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A 121-day feeding trial was undertaken to test the effects of two dietary lipid levels
(16 and 21% L16, L21) in triplicated gilthead sea bream groups (initial weight: 67.5 Q)
reared at two different water temperatures (high, H 23°C and low, L 17°C) in the
same recirculation system but exposed to a switch in temperature after 58 days. Fish
kept at H were transferred to L (HL transition, autumn shift), and the fish kept at L
were exposed to H (LH transition, summer shift), while continuing to receive the same
diet to apparent satiation in each group. At the end of the trial, no significant diet
effect on specific growth rate (SGR), feed intake (Fl), and feed conversion rate (FCR)
were detected in fish exposed to HL transition compared with those exposed to LH
transition, while gross lipid efficiency (GLE) and lipid efficiency ratio (LER) were higher
in L16. After temperature changes, L16 displayed higher SGR, FI, GLE, and LER,
while mesenteric fat index was reduced. After temperature changes, the combined
effects of low lipid diet and low temperature conditions resulted in higher pepsin activity,
while trypsin, chymotrypsin, and lipase activities were generally higher at high lipid
content. The combined effect of diet and temperature did not alter the metabolic
plasma profile, except for the observed final higher aspartate aminotransferase (AST)
and alkaline phosphatase (ALP) values when combining high dietary lipid (L21) and
temperature changes. Different diets showed a significantly different gut microbiome
layout, only at high temperature with L16 diet resulting in a higher load of Lactobacillus.
On the contrary, no dietary impact on ecosystem diversity was observed, independently
from the temperature. In addition, L16 diet in the HL transition favored an increase in
Weissella and Bradyrhizobium genera in the gut microbiome, while in the final condition
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of LH transition, L21 diet favored a significant increase in Streptococcus and Bacillus.
According to the results, the utilization of 16% dietary lipid levels in gilthead sea bream
should be preferred during seasonal temperature changes in order to optimize feed

utilization and gut health.

Keywords: gilthead sea bream (Sparus aurata L.), feeding strategies, growth, digestive enzyme, plasma
biochemistry, gut microbiota, gut health

INTRODUCTION

Today, feeding strategy optimization related to environmental
conditions is extremely necessary to pursue more intensive and
more efficient aquaculture production in the Mediterranean
basin. Feed production is the greatest cost in the aquaculture
sector and can account for up to 60-80% of the overall
expenses (Hasan et al., 2007; Luna et al., 2019). Dietary lipid
supplementation has been largely developed to reduce feed cost
and reduce the need for limited and expensive protein ingredients
in many farmed fish species (Leaver et al., 2008; Bell and Koppe,
2010; Bonaldo et al.,, 2010) including gilthead sea bream (Sparus
aurata), which is one of the most important marine finfish species
farmed in the Mediterranean area (Guillen, 2019). Currently,
commercial diet composition for the grow-out phase of this
species consists, on average, of 43% protein and 20% fat (Koven,
2002; Vasconi et al., 2017; Arantzamendi et al., 2019). Among
abiotic factors, water temperature is the key environmental factor,
playing a crucial role on metabolism, nutrient utilization, fat
deposition and welfare, in particular for this species which is
highly susceptible to thermal seasonal changes and fluctuation
(Ibarz et al., 2010; Sanchez-Nufo et al.,, 2018a). Although it is
known that the optimal temperature range is between 18 and
26°C (Davis, 1988; Jobling and Peruzzi, 2010), this species is
yearly subjected to large temperature fluctuations (from 11 to
26°C) in most farming conditions. Previous works found that
increasing dietary lipids from 16 to 24% produced no significant
differences in final body weight and specific growth rate at
summer temperatures between 24 and 27°C (Veldzquez et al,,
2006; Bonaldo et al., 2010; Mongile et al., 2014). On the other
hand, several studies have also been devoted to developing winter
feeds for overcoming metabolic alterations, immune suppression,
and nutritional disorders (Silva et al., 2014; Richard et al., 2016;
Schrama et al., 2017). While most of these diets were formulated
in order to test the effectiveness of functional ingredients such as
immunostimulants and antioxidants, their lipid content ranged
from 17 to 19.7%. In addition, especially at temperatures below
13°C, if there is an excess in dietary lipid, it can be accumulated
as a fat depot in perivisceral tissue due to low metabolic activity
(Ibarz et al., 2007, 2010).

To the best of our knowledge, few studies have been carried
out to assess optimal lipid composition during water temperature
changes. Sanchez-Nuio et al. (2018a) found that dietary lipid
content 18% vs. 14% did not affect growth in fish subjected
to temperature fluctuations from 22 to 14°C; however, the
authors suggested adopting lower lipid levels to avoid excessive
fat deposition and putative oxidative stress during recovery.
Environmental temperature fluctuation during seasonal changes

may also affect fish metabolism, digestive enzyme activity, and
gut bacterial community, which may influence performance,
tissue composition, and fish health (Couto et al., 2012; Garcia-
Meilan et al., 2013; Guerreiro et al., 2016; Zarkasi et al., 2016;
Sepulveda and Moeller, 2020). To date, very limited studies
have investigated how changes in water temperature interact
with diet in shaping the gut microbiome structure in teleost
species, and none of them deals with sea bream. The aim of
the present study was to explore the effects of dietary lipid level
and temperature switch on growth, digestive enzyme activity,
plasma biochemistry, and gut microbiome structure during the
on-growing of gilthead sea bream.

