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Yeast-extracted nucleotides and
nucleic acids as promising feed
additives for European sea bass
(Dicentrarchus labrax) juveniles
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Oliviero Mordenti*, Pier Paolo Gatta' and Alessio Bonaldo®

tDepartment of Veterinary Medical Sciences, University of Bologna, Ozzano Emilia, Italy, 2Prosol
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Nowadays functional ingredients have a significant potential for improving
current low fish meal (FM) aquafeed formulation in sustaining growth and
enhancing animal robustness for Mediterranean aquaculture. Among them,
nucleotides (NT) and nucleic acids (NA) drew attention for their application in
the last two decades. NT are organic molecules involved in many life-supporting
pathways, and are the building blocks of NA, which stand as genetic repositories.
NT are naturally present in organic ingredients, and among them FM is known to
be one of the highest NT sources. When this NT source is seriously limited, fish
might be under the minimum NT requirements, especially in fast growing life
stages of carnivorous species. Hence, a trial on European sea bass juveniles was
carried out, testing two dietary FM levels (FM10, FM20 as 10% and 20% FM,
respectively) supplemented with 500 mg kg™ yeast-originate NT or NA dose
over 80 days. Thereafter, fish were exposed to one week of sub-optimal thermal
and dissolved oxygen condition (30°C and 4.0 mg/L O) to further explore the
effect of NT and NA inclusion on immune response and gut microbiome
alteration. At the end of the growth period NT increased feed intake at both
FM dietary levels. FM20 combined with NA and NT further improved growth
performance, enhancing lipid efficiency and increased anti-inflammatory TGF-f.
After sub-optimal environmental conditions both NT and NA exerted prebiotic
functions on gut microbiome by promoting beneficial lactic acid bacteria such as
Weissella and Leuconostoc. At the same time NT in 10% FM diet increased the
abundance of Bacillus taxon. In conclusion, the combination of NT/NA included
at 500 mg kg™ was able to promote growth when included in 20% FM level,
assuming higher nutritional NT requirement when combined with 10% FM. On
the other hand, NT/NA added in 10% FM upregulate proinflammatory IL-13 and
favor beneficial gut bacterial taxa.
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1 Introduction

To meet the continuously rising demand, Mediterranean
marine aquaculture sector urges a continuous production
improvement, especially for aquafeed, which covers
approximately up to 70% of the total running expenses and is
mainly bound to fish meal (FM) as the major but unsustainable
protein source, especially for carnivorous fish species (Guillen and
Carvalho, 2016; Dawood and Koshio, 2020). So far, the main
solution has been the consistent FM replacement with alternative
agricultural crop-derived ingredients though with some problems
related to anti-nutritional and nutrient requirements issues (Hua
and Bureau, 2012; Nasopoulou and Zabetakis, 2012; Bonvini et al.,
2018a; Sutili et al., 2018; Parma et al., 2019; Pelusio et al., 2022). Asa
further step beyond, tailored functional aquafeeds able to improve
growth, feed utilization, general health and stress resistance of
animals, represent a new emerging paradigm of current fish
nutrition to compensate the negative effects of alternative or low
FM based diets and improve cost-effectiveness (Hossain and
Koshio, 2017a; Dawood et al., 2018). Initially used as feed
attractants, nucleotides (NT) and nucleic acids (NA) drew the
attention of research and industrial communities as functional
ingredients on account of their many features as alternative
nitrogen sources and health promoters in the last two decades (Li
and Gatlin, 2006; Hossain and Koshio, 2017a). NT are low
molecular weight biological compounds involved in most of the
biochemical pathways essential for life support. They stand as
metabolic energy currency, cell signaling mediators and
components of enzyme cofactors. Moreover, they are the
constituents of the molecular repositories of genetic information:
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). The
structure of every protein, biomolecule, and cellular component, is a
product of information programmed into the NT sequence of
cellular NA (Bowyer et al, 2019). In feedstuffs, NT are naturally
present in all animal and vegetable origin ingredients mostly as
nucleoproteins and in low quantities as free NT and among them,
FM is one of the richest sources (Hossain et al., 2020). Since NT can
be synthesized endogenously by the organism, they are not
considered essential nutrients (Low et al., 2003). On the other
hand, their synthesis is a metabolically costly process, and the
dietary uptake of NT and NA isolated from yeasts may optimize cell
proliferation to promote rapid growth, especially during early
development stages with high metabolism or fast growth (Ringo
etal., 2012; Dawood et al., 2018). Many studies show that NT or NA
supplementation can improve growth and nutritional uptake in
several aquaculture species such as European sea bass (Oliva-Teles
et al,, 2006; Rawling et al., 2019), gilthead sea bream (El-Nokrashy
et al,, 2021), amberjack (Hossain et al., 2017b), Nile tilapia (Barros
et al., 2015; Kader et al., 2018), red sea bream (Hossain et al., 2016;
Hossain and Koshio, 2017a; Hossain et al., 2017c¢), Atlantic salmon
(Burrells et al., 2001), turbot (Peng et al., 2013) and rainbow trout
(Hunt et al., 2014). Moreover, when fish undergo sub-optimal and
stressful farming conditions such as handling, elevated
temperatures and fluctuating levels of dissolved oxygen,
additional NT pools might be required for further signal
transduction or immune cell proliferation with a modulatory
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effect (Carver and Allan Walker, 1995; Cosgrove, 1998; Li and
Gatlin, 2006). Many studies reported modulation to stress response
(Kenari et al., 2013; Palermo et al., 2013), resistance to disease and
pathogens (Burrells et al., 2001; Tahmasebi-Kohyani et al., 2011),
lymphocytes activity, macrophage phagocytosis, immunoglobulin
and cytokines responses (Gil, 2002; Low et al., 2003; Singhal et al.,
2008; Reda et al, 2018). As a further gut health biomarker, gut
microbiome composition and its eventual modulation may indicate
the status of commensal bacteria related to stressful events or
unbalanced diet formulation (Perry et al.,, 2020). So far,
encouraging and consistent NT and NA applications on gut
health have been reported in many aquatic species (Burrells et al.,
2001; Guo et al., 2019; Rawling et al., 2019; El-Nokrashy et al.,
2021). Nowadays, one of the main issues related to their addition in
formulated feeds is to establish the right dose for each specific life
stage and species. While terrestrial monogastric animals cannot
tolerate high levels of dietary NT due to high serum uric acid from
purine metabolism and associated toxicity, as well as negative effects
on other nutrients pathways, fish such as salmonids and sea bass
may tolerate high levels of NT/NA/yeasts thanks to active liver
uricase (Hossain et al., 2020). So far, the most promising dose
concentration for blend NT has been targeted at 0.5% dietary level,
while for single purified nucleotide dosages the range has been
between 0.1% and 0.6% of dry weight in different fish species
(Hossain et al., 2020). European sea bass (Dicentrarchus labrax) is
one of the major Mediterranean aquaculture species in the
European Union and it is well known to be a model organism
(Vandeputte et al., 2019). In recent years, though its carnivorous
regime, sea bass diet formulation has been achieving even low FM
contents with commercial potential application (Pelusio et al,
2022). For these reasons, the aim of the present study was to
evaluate the effects of dietary NT and NA addition on growth and
gut health of European sea bass juveniles fed different low FM level.

