence against
intracellular pathogens. M2 macrophages, on the other hand, play a
predominant role in the suppression of immune responses (Martinez
et al., 2008) and are known in teleosts to express immunosuppressive
cytokines such as IL-10 (Grayfer et al., 2011; Castro et al., 2011). IL-10 is
considered a cytokine with a vital role in the termination of inflamma-
tory responses, development of long-lived memory cells and successful
restoration of homeostasis (Piazzon et al., 2015). In fact, experiments
with carp macrophage cell culture revealed an anti-inflammatory role
for IL-10 (Piazzon et al., 2015), which involved increased expression of
ifng and il10 and decreased il12 transcripts in neutrophils stimulated
with LPS. In turn, in zebrafish, an IL-10-mediated suppression of Thl
cell response and cytokine production was reported with Mycobacterium
marinum infection (Harjula et al., 2018). Also in zebrafish, with gut
inflammation caused by food antigens, an increase in il10 transcripts
was previously interpreted as a polarization of T cells toward a tolero-
genic profile and functional adaptive immune response (Coronado et al.,
2019).

In contrast to the response to the EF and F diets, significant increases
in il8 and il12b expression levels were present in the posterior intestine
of animals fed the CR diet, while although a slight increase in infg and
il10 transcripts could be observed, it was not significant. A putative role
in the launch of the immune response in teleosts has been suggested for
IL-8 and IL-12. Expression levels of il8 were found to correlate with early
stages of the inflammatory process in the intestine of zebrafish larvae
upon change to a soymeal-including diet (Coronado et al., 2019). Also,
transcripts for both these pro-inflammatory interleukins are known to be
increased by LPS in carp (Piazzon et al., 2015; Arts et al., 2010), and
downregulated by IL-10 (Piazzon et al., 2015).

In our work, and considering the literature evidence, we suggest that
in the case of the EF and F diet, D. labrax was able to develop an adaptive
immune response to the combined effect of algae biomass inclusion and
proliferation of potential pathogenic microbiota. In turn, the exclusively
pro-inflammatory response observed in the CR group could indicate a
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weaker inflammatory process, a delayed development of the immune
response or even a lack of capacity to overcome the intolerance to pu-
tative ANFs in the algae biomass.

5. Conclusions

In conclusion, we believe that 5% dietary inclusion of R. okamurae
biomass could be a suitable raw material for aquafeeds in the European
sea bass. Other species will obviously need testing. However, using
R. okamurae biomass requires a pre-treatment before inclusion, prefer-
ably involving enzymatic hydrolysis and fermentation. Otherwise, while
the fish still have a positive growth performance, the gastrointestinal
tract pays a toll on the integrity, transport, and inflammatory processes.
This work showed that it is possible to produce pre-treated algal biomass
to obtain adequate growth performance in this fish species. Neverthe-
less, dietary inclusion of treated R. okamurae still requires further studies
to fully characterize its suitability.
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