MATERIALS AND METHODS

Experimental Diets

Ingredients and proximate composition of the experimental
diets are represented in Table 1. Two isonitrogenous (43.7%)
extruded diets (sinking pellet size diameter 4.00 mm) were
produced to contain a low 16% (L16) and high 21% (L21) dietary
lipid level. Diets were formulated with fish meal and with a
mixture of vegetable ingredients currently used for sea bream in
aquafeed (Parma et al., 2016). Diets were produced by Sparos Lda
(Olhao, Portugal).

Water Temperature Switch

Before the beginning of the trial (October), fish were adapted to
the laboratory facilities at the constant water rearing temperature
of 20°C for 10 days. At the beginning of the trial, triplicate
tanks were randomly divided into two groups: one at high (H)
temperature 23.17 £ 1.11°C and one at low (L) temperature
17.34 & 0.92°C, respectively, and maintained at these constant
temperatures for 58 days. In the RAS, water temperature was
maintained warmer in six tanks by a heater (H03609-00.B-
2012/01, Zodiac Pool Care, Saint-Barthélemy-d’Anjou, France),
while the water in the remaining tanks was kept cooler
(AWP 16 SP R407C, GENCOLD S.r.l, Cesena, Italy) for the
whole experiment.

On day 58, fish were exposed to a switch in temperature [fish
kept at H were transferred to L, HL, and the fish kept at L were
transferred to H (LH)], while continuing to receive the same diet
in each group. The thermal variation of 6°C occurred at a rate of
3°C day~!. Thus, fish that were brought from 23°C to 17°C (HL)
were subjected to summer—autumn temperature variation, while
fish brought from 17°C to 23°C (LH) underwent spring-summer
temperature changes. In order to exclude the effect of light regime
on performance, photoperiod was maintained constant at 12-h
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TABLE 1 | Ingredients and proximate composition of the experimental diets.

L16 L21
Ingredients, % of the diet
Fishmeal Super Prime 156.00 15.00
Soy protein concentrate 16.00 16.00
Wheat gluten 7.45 8.00
Corn gluten 9.00 9.00
Soybean meal 44 20.00 20.00
Wheat meal 16.65 12.00
Fish oil 6.50 8.55
Rapeseed oil 6.50 8.55
Vitamin and Mineral Premix INVIVO 1% 1.00 1.00
Antioxidant 0.20 0.20
Sodium propionate 0.10 0.10
MAP (monoammonium phosphate) 1.00 1.00
L-lysine 0.25 0.25
DL-methionine 0.35 0.35
Proximate composition,% on a wet weight basis
Moisture 5.69 5.84
Protein 43.59 43.75
Lipid 16.30 20.81
Ash 6.29 6.24
Gross energy cal g~ 4,819.12 5,051.63

Vitamins and mineral premix (IU or mg kg~ diet; in vivo NSA: Portugal); DL-
alpha tocopherol acetate, 200 mg, sodium menadione bisulfate, 10 mg; retinyl
acetate, 16,650 IU; DL-cholecalciferol, 2,000 IU; thiamine, 25 mg; riboflavin, 25 mg;
pyridoxine, 25 mg; cyanocobalamin, 0.1 mg, niacin, 150 mg;, folic acid, 15 mg;
l-ascorbic acid monophosphate, 750 mg; inositol, 500 mg; biotin, 0.75 mg; calcium
panthotenate, 100 mg; choline chloride, 1,000 mg, betaine, 500 mg; copper sulfate
heptahydrate, 25 mg; ferric sulfate monohydrate, 100 mg; potassium iodide, 2 mg;
manganese sulfate monohydrate, 100 mg; sodium selenite, 0.05 mg; zinc sulfate
monohydrate, 200 mg; yttrium oxide, 100 mg.

light and 12-h dark through artificial light (light intensity on the
water surface 400 Ix).