2 Materials and methods
2.1 Experimental diets and additive dosages

Ingredients and chemical composition of the experimental diets
are presented in Table 1. Six isonitrogenous (45.16% protein) and
isolipidic (17.43% lipids) diets were formulated to contain 2 low
different FM levels (20 and 10%) as control treatments. Then,
nucleotides (NT) and nucleic acid (NA) were added at the same
dosage of 500 mg kg feed' in accordance with recent
recommendations on same and other fish species (De Cruz et al.,
20205 El-Nokrashy et al., 2021; Magouz et al., 2021). Experimental
diets were produced via extrusion (pellet size = 2.0 mm) by the
Danish Technological Institute (Taastrup, Denmark).

2.2 Fish and rearing conditions
The trial was performed at the Laboratory of Aquaculture,

Department of Veterinary Medical Sciences of the University of
Bologna, Cesenatico, Italy. European sea bass (Dicentrarchus
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TABLE 1 Feed formulation and chemical composition of experimental treatments at different fish meal (FM) level and nucleotide (NT) or nucleic acid

(NA) inclusion.

Diet FM10 FM1ONT FM10NA FM20 FM20ONT FM20NA
Formulation (% of diet)
Rapeseed lecithin 2.00 2.00 2.00 2.00 2.00 2.00
Wheat 8.96 8.96 8.96 14.49 14.49 14.49
Corn gluten 21.00 21.00 21.00 15.00 15.00 15.00
Hi-pro soya 14.00 14.00 14.00 10.00 10.00 10.00
Wheat gluten 13.77 13.77 13.77 13.77 13.77 13.77
Sunflower meal 14.00 14.00 14.00 10.00 10.00 10.00
Fish meal 10.00 10.00 10.00 20.00 20.00 20.00
Fish oil 12.87 12.87 12.87 12.20 12.20 12.20
L-Lysine 1.08 1.08 1.08 0.74 0.74 0.74
Monoamoniumphosphate 1.20 1.20 1.20 0.75 0.75 0.75
Vitamin premix 0.50 0.50 0.50 0.50 0.50 0.50
Mineral premix 0.20 0.20 0.20 0.20 0.20 0.20
Choline chloride 0.32 0.32 0.32 0.26 0.26 0.26
Yttrium premix 0.10 0.10 0.10 0.10 0.10 0.10
Feed additive inclusion (ppm)
NT - 500 - - 500 -
NA - - 500 - - 500
Proximate composition (% on a wet basis)
Moisture 6.86 6.87 6.28 5.77 6.19 6.48
Crude protein 45.03 45.34 45.56 45.25 44.72 45.06
Crude lipid 17.68 17.63 17.53 17.56 17.47 16.72
Ash 4.99 5.09 5.09 5.85 5.84 5.84
NT, tract rich in i (22% 7.7% RNA).

NA, yeast-extract rich in nucleic acid (26.5% RNA, 8.0% nucleotides).

labrax) juveniles were transferred from Ittica Caldoli S.A.R.L
(Poggio Imperiale, Foggia, Italy) to the laboratory facilities and
adapted for one week before the beginning of the trial. Then, 60 fish
tank ! (initial weight: 14.33 £ 0.18 g, mean * standard deviation,
SD) were randomly allocated in eighteen 800 L tanks. Diets were
randomly assigned in triplicate condition and animals were fed for
80 days. Tanks were provided with natural seawater using a closed
recirculation system (overall water volume: 20 m®) according to
Pelusio et al. (2021). The recirculation system consisted of a
mechanical sand filter (PTK 1200, Astralpool, Barcelona, Spain),
ultraviolet lights (SH-88, BLUGEO S.rl., Parma, Italy) and a
biofilter (PTK 1200, Astralpool, Barcelona, Spain). The water
exchange rate in each tank was 100% every hour, while the
overall water renewal in the system was 5% per day. The
temperature was kept at 22.0 + 0.5°C while photoperiod was set
at 12 h light and 12 h dark. The oxygen level (8.0 + 1.0 mg L") was
provided through a liquid oxygen system regulated by a software
programme (B&G Sinergia snc, Chioggia, Italy). Ammonia (total
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ammonia nitrogen < 0.1 mg L") and nitrite (< 0.2 mg L™") were
daily measured (Spectroquant Nova 60, Merck, Lab business,
Darmstadt, Germany), while salinity (30 g L™') was analysed
using a salt refractometer (106 ATC, Giorgio Bormac S.r.l., Carpi,
Italy). Sodium bicarbonate was provided regularly to keep pH at
7.8-8.2 (Pelusio et al., 2021). Fish were fed ad libitum twice a day
(8:30 h and 16:30 h) for six days a week by means of automatic
feeders using an overfeeding approach with a daily feeding ration
10% higher than the daily ingested ration of the previous days as
reported by Bonvini et al. (2018b). Each meal lasted 1 h, after which
the uneaten pellets of each tank were collected, dried overnight at
105°C, and weighed for further calculations of feed intake.

2.3 Suboptimal rearing conditions

After the end of the feeding trial, fish were exposed to high
temperature (28.9 + 1.8°C) and low oxygen (4.1 + 0.8 mg L ™", 55.3 +
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4.7% saturation level) for 8 days while keeping the same feeding
conditions. The sub-optimal environmental conditions were
designed in order to simulate unfavourable Mediterranean
summer condition as reported by Busti et al. (2020). Specifically,
temperature was increased at a rate of 2-degree day ' while water
oxygen level was decreased (concentration from 8.0 + 1.0 mg L™ to
4.6 + 0.6 mg L' and saturation from 105.0 + 1.0% to 67.6 + 5.0%,
respectively) within 24 h. Temperature and oxygen level were
constantly measured through an automatic system regulated by a
software programme (B&G Sinergia snc, Chioggia, Italy). The
environmental parameters were chosen according to previous
studies on oxygen and thermal tolerance of the species (Diilger
et al.,, 2012; Makridis et al., 2018; Busti et al., 2020).