Fish and Rearing Conditions

The experiment was carried out at the Laboratory of Aquaculture,
Department of Veterinary Medical Sciences of the University
of Bologna, Cesenatico, Italy. Gilthead sea bream juveniles
were obtained from Panittica Pugliese (Torre Canne di Fasano,
Brindisi, Italy). At the beginning of the trial, 30 fish (initial
average weight: 67.50 £+ 1.66 g) per tank were randomly
distributed into 12 450-L square tanks. Experimental diets
(L16 and L21) were administered to triplicate groups to visual
satiation twice a day (h 8.30 and h 16.00) for 6 days a week. While
temperatures were switched after intermediate day sampling,
each tank continued to receive the same dietary treatment until
the end of the trial. Tanks were provided with natural seawater
and connected to a closed recirculating aquaculture system
(RAS) with an overall water volume capacity of 6,000 L. The
rearing system consisted of a mechanical sand filter (0.4 m?
of silica sand, 0.4-0.8 mm. PTK 1200, Astral Pool, Servaqua
S.A. Barsareny, Spain), ultraviolet lights (SH-63, BLUGEO S.r.1,
Parma, Italy), and a biofilter (PTK 1200, Astral Pool, Servaqua
S.A. Barsareny, Spain). The oxygen level was kept constant
(8.0 £ 1.0 mg L™!) by a liquid oxygen system regulated

by a software program (B&G Sinergia snc, Chioggia, Italy).
Ammonia (total ammonia nitrogen, TAN < 0.1 mg Lfl), nitrite
(NO, < 0.2 mg L™1), nitrate (NO3 < 50 mg L™1), and salinity
(25-30 g L™!) were daily monitored spectrophotometrically
(Spectroquant Nova 60, Merck, Lab business, Darmstadt,
Germany). Sodium bicarbonate was added daily to keep pH
constant at 7.8-8.0. The feeding trial lasted for a total of 121 days.

Sampling

The samples size for each analysis are reported in Supplementary
Table 1. At the beginning, just before thermal change (58 days),
and at the end of the experiment, all the fish in each tank
were anesthetized by tricaine methanesulfonate at 100 mg L™!
and individually weighed. The proximate composition of the
carcasses was determined on pooled samples at the beginning
(10 fish per tank), before the temperature switch (three fish per
tank), and at the end of the trial (five fish per tank).

Furthermore, wet weight of the viscera, liver, and perivisceral
fat were individually recorded for intermediate (six fish per tank)
and final (five fish per tank) pools to determine viscerosomatic
index (VSI), hepatosomatic index (HSI), and mesenteric fat index
(MFI). Moreover, liver pooled samples (from six individuals per
tank) were taken out at the end of the trial and stored at —20°C
until analyzed to access the fat liver content in animals subjected
to temperature switch. At 5 h post meal (hpm), three fish per tank
(n = 9/treatment) on day 58 (before temperature changes) and
five fish per tank (n = 15/treatment) on day 121 were sampled
and dissected to obtain their whole gastrointestinal tract; then
they were first stored at —80°C and subsequently freeze dried
until digestive enzyme activity analysis according to Busti et al.
(2020a).

Digesta content (n = 3 fish per tank on intermediate sampling
day 58, n = 9 fish per diet treatment; n = 3 fish per tank on final
sampling day 121st, n = 9 fish per diet treatment) from posterior
intestine was also individually sampled and immediately stored at
—80°C for gut microbiota investigation according to Parma et al.
(2016).

Blood was collected from the caudal vein in the three fish per
tank on intermediate sampling (n = 9 fish per treatment) and
in the five fish per tank (n = 15 fish per treatment) on the final
sampling. Samples were then centrifuged (3,000 x g for 10 min
at 4°C), and plasma aliquots were stored at —80°C until analysis
according to Bonvini et al. (2018a).

All experimental procedures were evaluated and approved by
the Ethical-Scientific Committee for Animal Experimentation of
the University of Bologna, in accordance with European directive
2010/63/UE on the protection of animals used for scientific
purposes (protocol ID 942/2019).

Calculations
The formulae employed to calculate growth performance,
somatic indices, nutritional indices, and relative variations were
used according to Bonvini et al. (2018b) and Parma et al. (2020)
as follows:

Specific growth rate (SGR) (% day’l) =100 * (In FBW - In
IBW)/days (where FBW and IBW represent the final and the
initial body weights).
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FI = Feed intake (% ABW~! day~!) = [(100*total ingestion)/
(ABW)/days].

Feed conversion ratio (FCR) = feed intake/weight gain.

Viscerosomatic index (VSI) (%) = 100 * (viscera weight/
body weight).

Hepatosomatic index (HSI) (%) = 100 * (liver weight/
body weight).

Mesenteric fat index (MFI) (%) = 100 * (mesenteric fat weight/
body weight).

Protein efficiency rate (PER) = (FBW - IBW)/protein intake.

Gross protein efficiency (GPE) (%) = 100 * [(% final
body protein * FBW) - (% initial body protein * IBW)]/total
protein intake fish.

Lipid efficiency rate (LER) = (FBW - IBW)/lipid intake.

Gross lipid efficiency (GLE) (%) = 100 * [(% final body lipid *
FBW) - (% initial body lipid * IBW)]/total lipid intake fish.

Relative variation = (final considered value - initial considered
value)/initial considered value.