2.4 Sampling

At the beginning and at the end of the feeding trial (day 80) fish
were anaesthetised and individually weighed. Specific growth rate
(SGR), feed intake (FI) and feed conversion ratio (FCR) were
calculated. Proximate carcass composition was determined at the
beginning of the trial on a pooled sample of 15 fish and on pooled
samples of 5 fish tank™' at the end of the trial. Protein efficiency
ratio (PER), gross protein efficiency (GPE), lipid efficiency ratio
(LER), and gross lipid efficiency (GLE) were calculated. At the end
of the trial, condition factor (CF), viscerosomatic index (VSI),
hepatosomatic index (HSI) and mesenteric fat index (MFI) were
also obtained from 3 fish per tank. Concerning immunological
parameters, at the beginning (TO0, 9 fish in total), at the end of the
feeding trial (T1, 6 animals’ diet ') and at the end of the suboptimal
rearing conditions (T2, 6 animals’ diet™") fish were sampled to
assess inflammatory and immune response gene expression of distal
intestinal mucosa (1 cm before the rectum) (Busti et al., 2020;
Pelusio et al., 2020; Parma et al., 2023). At the end of the feeding and
suboptimal rearing conditions periods, samples of feces from distal
intestine in 6 fish diet”" were also individually collected and placed
at —80°C for gut bacterial community characterisation (Parma et al.,
2019). The experimental design scheme of the feeding trial is
reported in Supplementary Figure 1. All experimental procedures

10.3389/fmars.2023.1145660

were carried in accordance with European directive 2010/63/UE on
the protection of animals used for scientific purposes.

2.5 Cytokines gene expression analyses by
real—time polymerase chain reaction

Activation of local (intestine) immune and inflammatory
response associated with different diets (FM level and NA/NT
supplementation) has been assessed through transcript
quantification of target genes in distal intestine. In particular
genes of two inflammatory cytokines such as interleukin 13 (IL-
1PB), tumor necrosis factor o (TNF-o) and two anti-inflammatory
cytokines interleukin 10 (IL-10) and transforming growth factor 8
(TGEF-B) were investigated. Total RNA was isolated from 20-30 mg
of intestine samples stored in RNA Later (Sigma) using the
NucleoSpin RNA extraction kit (Machery-Nagel) following the
manufacturer’s instructions. RNA quality was assessed by 260/280
ratio. The RNA extraction protocol includes a treatment with
DNAse I in order to remove genomic DNA. The first strand of
complementary DNA (cDNA) was synthesised by reverse
transcription using the GoScript Reverse Transcriptase
(Promega). cDNA concentration was quantified using a Qubit
Fluorometer (ThermoFisher). Realtime PCR was performed with
an ABI PRISM 7300 instrument (Applied Biosystems) using BRYT
Green GoTaq qPCR (Promega). 10 ng of each cDNA sample was
added to a reaction mix containing 2 x GoTaq qPCR Master Mix
(Promega), 300 nM of CXR and 200 nM of each primer. The
primers used for IL-1p, IL-10, TNF-o,, TGF-B and the housekeeping
S18 rRNA gene, are shown in Table 2. Reaction mixtures were
incubated for 2 min at 95°C, followed by 50 cycles of 10 s at 95°C, 30
s at 60°C, and finally 15 s at 95°C, 1 min 60°C and 15 s at 95°C
(dissociation stage). Before the experiments, the specificity of each
primer pair was studied using positive and negative samples. A
melting curve analysis of the amplified products validated the
primers for specificity. After these verifications, all cDNA samples
were analyzed in triplicate. Negative controls with no template and
an internal control were always included in the reactions. For each
sample, gene expression was normalized against S18 rRNA and

TABLE 2 Primer sequences used for gene expression analyses of immune genes.

Abbreviation izl

D Primer sequence (5'- 3')

Amplicon

(bp) References

S18 rRNA 188 AMA490061 AGGGTGTTGGCAGACGTTAC 170 Sepulcre et al.
CTTCTGCCTGTTGAGGAACC (2007)
ATCTGGAGGTGGTGGACAAA Sepulcre et al.
Interleukin 1 i1 AJ311925 106
nterleukin 1§ i-1p J AGGGTGCTGATGTTCAAACC (2007)
CGACCAGCTCAAGAGTGATG Sepulcre et al.
Interleukin 10 il-10 DQ821114 199
nerien ! Q AGAGGCTGCATGGTTTCTGT (2007)
Tumor necrosis factor o inf-a DQ200910 AGCCACAGGATCTGGAGCTA 12 Sepulcre et al.
mor 18 factor GTCCGCTTCTGTAGCTGTCC (2007)
Transforming growth B AMA421619 GACCTGGGATGGAAGTGGAT 295 Faliex et al.
factor B ” CAGCTGCTCCACCTTGTGTTG (2008)

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2023.1145660
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Pelusio et al.

expressed as 2-AACt, where ACt is determined by subtracting the
§18 rRNA Ct value from the target Ct. Gene expression of animals
fed control and experimental diets collected at the end of the feeding
trial (T1) and after suboptimal rearing conditions (T2) were
expressed as “fold changes” relative to control animals sampled at
T1 and T2, respectively (Pelusio et al., 2020).

2.6 Gut bacterial community DNA
extraction and sequencing

The DNA was extracted as described by De Cesare et al. (2017).
Distal intestine content aliquots of 0.30 g were initially suspended in
1 mL lysis buffer (500 mM NaCl, 50 mM Tris-Cl, pH 8.0, 50 mM
EDTA, 4% SDS) with MagNA Lyser Green Beads (Roche, Milan,
Italy) and homogenized on the MagNA Lyser (Roche) at 6500 rpm
for 25 s. Afterwards, samples were heated at 70°C for 15 min,
followed by centrifugation to split the DNA from the bacterial
cellular wreckage. This process was repeated with a second 300 pL
aliquot of lysis buffer. The samples were then subjected to 10 M v/v
ammonium acetate (Sigma, Milan, Italy) precipitation, followed by
isopropanol (Sigma) precipitation and a 70% ethanol (Carlo Erba,
Milan, Italy) wash and resuspended in 100 uL 1X Tris-EDTA
(Sigma). The samples were then treated with DNase-free RNase
(Roche) and incubated overnight at 4°C, before being processed
through the QIAmp DNA Stool Mini Kit (Qiagen, Milan, Italy)
according to the manufacturer’s directions, with some
modifications. Samples were measured on a BioSpectrometer
(Eppendorf, Milan, Italy) to assess DNA quantity and quality.
Libraries were prepared following the 16S Metagenomic
Sequencing Library Preparation protocol (Illumina, San Diego,
CA, USA), amplifying the V3 and V4 hypervariable regions of the
16S rRNA gene in order to obtain a single amplicon of
approximately 460 bp. Sequencing was performed in paired-end
employing MiSeq System (Illumina) with MiSeq Reagent kit v2 500
cycles (Illumina), characterised by a maximum output of 8.5 Gb.