Proximate Composition Analysis

Diets and whole bodies were analyzed for proximate
composition. Moisture content was obtained by weight loss
after drying samples in a stove at 105°C overnight. Crude protein
was determined as total nitrogen (N*6.25) after performing
Kjeldahl’s method. Ash content was estimated by incineration
in a muffle oven at 450°C overnight (AOAC, 2010). Total lipids
were determined according to the extraction method of Bligh and
Dyer (1959). The same method was performed also on final liver
pool samples in order to estimate their fat content. Gross energy
was determined by a calorimetric bomb (Adiabatic Calorimetric
Bomb Parr 1261; PARR Instrument, IL, United States).

Digestive Enzyme Activity Analysis

Stomach and proximal intestine, including the pyloric ceca,
of each individual were separately homogenized in distilled
water (1:3 w/v) and were centrifuged at 4°C, 13,000 x g, for
10 min. Supernatants were stored at —-20°C until being processed.
Using the stomach homogenate, pepsin activity was measured
according to the methodology described in Anson (1938). In
brief, 10 pl of the enzyme extract was diluted in 1 mL of 0.1 M
HCl-glycine buffer (pH 2.0) containing 0.5% bovine hemoglobin.
The mixture was incubated for 20 min at room temperature
(approximately 25°C). The reaction was terminated by adding
0.5 ml of 20% trichloroacetic acid (TCA) and was cooled at
4°C for 15 min to facilitate precipitation. After centrifuging at
13,000 x g for 15 min at 4°C, 200 pl of the supernatant was used
to measure absorbance at 280 nm. One unit of enzyme activity
was defined as 1 pg tyrosine released per minute using a specific
absorptivity of 0.008 jLg~! cm™! at 280 nm.

In the proximal intestine homogenate, trypsin and
chymotrypsin activity were measured using Na-benzoyl-
DL-arginine 4-nitroanilide hydrochloride (BAPNA) and
N-glutaryl-L-phenylalanine  p-nitroanilide =~ (GAPNA) as
substrates, according to Erlanger et al. (1961, 1966), respectively.
For each of these enzymes, substrate stock (0.5 mM of BAPNA
or GAPNA in dimethyl sulfoxide) was brought to the working

concentration by 1/10th dilutions using 50 mM Tris-HCI and
20 mM CaCl, buffer (pH 8.5). The change in absorbance at
405 nm was measured over 10 min at room temperature, for
10-15 pl of the enzyme extract and 200 pl of substrate per
each microplate well. For these enzymes, one unit of activity
was defined as 1 pmol p-nitroaniline released per minute using
coefficients of molar extinction of 8,270 M~ ! cm™! at 405 nm.

Amylase activity was measured following the 3,5-di-
nitrosalicylic acid (DNSA) method (Bernfeld, 1955). In brief,
30 pl of enzyme extract and 300 pl of substrate [2% soluble
starch in 100 mM phosphate and 20 mM NaCl, buffer (pH 7.5)
were incubated at 37°C for 30 min]. The reaction was stopped
by the addition of 150 pl of DNSA and was heated in boiling
water for 5 min. After cooling on ice, 1.5 ml of distilled water
was added to the mixture, and the absorbance was measured at
530 nm. One unit of amylase activity was defined as the amount
of enzyme needed to catalyze the formation of 1 pg of maltose
equivalent per minute.

Lipase activity was measured using 4-nitrophenyl myristate
as substrate, according to Albro et al. (1985). Briefly, 10 pl
of enzyme extract was added to 50 pl of sodium taurocholate
(0.4 mg ml~1) and 130 pl of 100 mM Tris-HCL buffer (pH 8.0)
per each microplate well. The change in the absorbance at 405 nm
was measured over 10 min at room temperature. One unit of
amylase activity was defined as the amount of enzyme needed to
catalyze the production of 1 pg of p-nitrophenol per minute.

All the activities were expressed in units per g of wet weight of
fish, considering both the total amount of tissue used for enzyme
determination and the live weight of each sampled fish.

Metabolic Parameters in Plasma

The chemistry profile evaluated in the study was determined
using an automated analyzer (AU 480; Olympus/Beckman
Coulter, Brea, CA, United States) using dedicated methods
(Olympus system reagent, OSR). The type of reaction used
in the assay and OSR identification number were reported in
brackets after the reported variables. The profile included
glucose (GLU; exochinase reaction, OSR6121), urea (urease
reaction, OSR6134), creatinine (CREA, Jaffé method, OSR6178),
uric acid (Uric Ac, uricase reaction, OSR6198), total bilirubin
(Tot Bil, colorimetric reaction, OSR6112), bile acid (Bil Ac,
colorimetric method, OSR17000801), cholesterol (CHOL,
enzymatic method, OSR6116), triglycerides (TRIG, enzymatic
method, OSR61118), high-density lipoprotein (HDL, enzymatic
method, OSR6187), total protein (TP, biuret method, OSR6132),
albumin (ALB, bromocresol green method, OSR6102), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), creatine
kinase (CK), and lactate dehydrogenase (LDH) (enzymatic
reaction, OSR6009, OSR6004, OSR6179, and OSR6128,
respectively), calcium (Cat2, Arsenazo reaction, OSR6017),
inorganic phosphorus (P, molybdate reaction, OSR6122),
potassium (KT), sodium (Na™), and chloride (CI) (ion selective
electrode indirect method), iron (Fe; colorimetric reaction,
OSR6186), and magnesium (Mg; xylidyl blue reaction,
OSR6189).  The albumin-to-globulin  ratio (ALB/GLO),
CaxP, and Nat to Kt ratio (Na/K) were calculated. Plasma
cortisol (CORT) concentration was determined using a
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chemiluminescence immunoassay (Immulite cortisol, Diagnostic
Product Corporation, Los Angeles, CA, United States) using an
automated analyzer (Immulite XP2000, Siemens).

Gut Bacterial Community DNA Extraction

and Sequencing

Total DNA was extracted and analyzed from individual distal
intestine content obtained from three fish per tank (300 mg
per fish) on day 58 and day 121, as previously reported in
Parma et al. (2020). The analyses were performed to target
the transient bacterial community. Amplification of V3-V4
hypervariable regions of the 16S rRNA bacterial gene was
carried out using the 341F and 785R primers (Klindworth et al,,
2013) with added Illumina adapter overhang sequences and
2 x KAPA HiFi HotStart ReadyMix (KAPA Biosystems). For
this step, the thermal cycle consisted of an initial denaturation
phase at 95°C for 3 min, 30 cycles of denaturation at 95°C
for 30 s, annealing at 55°C for 30 s, and extension at 72°C
for 30 s, and a final extension step at 72°C for 5 min. To
purify PCR products and to prepare samples for Library for
[lumina sequencing, the Illumina protocol “16S Metagenomic
Sequencing Library Preparation” was followed, as used in several
other publications (Biagi et al., 2019; Musella et al., 2020).
Sequencing was performed on Illumina MiSeq platform using a
2 x 250-bp paired-end protocol according to the manufacturer’s
instructions (Illumina, San Diego, CA, United States). Raw
sequences were processed using the QIIME2 pipeline' (Bolyen
et al,, 2019). High-quality reads, obtained by a filtering step
for length (minimum/maximum = 250/550 bp) and quality
with default parameters, were cleaned using DADA2 (Callahan
et al, 2016) and clustered into amplicon sequence variants
(ASVs) using VSEARCH (Rognes et al., 2016). Taxonomy
was assigned using RDP classifier against SILVA database
(Quast et al., 2013).

Alpha diversity was assessed using Faiths Phylogenetic
Diversity (PD_whole_tree), Chaol index for microbial richness,
and observed_ASVs, while beta diversity was estimated by
computing UniFrac distances, which were used as input for
principal coordinate analysis (PCoA).

Statistical Analysis

All data are represented as mean =+ standard deviation (SD).
A tank was used as the experimental unit for analyzing growth
performance, and a pool of three (on intermediate sampling, day
58) and five (on final sampling, day 121) fish was considered as
the experimental unit for analyzing carcass composition, liver fat
content, and nutritional indices, whereas nine (on intermediate
sampling, day 58) and 15 (on final sampling, day 121) individual
fish per treatment were used for analyzing somatic indices,
digestive enzyme activity, blood biochemistry, and gut bacterial
community profiles. Data of growth performance, nutritional
indices, somatic indices, fat liver content, enzyme activity, and
plasma parameters were analyzed by a two-way analysis of
variance (ANOVA) with Tukey’s post hoc test. In order to
assess the amplitude of variations occurring before and after the

Uhttps://qiime2.org/

temperature change, relative variations in growth parameters,
morphometric indices, nutritional indices, digestive enzyme
activity, and plasma biochemistry were calculated and analyzed
by a two-way analysis of variance (ANOVA) with Tukey’s
post hoc test. The normality and homogeneity of variance
assumptions were validated for all data preceding ANOVA
using Levene’s test for homogeneity of variance and Shapiro-
Wilks normality test. All gut microbiota statistical analyses were
performed using R project’. PCoA plots were generated using
the “vegan™ and “Made4” packages (Culhane et al., 2005), and
for all PCoAs, betadisper and permutest functions were used
to assess homogeneity of dispersion of our data (in all tests,
p-value was > 0.05). PERMANOVA (Permutational Multivariate
Analysis Of Variance) using distance matrices was used to
asses data separation among groups (function “Adonis” in
“vegan,” numbers of permutations = 999), in order to assess
the influence of temperature changes in each diet group and
the influence of diet in the two temperature conditions. When
required, Wilcoxon and Kruskal-Wallis test was used to assess
significant differences in alpha diversity and taxon relative
abundance between groups. A p-value < 0.05 was considered
statistically significant, while a p-value between 0.05 and 0.1 was
seen as a trend.