2.7 Analytical methods

Chemical analyses were conducted according to Pelusio et al.
(2021). Shortly, diets and fish carcass were analyzed for proximate
composition. Moisture was determined by weight loss after drying
samples in a stove at 105°C overnight. Crude protein was analysed
as total nitrogen (N*6.25) using Kjeldahl’s method according to the
AOAC International (AOAC, 2010). Total lipids were measured
according to Bligh and Dyer (1959) extraction method. Ash content
was determined by incineration in a muffle oven at 450°C overnight.

2.8 Statistical and bioinformatic analysis

For statistical analysis a tank was used as the experimental unit
to analyse growth, while pools of five individuals per tank were
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considered to describe CF, VSI, HSI. Growth, nutritional, and
somatometric indices were analyzed by one-way ANOVA,
followed by Tukey’s multi-comparison test. Gene expression
values have been expressed as mean of fish subjected to each
treatment * standard deviation (SD). Diet effect on gene
expression was assessed by two-way ANOVA using NA/NT
supplementation (S) and FM level as variables; then Tukey’s post
hoc test was performed. The normality and/or homogeneity of
variance assumptions were validated for all data preceding
ANOVA. Growth, nutritional and somatometric indices and gene
expression data were analyzed using GraphPad Prism 9.0 for
Windows (Graph Pad Software, San Diego, CA, USA).

Gut microbiome samples before and after suboptimal rearing
conditions (T1 and T2) were analysed adopting a bioinformatic
pipeline based on QIIME2 (http://qiime.org/). Raw sequences were
processed with the dada2 algorithm in order to denoise and to
merge forward and reverse sequences per each pair. The taxonomic
classification of cleaned data was performed by applying the
VSEARCH-based classifier implemented in QIIME and using the
Greengenes 13_8 97% OUT dataset as reference. The mean values
for the relative frequency of abundance of each taxonomic level in
each sample were compared using the the two-way anova followed
by the Dunnet post hoc analysis (pakages aov:stats and dunn_test:
rstatix respectively). P-values < 0.05 were considered statistically
significant. B-diversity was calculated using “vegdist” (vegan
“package) and the PCoA analysis using “cmdscale” (“stats”
package). Statistical differences were calculated using the
“beta_pcoa_stat” (“amplicon”package).

3 Results

3.1 Growth, biometric indices and
nutritional uptake

Data on growth performance, somatometric indices, proximate
composition and nutritional indices are represented in Table 3. At
the end of the growth period the FBW was higher in FM20NT and
FM20NA compared to FM20. On WG the lowest level was
displayed by FM20 animals, while FM10 was lower than
FM20NA. Concerning SGR, FM20 were lower than FM20NT and
FM20NA; at the same time FM20NA was higher than FM10.
Regarding FCR, FM20 was higher than FM20NA. VFI of FM10
and FM20 fish levels were lower than FM10NT and FM20NT. No
significant differences were detected among treatments for survival.
Concerning somatometric indices, no significant differences
occurred among treatments for CF, VSI, HSI and MFI. Regarding
proximate composition, no significant difference was shown for
crude protein while the highest crude lipid was measured in fish fed
FM20NT. At the same time crude lipid in FM10NT was higher than
FMI10NA. Moisture was higher in FMI0ONA than FMIONT,
FMIONT, FM20NT, and FM20NA. No significant differences
were detected in ash content. Regarding nutritional indices, PER
was higher in FM20NA compared to FM20, FM10NA, FMI10NT,
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TABLE 3 Growth performance, somatometric indices, proximate composition and nutritional indices of European sea bass fed the experimental diets
over 80 days.

Experimental diets

FM10ONT FM10NA FM20 FM20ONT FM20NA

Growth performance

IBW (g) 143 +0.08 14.5% 0.05 14.4 + 0.04 142 + 034 144 +0.15 142 +0.10 0.2397
FBW (g) 69.9 + 3.12° 723+ 1.48% 71.7 + 2.46™ 66.1 + 1.37° 75.9 + 2,55 78.7 + 3.12° 0.0006
WG (g) 55.6 + 3.19% 57.8 + 1.51°° 57.3 + 2.49%° 51.9 + 1.47° 61.5 + 2.60° 64.5 + 3.18° 0.0008
SGR (% day™) 1.98 + 0.08% 2.01 + 0.03%> 2.01 + 0.07°> 1.93 + 0.06* 2.08 + 0.07° 2.14 + 0.04° 0.0022
FCR 1.24 + 0.07%° 1.29 + 0.02%° 1.30 + 0.08% 1.33 + 0.05° 121 +0.04% 1.15 + 0.05° 0.019
VFI (g kg ABW™ day™) 67.1  2.90° 74.9 + 1.14° 73.7 + 1.82% 67.0 + 3.08° 74.5 + 2,90 72.1 £ 2.56™ 0.0043
Survival (%) 94.4 + 0.96 98.3 + 2.89 98.3 + 1.67 972+ 1.92 99.4 + 0.96 95.0 + 5.00 0.2020
Somatometric indices

CF 1.29 + 0.06 137 £ 021 1.23 + 0.09 1.20 + 0.06 1.23 + 0.06 1.30 + 0.09 0.2336
VSI (%) 12.51 + 0.85 13.36 + 3.20 12.07 + 048 12.37 + 0.49 12.92 + 0.95 12.73 +0.96 0.8964
HSI (%) 2.19 +0.12 2.37 +0.09 217 +0.12 2.40 + 0.04 237 +0.18 2.40 % 0.16 0.2284
MFI (%) 7.14 + 0.47 7.26 +1.76 7.84 +0.70 6.81 % 0.76 734+ 1.12 7.26 + 1.76 0.8586
Proximate composition (%)

Crude protein 17.20 + 0.14 17.10 + 0.30 17.15 + 0.49 17.23 + 022 16.97 + 0.14 17.33 + 0.24 0.3322
Crude lipid 1644 + 0.64°° | 17.75 + 0.34° 16.24 + 1.35° 16.61 + 0.23% 19.17 + 0.46° 17.51 + 0.67%° <0.0001
Ash 3.76 + 0.06 4.04 + 0.41 3.77 + 0.40 3.91 +0.23 3.68 + 0.46 3.55 + 0.30 0.2644
Moisture 62.04 £ 0.69" | 60.81 + 0.30®° 6333 + 1.63° 61.90 + 0.55° 60.02 + 0.98° 61.44 + 0.70%° <0.0001
Nutritional indices