RESULTS
Growth

Results on growth performance parameters and nutritional
indices are summarized in Table 2. Concerning the temperature
change occurring in the overall experimental period (days 0-121
period), no significant effects of diet nor temperature (p > 0.05)
on growth (FBW, WG, SGR), FI, and survival were detected,
while FCR was significantly influenced by temperature (p < 0.05)
with lower values in LH (animals first exposed to L temperature
and then switched to H). At the same time, diet and temperature
had a significant effect on LER and GLE (p < 0.05), both of
which were found to be higher in animals fed L16, while among
groups fed the same dietary treatment, they were slightly lower
in HL. Over days 0-58 period, no dietary effect was detected
on FBW, WG, SGR, ECR, FI, and survival (p > 0.05), while
temperature had a significant effect (p < 0.05) on FBW, WG,
SGR, and FI with higher values in fish reared at 23°C (H groups)
compared with those at 17°C (L groups). FCR was moderately
lower (p =0.0505) at high temperature. A significant dietary effect
was recorded on LER and GLE (p < 0.05) but not on PER and
GPE (p > 0.05). At the same time, significant temperature effect
(p < 0.05) was found on PER, GPE, and LER, with lower levels in
animals held at 17°C (L).

In the period following the temperature switch (days 59-
121), diet and temperature had a significant effect (p < 0.05)
on SGR and FI, with higher values in animals fed diet L16
and maintained at H temperature. Significant temperature effects
(p < 0.05) were also found on WG and FCR showing higher

Zhttps://www.r-project.org/
3http://www.cran.r-project.org/package-vegan/
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TABLE 2 | Growth performance and nutritional indices of gilthead sea bream fed experimental diets and exposed to water temperature switch.

Overall period days 0-121

L16 L21 P-value

HL LH HL LH Inter Temp Diet
Growth performances
IBW 66.83 + 1.07 68.13 + 0.64 67.27 +2.05 67.80 £ 2.77 0.727 0.412 0.964
FBW 175.07 £+ 9.91 181.01 £ 10.81 170.84 +19.28 169.65 + 20.71 0.708 0.803 0.421
WG 108.24 £+ 8.89 112.88 + 10.79 103.57 £ 17.83 101.85 + 19.33 0.721 0.870 0.388
SGR 0.80 4+ 0.03 0.81 4+ 0.05 0.77 +£0.07 0.754+0.08 0.728 >0.999 0.311
FCR 1.34 £ 0.01 1.30 £ 0.04 1.32 + 0.01 1.29 + 0.03 0.750 0.036 0.352
Fl 1.01 £0.04 0.99 &+ 0.05 0.96 + 0.09 0.92 +0.05 0.930 0.391 0.162
Survival 78.89 £ 1.92 78.89 £+ 1.92 76.67 £5.77 77.78 £3.85 0.805 0.805 0.457
Nutritional indices
PER 1.67 £0.01 1.74 £0.02 1.70 +£ 0.03 1.74 +£0.08 0.624 0.062 0.466
GPE 29.5 +1.34 30.8 + 0.41 29.9 +0.88 29.6 + 1.53 0.232 0.489 0.552
GLE 66.9 + 1.40° 76.5 + 1,910 54.4 4+ 5.932 56.0 £ 5.022 0.128 0.044 0.000
LER 4.47 +0.03° 4.64 + 0.05° 3.58 £ 0.052 3.67 £0.172 0.425 0.036 0.000

Before temperature switch days 0-58

H L H L Inter Temp Diet
Growth performances
IBW 66.83 + 1.07 68.13 £ 0.64 67.27 £2.05 67.80 £ 2.77 0.727 0.412 0.964
FBW 134.74 + 13.45° 95.16 + 4.132 136.12 + 13.74° 99.44 + 8.422 0.821 0.000 0.659
WG 67.91 + 12.53° 27.03 + 3.962 68.86 &+ 12.22° 31.64 + 5.66° 0.745 0.000 0.622
SGR 1.20 + 0.15° 0.57 +£0.072 1.214+0.13° 0.66 + 0.082 0.558 0.000 0.527
FCR 1.25 +£0.04 1.35 +0.09 1.234+0.05 1.28 £ 0.01 0.410 0.051 0.205
Fl 1.45 4 0.16° 0.77 4+ 0.052 1.44 4+ 0.18° 0.84 +0.102 0.622 0.000 0.715
Survival 100.00 =+ 0.00 100.00 + 0.00 98.89 + 1.92 98.89 + 1.92 >0.999 >0.999 0.195
Nutritional indices
PER 1.83 £0.07 1.69 £ 0.11 1.85 4+ 0.06 1.78 £0.01 0.461 0.043 0.250
GPE 33.0+ 1.16° 28.1 +0.472 30.8 + 1.1730 29.6 + 2.55% 0.070 0.008 0.718
GLE 71.3 £10.36 77.5+11.72 65.4 4+ 2.35 52.0 4+ 15.36 0.163 0.586 0.039
LER 4.89 +0.19° 4.52 + 0.30° 3.89 +£0.132 3.73 +£ 0.022 0.360 0.044 0.000