PER 1.84 +0.10% 1.70 + 0.07 1.71 + 0.08* 1.71 £ 0.07 1.85 + 0.10°° 1.98 + 0.06° 0.0062
GPE (%) 3161 £206° | 29.07 + 1.85° 2921 + 2.26° 29.53 + 1.71%° 31.24 + 1.59%° 34.40 + 1.54° 0.0318
LER 4.69 + 026 438 +0.18° 443 +0.20° 442 +0.18 4.73 +0.24° 5.35 + 0.16° 0.0008
GLE (%) 87.53 +3.65°° | 88.78 + 4.78° 81.65 + 10.5" 84.06 + 2.14* 10345 + 7.36> 105.19 + 6.29° 0.0022

In each line, different superscript letters indicate significant differences among treatments (P < 0.05).

Growth performances, proximate composition and nutritional indices are given as the tanks mean (n =3) + SD. Somatometric indices are given as the mean (n=15) + SD. IBW Initial body weight,
FBW Final body weight, WG Weight gain, SGR Specific growth rate = 100 * (In FBW- In IBW)/days, FCR Feed conversion rate = feed intake/weight gain, VFI Voluntary feed intake = g feed/fish,
CF Condition factor = 100 * (FBW/length3 ), VSI Viscerosomatic index = 100 * (viscera weight/FBW), HSI Hepatosomatic index = 100 * (liver weight/FBW), MFI Mesenteric fat index = 100*
(mesenteric fat/FBW), PER Protein efficiency rate = (FBW - IBW)/total protein intake, GPE Gross protein efficiency = 100 * [(% final body protein content * FBW) - (% initial body protein *
IBW)]/total protein intake fish, LER Lipid efficiency rate = (FBW - IBW)/total lipid intake, GLE Gross lipid efficiency = 100 * [(% final body lipid content * FBW) — (% initial body lipid * IBW)]/
total lipid intake fish, SD = standard deviation.

and FM10. GPE was higher in FM20NA compared to FM10NA and
FM10NT. Concerning lipid efficiency, LER was higher in FM20NA
compared to the other treatment while GLE was higher in FM20NA
than FM20, FM10NA, and FM10.

3.2 Cytokines gene expression

The gene expression of four genes involved in the immune and
inflammatory response are presented in Figure 1. Significant effect
of FM level was found for IL-1 B and TGF-P at the end of the
feeding trial (T1). Moreover, a significant interaction between FM

Frontiers in Marine Science

level and NA/NT supplementation (FMxS) was observed for TGF-3
at the end of the feeding trial (T1). In particular at this time point
(T1) the IL-1B was upregulated in animals fed with FM10 diet
supplemented with NA or NT compared to FM10 control diet with
a significant increase in FM10NA group. Conversely, the TGF-3
was downregulated in FM10NA and FM10NT compared to FM10
with a significant decrease in FM10ONT group. In FM20 diets
supplemented with NA/NT IL-1B was not upregulated and
resulted less expressed compared to NA/NT supplemented FM10.
Furthermore, a significant difference was observed for TGF-f
between FMIONA/NT and FM20NA/NT groups: animals fed
FM20NA/NT showed significantly higher expression than those
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Immune and inflammatory cytokine gene expression in intestinal mucosa of European seabass fed with feed additives (nucleotides and nucleic acids)
at two different fish meal levels over 80 days (T1) and after suboptimal rearing condition period (T2). Data are given as 6 individuals per diet. In each
graph, significance is attributed to P < 0.05. FM= fish meal level (10% and 20%) with inclusion of nucleotides (NT) or nucleic acids (NA) in diet at 500
ppm. IL-1B = Interleukin 1B; TNFa = Tumor necrosis factor a; TGFf = Transforming growth factor B; IL-10 = Interleukin 10. Different symbols stand
for significant differences among dietary treatments for the same FM level. Different lowercase letters (a/b, T1; a'/b’ T2) stand for significant

differences between different FM levels.

fed FM10NA/NT. After suboptimal rearing condition (T2), no
significant differences were observed among experimental groups
by two-way ANOVA analysis. However, the post hoc test showed a
significant upregulation of IL-1B in FM10 diet fed animals
compared to the FM20 group.

3.3 Gut bacterial community

The 16S rRNA gene sequencing was performed on a total of 36
gut contents per each considered timepoint (T1 and T2) to assess
how NT or NA dietary inclusion within 10% or 20% FM
formulation levels could affect gut bacteria communities and
consequently gut health of European sea bass before or after
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suboptimal rearing conditions. To this aim, samples were
evaluated at different phylogenetic levels of phylum (Figure 2),
family (Figure 3) and genus (Figure 4), respectively.

At phylum level, the most abundant taxa observed at both
considered timepoints were Firmicutes (51.8% at T1, 52.5% at T2),
Proteobacteria (20.5% at T1, 20.6% at T2), Cyanobacteria (17.5% at
T1, 12.5% at T2), Actinobacteria (5.3% at T1, 7.2% at T2) and
Bacteroidetes (3.3% at T1, 5.6% at T2) (Figure 2). The most
dominating families were represented by Leuconostocaceae (22.2%
at T1, 6.2% at T2), Clostridiaceae (4.6% at T1, 6.5% at T2),
Streptococcaceae (5.5% at T1, 16.3% at T2), and Lactobacillaceae
(3.8% at T1, 5.5% at T2) (Figure 3). At the end of the feeding trial the
genus level abundance was mostly represented by Weissella (13.1% at
T1, 4% at T2), followed by Leuconostoc (9.1% at T1), Streptococcus
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FIGURE 2

Microbiota composition of distal gut content of European seabass fed
feed additives (nucleotides and nucleic acids) at two different fish
meal levels over 80 days (T1) and after suboptimal rearing condition
period (T2). Bar plot summarizing the microbiota composition at
Phylum level of fish intestinal content. FM10 = fish meal 10% diet
level; FM20 = fish meal 20% diet level; NT = 500 ppm nucleotide feed
inclusion; NA = 500 ppm nucleic acid feed inclusion.
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FIGURE 4

Microbiota composition of distal gut content of European seabass fed
feed additives (nucleotides and nucleic acids) at two different fish
meal levels over 80 days (T1) and after suboptimal rearing condition
period (T2). Bar plot summarizing the microbiota composition at
Genus level of fish intestinal content. FM10 = fish meal 10% diet level;
FM20 = fish meal 20% diet level; NT = 500 ppm nucleotide feed
inclusion; NA = 500 ppm nucleic acid feed inclusion.

(5% at T1, 16.1% at T2), Lactobacillus (3.8% at T1, 5.5% at T2), and
Propionibacterium (2.3% at T1, 4% at T2). (Figure 4).

In Figures 5, 6 are reported the most represented taxa at family
and genus level (mean rel. ab. > 1%) showing significant differences
among treatments at T'1 and T2. Supplementary Figures 2-4 reports
differences among treatments of minor represented taxa (mean rel.
ab. < 1%).

At T1, Corynebacteriaceae was significantly affected by S and
FM level, with a significant interaction of SxFM level. In particular,
Corynebacteriaceae abundance was higher in FM10NT compared to
FM10, FM10NA and FM20NT. At T2, Leuconostocaceae abundance
was significantly affected by S and FM level, with a significant
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FIGURE 3

Microbiota composition of distal gut content of European seabass fed
feed additives (nucleotides and nucleic acids) at two different fish
meal levels over 80 days (T1) and after suboptimal rearing condition
period (T2). Bar plot summarizing the microbiota composition at
Family level of fish intestinal content. FM10 = fish meal 10% diet level;
FM20 = fish meal 20% diet level; NT = 500 ppm nucleotide feed
inclusion; NA = 500 ppm nucleic acid feed inclusion.
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interaction of SxFM level. In particular Leuconostocaceae
abundance was higher in FMIONT than FM10 and higher in
FM10NT than FM20NT. At the same time a significant
interaction FMxS affected Clostridiaceae abundance which was
lower in FM10NT than FMI10. Paenibacillaceae abundance was
affected by S, showing higher values in FM20NA compared to
FM20 (Figure 5).

At T1 a significant interaction SxFM level affected Weissella
abundance which was higher in FM10NT than FM10. At the same
time, Corynebacterium was significantly affected by S and FM level,
with a significant interaction of SxFM level. Specifically,
Corynebacterium abundance was higher in FM10NT compared to
FM10, FM10NA and FM20NT. At T2, Weissella and Leuconostoc
abundances were significantly affected by S and FM level, with a
significant interaction of SxFM level. Specifically, both taxa were
higher in FM10ONT than FM10 and FM20NT, while Weissella
abundance was also higher in FM10NA than FM10. At the same
time Bacillus abundance tended to increase in FM10NT compared
to FM10, while Clostridium displayed an opposite trend with lower
values in FMIONT than FM10 (Figure 6).

At each timepoint (T1 and T2), internal o-diversity gut
microbiome was accessed by Shannon, Simpson and Fischer
metrics at phylum, family and genus levels (Figure 7) while B-
diversity is reported in Supplementary Figure 5. At T1 no significant
differences at phylum level were detected while at T2 all the indexes
showed a significant FMxS interaction with lower value in FM20NT
than FMIONT (Figures 7A-C). At family level, alpha diversity
metrics displayed at T1 a significant FM effect and FMxS
interaction for Shannon and Simpson indexes, while a significant
FM effect was detected in Fisher index. All the alpha diversity
indexes at T1 showed at family level higher values in FM10 than
FM20 without a significant effect of NT-NA supplementation
(Figures 7D-F). At genus level, both Shannon and Simpson
indexes displayed at T1 a significant FM and S effects, while a FM
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Taxonomic composition of bacterial communities of distal gut content of European seabass fed feed additives (nucleotides and nucleic acids) at two
different fish meal levels over 80 days (T1) and after suboptimal rearing condition period (T2). Distributions of relative abundance of family that
showed a significant variation between groups fed with different diets (two-way ANOVA, FM= fish meal level; S=feed supplemented with nucleotide,
NT or nucleic acid, NA). Only the most abundant families with a mean relative abundance >1% in all groups were represented. FM10 = fish meal 10%
diet level; FM20 = fish meal 20% diet level; NT = 500 ppm nucleotide feed inclusion; NA = 500 ppm nucleic acid feed inclusion.

effect was observed for Fisher index. Specifically, FM20NT
displayed higher values compared to FM20 for all the alpha
diversity metrics analysed at T1, while at T1 no differences were
detected (Figures 7G-I). Significant separation in the principal
coordinate analyses was mostly detected at T2 in FM10 vs
FMIONT (Supplementary Figure 5).

4 Discussion

Since exogenous NT and NA supply have attracted attention in
the last two decades, the present study is an attempt to fulfil some of
the gaps in aquaculture research. Our results showed that 500 ppm

of NT enhanced feed intake in 10 and 20% FM diet. Whether used
as NA or NT, composition of nucleotides and their molecular form
is crucial, since some compounds can stand as feed enhancer or feed
intake inhibitors like free-adenine (Rumsey et al, 1992). The
palatability mechanism is still not well known; however free 5-
NT are known as powerful gustatory stimulants on their own
(Morais, 2017). Fish gustatory receptors (taste buds) have been
found to have different positions on body surface among species
and also attractiveness to different NT molecules is species-specific
(Morais, 2017). For example, jack mackerel displayed appetite for
IMP, GMP, UMP, UDP, UTP, while it was not attracted by
nucleosides such as inosine, adenosine, guanosine and uridine, or
other NT (AMP, ADP, ATP, IDP, GDP, xanthosine 5V-

FIGURE 6

Taxonomic composition of bacterial communities of distal gut content of European seabass fed feed additives (nucleotides and nucleic acids) at two
different fish meal levels over 80 days (T1) and after suboptimal rearing condition period (T2). Distributions of relative abundance of genus that
showed a significant variation between groups fed with different diets (two-way ANOVA, FM= fish meal level; S=feed supplemented with nucleotide,
NT or nucleic acid, NA), only most abundant genus with a mean relative abundance >1% in all groups were represented. FM10 = fish meal 10% diet
level; FM20 = fish meal 20% diet level; NT = 500 ppm nucleotide feed inclusion; NA = 500 ppm nucleic acid feed inclusion.
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FIGURE 7

Alpha diversity of bacterial communities of distal gut content of European seabass fed feed additives (nucleotides and nucleic acids) at two different
fish meal levels over 80 days (T1) and after suboptimal rearing condition period (T2). Boxplots show alpha diversity values measured by Shannon
diversity, Simpson diversity and Fisher diversity at phylum (A-C), family (D—F) and genus (G-1) level Simpson diversity and Fisher diversity. Differences
were detected by two-way anova (FM= fish meal level; S=feed supplemented with nucleotide, NT or nucleic acid, NA). FM10 = fish meal 10% diet
level; FM20 = fish meal 20% diet level; NT = 500 ppm nucleotide feed inclusion; NA = 500 ppm nucleic acid feed inclusion.