After temperature switch days 59-121

L H L H Inter Temp Diet
Growth performances
IBW 134.74 + 13.45° 95.16 + 4.132 136.12 + 13.74° 99.44 4 8.422 0.821 0.000 0.659
FBW 175.07 £+ 9.91 181.01 + 10.81 170.84 +19.28 169.65 + 20.71 0.708 0.803 0.421
WG 40.33 + 4.502 85.85 4 6.94° 34.71 + 5.632 70.21 + 17.12° 0.407 0.000 0.100
SGR 0.42 £+ 0.082 1.02 4 0.04° 0.36 £ 0.022 0.84 +0.15° 0.288 0.000 0.045
FCR 1.55 4 0.12° 1.30 + 0.022 1.53 4 0.1280 1.29 4+ 0.052 0.900 0.002 0.802
Fl 0.66 + 0.082 1.29 £ 0.07° 0.56 + 0.042 1.07 £0.11° 0.193 0.000 0.008
Survival 986 +2.4 98.6 £ 2.4 971 +£5.0 98.6 £ 2.5 0.709 0.709 0.697
Nutritional indices
PER 1.45 £ 0.092 1.75 £ 0.04° 1.47 £0.112 1.75 £ 0.15° 0.850 0.001 0.892
GPE 24.5 +4.88 31.6 £ 0.41 28.6 +3.78 30.0 +2.63 0.169 0.059 0.532
GLE 59.1 + 11,7280 76.2 + 5.94° 37.0 + 19.492 57.8 + 14.35% 0.822 0.044 0.034
LER 3.88 + 0.24b° 4.68 +0.11¢ 3.10 £ 0.222 3.68 + 0.322° 0.445 0.001 0.000

Data are given as the tank mean (n = 3) + SD. In each line, different superscript letters indicate significant differences among treatments (P < 0.05). L16, low-lipid 16%
diet; L21, high-lipid 21% diet; HL, constant temperature exposure to high (H) 23°C until temperature switch (days 0-58), then to constant low (L) 17°C until end of trial
(days 59-121); LH, constant temperature exposure to low (L) 17°C until temperature switch (days 0-58), then to constant high (H) 23°C until end of trial (days 59-121);
H, constant temperature exposure to high (H) 23°C; L, constant temperature exposure to low (L) 17°C. WG, weight gain, g. Calculations of growth performance and
nutritional indices are reported in the section “Calculations.”
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WG and lower FCR in H temperature. At the same time,
significant (p < 0.05) dietary and temperature effects were found
on GLE and LER, with the highest values in fish fed L16 and
kept at H and the lowest levels in individuals fed L21 and
reared at L (17°C). No significant dietary effect (p > 0.05)
was found on PER and GPE. A significant temperature effect
(p < 0.05) was noticed on PER, which showed higher in animals
reared at H temperature. No significant temperature effect was
detected on GPE (p < 0.05). Relative variations in growth
performance and nutritional indices calculated between day 58
and day 121 (before-after temperature switch) are represented
in Supplementary Table 2. WG, SGR, and FI showed a higher
increment/lower reduction in L16 compared with L21 (diet
effect p < 0.05). A significant temperature effect was found on
the relative variation in FBW, WG, SGR, FCR, and FI with
lower increment in HL compared with LH. In addition, the
relative variation in FI displayed a significant interaction effect
(p < 0.05). Diet had no significant effect on the relative variations
in nutritional indices (p < 0.05), while temperature affected PER,
GPE, and LER relative variations showing decreasing values in
HL compared with LH (temperature effect < 0.05). No significant

dietary nor temperature effect were found on GLE relative
variation (p < 0.05).

Proximate body composition and somatic indices data are
shown in Table 3. Before temperature switch (day 58), protein
displayed significant effects of diet, temperature, and interaction
(p < 0.05) with higher amounts in L16 and H temperature. For
lipid content, there were significant effects of temperature and
interaction (p < 0.05), where groups fed L21 retained both the
highest and the lowest percentages for H and L, respectively.
Ash body percentage was significantly affected (p > 0.05) only
by diet, with higher values in groups fed L16. Significant dietary
and temperature effects (p < 0.05) were also found for moisture.
At the same time, no significant dietary effect (p > 0.05) was
found on HSI, MFI, and VSI, while a significant temperature
effect occurred on HSI (p < 0.05) with higher levels in fish kept
at low temperature (L 17°C).

At the end of the trial (day 121), no significant dietary and
temperature effects were found in body protein, lipid, and ash
percentages (p > 0.05). Moisture showed a significant dietary
effect (p < 0.05), displaying a higher level in L21. Fat liver
content was not significantly affected by diet nor temperature

TABLE 3 | Body composition and somatic indices of gilthead sea bream fed experimental diets and exposed to water temperature switch.