monophosphate, 3VIMP, 3V-UMP, 2-deoxy-IMP, allyltio-IMP),
(Ikeda et al,, 1991). In largemouth bass dietary IMP supply (2800
mg kg'") displayed an FI increase of 46% to soybean meal-based diet
without additive, but FI of animals fed both IMP dose diets (2800 or
5600 mg kg'') was lower than fish fed 10% FM diet (Kubitza et al.,
1997). The authors explained that probably FM is a relatively high
source of IMP, therefore, the beneficial influence of IMP
supplementation generally is not noticeable when fish meal is
added to aquafeed formulations (Li and Gatlin, 2006).
Concerning NA palatability effect, similar observations were
reported by Peres and Oliva-Teles (2003), where low and high
protein diets (39% and 50%, with 62.1% FM and 46.6% FM,
respectively) supplied with yeast-RNA at 6.2% and 12.4%
increased feed intake in European sea bass. Accordingly, the
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inclusion of 5.8% RNA extract combined with 44.4% FM led to a
significantly higher FI and growth in gilthead sea bream (Oliva-
Teles et al., 2006). On the contrary, RNA extract included at dietary
levels of 3-6% in rainbow trout or 4-8% in turbot had no significant
effect on FI (Fournier et al., 2002). In the present study, FCR was
consistently reduced by 25.6% in FM20NA compared to FM20
control diet. Consequently, SGR of FM20 met a major enhancement
by 11.0% in FM20NA diet. These findings are consistent with
Magouz et al. (2021), where sea bass specimens fed increasing
doses of NT blend (500, 1000, 1500 mg kg’l) had improved SGR,
especially at 500 mg kg'. On the same species another recent study
testing diets containing 0%, 0.15% and 0.3% inclusion of a NT
mixture found a positive effect on growth (Bowyer et al., 2019).
However, rainbow trout fed 0, 8, 16 and 24 mg kg diet”" of same NT
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blend supplied in diets with low FM levels of 0% and 5% were found
to have a lesser growth and feed efficiency compared to a control
group fed 25% FM without NT inclusion (Liu, 2016). Similar
growth and feed efficiency improvements were also found in red
drum Sciaenops ocellatus (Cheng et al.,, 2011), greater amberjack
Seriola dumerili (Hossain and Koshio, 2017a), red sea bream Pagrus
major (Hossain et al., 2016; Hossain and Koshio, 2017a), zebrafish
Danio rerio (Guo et al., 2017), turbot Scophtalmus maximus (Peng
etal,, 2013), and gilthead sea bream Sparus aurata (Peres and Oliva-
Teles, 2003; El-Nokrashy et al., 2021). In our study, the synergic
growth and feed intake improvements of animals fed FM20NT may
reveal a satisfied N'T exogenous requirement for the considered life
stage of this species. This hypothesis might confirm that exogenous
supply of NT may promote growth of juvenile fish meeting their
high rate of cell replication, especially when dietary FM is heavily
limited (Li and Gatlin, 2006). In addition, the differences in feed and
nutrient efficiency observed at the different FM levels may indicate
that the requirements are met when 20% of FM is included, thus
indicating that a possible higher NT/NA inclusion level should be
considered for dietary FM level of 10%. Although both NT and NA
at 20% FM promoted the overall growth, it seemed that NT had a
greater role in enhancing feed palatability, while NA promoted feed
efficiency. Though no significant differences occurred, HSI values
were found to be in alignment with previous studies on same species
and size (Peres and Oliva-Teles, 2003; Busti et al., 2020; Magouz
et al., 2021). The liver size is an indicator of the nutritional status of
fish (Hossain and Koshio, 2017a). A study on rainbow trout
reported that dietary NT tended to change liver status of fish fed
low FM diet by decreasing HSI and plasma alanine
aminotransferase (ALT) activity (Ridwanudin et al, 2019). The
increase of HSI was attributed as a biomarker of proper nutrient
storage and health when red sea bream was fed diets with added
UMP (Hossain and Koshio, 2017a). NA and NT diet showed the
highest lipid efficiency when added to 20% FM. These outcomes are
in contrast with findings described in European sea bass (Magouz
et al,, 2021 and Bowyer et al.,, 2019) and gilthead sea bream (Oliva-
Teles et al, 2006). However, according to the present results,
increased body lipid content was described in red drum juveniles
fed a blend of NT supplemented diets (Li et al., 2004). The increase
in carcass lipid content may indicate the involvement of NT in lipid
metabolism or nutrient uptake at enterocytes level as stated by Li
et al. (2015).

The fish intestinal surface represents the first line of defense
against potentially harmful exogenous factors such as pathogens,
antinutrients and environmental stressors; and eu- or dis-byosis
assessment of gut microbiome (GM), and expression of innate
immune genes changes are key actors of gut-health status (Busti
et al,, 2020). As immune biomarkers, cytokines are low molecular
weight glycoproteins involved in the regulation of immune response,
and can be elicited by immunostimulants (Zou and Secombes, 2016).
They are mainly secreted by cells of both the innate and acquired
immune system in response to microbial invasion and tissue injury,
and act as signal cell messengers via specific-receptors on target cell
surfaces, thus inducing physiological response (Sakai and Kono,
2021). When inflammatory response occurs, tumor necrosis factor
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alpha (TNF-0) secretion sparks the cytokine cascade with IL-1B
followed by the release of a myriad of other molecules and
chemoattractant to promote neutrophil and macrophage migration
in loco, acting as pro-inflammatory markers (Pelusio et al., 2020).
Transforming growth factor-p (TGF-B) is one of the anti-
inflammatory cytokines that depicts a down-regulated effect on the
expression of numerous cytokines and is associated with the
deactivation of macrophages. Interleukin-10 (IL-10) is another anti-
inflammatory cytokine that inhibits bacterial lipopolysaccharide
(LPS) affecting pro-inflammatory cytokines (Reda et al., 2018). In
the present study the gene expression analysis showed a significant
effect of diets on the activation of local immune response on some
intestinal cytokines. In fish fed FM10 groups an upregulation of the
proinflammatory cytokine IL-1f3 and a concurrent downregulation of
the anti-inflammatory TGF-[} gene was observed prominently for fish
fed the NA/NT supplemented diets signaling an activation of the
immune response. Previous studies showed the upregulation of
cytokines as an effect associated to nucleotide supplementation in
turbot (Scophthalmus maximus) and Nile tilapia (Oreochromis
niloticus) (Reda et al., 2018). NT enhanced the expression of
immune genes from different organs involved in nonspecific
defenses of fish like gills, kidney and intestine (Hossain et al.,
2020). In particular, mRNA levels of intestinal cytokines including
IL-1B, IL-10, TNF-o. and TGF-P3 were significantly higher in Nile
tilapia fed dietary NT (Reda et al, 2018). A later study on
guanidinoacetic acid supplementation in the same species showed a
different effect on liver proinflammatory and anti-inflammatory
cytokines (Aziza and El-Wahab, 2019). In particular, IL-1f and
TGF-B1 mRNA level were respectively downregulated and
upregulated in Nile tilapia fed guanidinoacetic acid supplemented
diet for 60 days. Similarly, anti-inflammatory effect was observed in
zebrafish (Danio rerio) fed a diet supplemented with RNA yeast
extract; in this case proinflammatory cytokines such as IL-1, IL-8 and
TNF-o. were downregulated, whereas the anti-inflammatory cytokine
IL-10 was upregulated or not modulated depending on the growth
stage of the investigated larvae (Falcinelli et al., 2018). In our study,
we observed opposite expression trends of IL-1B and TGF-B in
accordance to their pro- and anti-inflammatory roles respectively.
As a matter of fact, in NA/NT supplemented FM10 diets an
upregulation of the pro-inflammatory cytokine and a
downregulation of the anti-inflammatory cytokine was observed.
Moreover, European sea bass TGF- B modulation seems affected
mainly by the FM and supplementation interaction. In effect, this
anti-inflammatory cytokine was significantly more expressed in
animals fed FM20NT and FM20NA than those fed with FM10NA
and FMIONT at the end of the feeding trial. Actually, the
combination of high FM diet and NA/NT supplementation showed
the highest expression of TGF-f3 gene, depicting an increased ability
to regulate inflammatory process. The upregulation of anti-
inflammatory cytokines such as TGF-B could also contribute to
protect the epithelial integrity decreasing intestinal epithelial
permeability (Busti et al., 2020). On the other hand, IL-18
expression was affected only by FM level. Moreover, the NA/NT
supplementation seems not to affect the gene expression after the
suboptimal rearing conditions. Indeed, the two-way ANOVA
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analysis showed no significant influence of diets. However, a FM-
associated effect was observed for IL-1 expression levels limited to
NA supplemented animals at this time point with the FM20NA
group showing the lowest IL-1p expression.

Though many studies have turned their attention on NT and
NA, to the best of our knowledge the present study is the first to
investigate their effects on gut microbiota on this species. A different
response in the microbial internal diversity was observed. At the
end of the growing period, NT increased internal diversity at genus
level when included in 20% FM diet. Increase in GM diversity may
have positive implications for gut health due to increased
competition against opportunistic pathogens (Parma et al., 2020;
Moroni et al., 2021). In addition, a wider range of bacteria
supported by a higher diversity may promote a more diverse
number of host functions (Sole-Jimenez et al., 2021). In
accordance, an increase in gut microbiome alpha diversity was
also detected in gilthead sea bream fed 20% inclusion of bacterial
single cell protein (Marchi et al., 2023).

At phylum level the gut bacterial community of sea bass was
mainly represented by Firmicutes followed by Proteobacteria,
Cyanobacteria and Actinobacteria, findings which are consistent
with previous works on the same species (Parma et al., 2019; Busti
et al., 2020). After the suboptimal environmental condition NT and
NA added to 10% FM diet were able to promote beneficial taxa such
as Weissela and Leuconostoc, when both taxa displayed a general
decreasing trend. At this time a significant separation in the PCoA
analyses also indicated an overall impact of NT and NA
supplemented diet on the gut microbiome layout. These lactic
acid bacteria genera are well known to have positive influence on
host gut intestinal health in fish species. For instance, Leuconostoc
has been described to be able to produce bacteriocins tolerant to
high thermal stress and wide range of pH, which form pores in the
target membrane of eventual bacteria pathogens (Ringo et al., 2018).
Beneficial probiotic effects reported on Weissella in aquaculture
have been associated with intestinal histology improvement by
increasing height, width, number and mucosal productivity of
villi and has been proposed for its application as a probiotic in
aquaculture (Ringo et al., 2018; Pelusio et al, 2021). A similar
overall decrease of LAB species after suboptimal rearing conditions
(high temperature and low oxygen) was also described in previous
studies (Busti et al., 2020) on European sea bass. In aquaculture
species, LAB feed supplementation or their proliferation in GM has
been attributed to positive outputs such as improved performance
(LeBlanc et al., 2017; Xia et al., 2020), immune response and disease
resistance, though their action mechanisms are still poorly
understood (Ringo et al., 2018; Sun et al., 2022). After suboptimal
condition, dietary NT was also able to increase Bacillus abundance
in low fish meal diet. Bacillus is a well-known probiotics taxon in
fish species and recently its abundance was found to significantly
increase in gilthead sea bream fed bacterial single cell protein, raw
material which are rich in nucleic acid (Marchi et al., 2023). In
addition, after the suboptimal environmental condition, dietary
nucleotides inclusion at 10% FM was also able to counteract
Clostridiaceae abundance compared to its control group. The
growth of this anaerobic bacteria family was observed under
similarly high temperature and low oxygen; conditions that were

Frontiers in Marine Science

12

10.3389/fmars.2023.1145660

able to negatively affect the overall GM structure of the same species
(Busti et al., 2020).

5 Conclusions

NT and NA feed inclusion at 500 ppm enhanced voluntary feed
intake when included in vegetable-based diet containing 10% and
20% dietary FM. A further improvement of feed efficiency was
displayed in fish fed FM20 which overall led to the highest growth
performance parameters. NT and NA combined with FM20
improved lipid efficiency. Furthermore, NT and NA combined
with FM20 had also positive impact on intestinal mucosa by
increasing anti-inflammatory TGF-f and decreasing pro-
inflammatory IL-1 [, possibly translated in an improved gut-
health functionality with a consequent improved nutritional
uptake and growth performance. On gut microbiome, NT and
NA when included in 10% FM diet were able to exert prebiotic
properties stimulating the development of beneficial bacteria taxa
such as Weissella and Leuconostoc when fish underwent suboptimal
elevated temperature and low oxygen levels.

In conclusion, the combination of NT/NA included at 500 ppm
was able to promote growth and lipid efficiency when included in
20% FM level, assuming higher nutritional NT requirement when
combined with 10% FM. On the other hand, NT/NA added in 10%
FM upregulate proinflammatory IL-1B and downregulate anti-
inflammatory TGF- B intestinal level and favour beneficial gut
bacterial taxa after the exposure to high temperature and
low oxygen.
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