Before temperature switch—day 58

L16 L21 P-value

H L H L Inter Temp Diet
Whole body composition, %
Protein 17.54 + 0.05P 16.90 + 0.372° 16.83 + 0.072 16.89 + 0.462 0.008 0.022 0.007
Lipid 13.13 & 1.1130 13.11 £ 0.75% 14.21 £ 0.39P 12.39 £+ 1.292 0.011 0.035 0.436
Ash 3.94 +0.27 3.92 + 0.08 3.64 + 0.51 3.55+0.14 0.796 0.687 0.022
Moisture 64.37 + 1.062 64.84 + 0.28% 64.67 + 0.48% 65.70 + 0.57° 0.316 0.013 0.044
Somatic indices
HSI 1.98 £ 0.102 2.40 + 0.16° 1.90 + 0.072 2.33+0.11P 0.934 0.000 0.396
MFI 1.42 +£0.34 1.45 +£0.19 1.583+0.28 1.64 +£0.81 0.846 0.673 0.421
'Sl 9.05 + 0.62 9.62 + 0.94 10.04 + 1.54 9.183 +0.21 0.236 0.309 0.222

After temperature switch—day 121

L H L H Inter Temp Diet
Whole body composition, %
Protein 17.41 £ 0.55 17.46 £ 0.12 17.36 £ 0.30 16.99 + 0.40 0.161 0.287 0.102
Lipid 13.68 £ 0.28 14.63 + 0.41 13.81 £ 1.26 13.78 £ 0.51 0.119 0.145 0.249
Ash 3.87 £0.13 3.84 £ 0.11 3.72 £ 0.21 3.70 £ 0.20 0.977 0.782 0.099
Moisture 64.05 + 0.32 63.46 + 0.56 64.52 +1.25 64.61 +£0.70 0.255 0.405 0.012
Somatic indices
HSI 2.42 + 0.54° 1.74 £ 0.262 2.56 + 0.38P 1.60 £ 0.222 0.141 0.000 0.993
MFI 1.11+£0.39 1.23+0.55 1.38 +£0.49 1.52 £ 0.41 0.924 0.301 0.022
VSl 8.38 + 1.262 9.46 4+ 1.19% 9.92 4+ 1.23° 8.84 4 2.60%° 0.015 0.299 0.012
Lipid liver 10.80 + 0.66 13.25 £4.32 11.81 £ 1.68 12.76 £ 0.77 0.598 0.249 0.853

Data are given as the mean (n = 9 diet™" on day 58; n = 15 diet~" on day 121) + SD. In each line, different superscript letters indicate significant differences among
treatments (P < 0.05). L16, low-lipid 16% diet; L21, high lipid 21% diet; H, constant temperature exposure to high (H) 23°C; L, constant temperature exposure to low

(L) 17°C.

HSI = Hepatosomatic index (%) = 100*(liver weight/FBW).

MFI = Mesenteric fat Index (%) = 100*(mesenteric fat weight/FBW).
VSI = Viscerosomatic index (%) = 100*(viscera weight/FBW).

SD, standard deviation.
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(p > 0.05). Concerning somatic indices, diet showed a significant
effect on MFI and VSI (p < 0.05) with MFI values higher in
L21 than in L16, while an additional interaction effect in VSI
was also observed, where animals brought to low temperature
(L) displayed higher values in L21, and fish exposed to rise in
water temperature (H) displayed higher levels in L16. HSI was
significantly affected by temperature with higher values observed
in the L groups for both dietary regimes.

Relative variations in proximate body composition and
somatic indices calculated between day 58 and day 121 (before-
after temperature switch) are represented in Supplementary
Table 3. No significant dietary or temperature effects were
found on relative variations in protein, lipid, ash, and moisture
(p > 0.05). Relative variation in HSI was not significantly
affected by diet (p > 0.05); however, HL groups displayed a
relative increment, while LH groups showed decreasing values
(temperature effect p < 0.05). MFI and VSI relative variations
were not significantly affected by diet nor temperature (p > 0.05).

Digestive Enzyme Activity

Digestive enzymes activities measured before and after water
temperature change are shown in Figure 1. Before temperature
switch, pepsin activity was significantly (p < 0.05) higher in fish
fed on diet L21, but no significant differences were observed
between groups maintained at low or high temperature. After
temperature switch, the only significant differences observed
were associated with interactions between the effects of dietary
lipid level and low temperature; the highest and lowest activities
were measured in fish fed on low-lipid and high-lipid diets,
respectively, maintained at low temperature. On the other hand,
no significant effect of temperature change was evidenced,
irrespective of diet composition.

In the case of trypsin, a significant effect of rearing
temperature and none of dietary lipid level was evidenced during
the first part of the assay, with higher values measured in fish
maintained at 17°C when compared with those at 23°C. After
temperature inversion, significantly higher values were measured
in fish fed on high lipids and maintained at high temperature
when compared with those fed on low lipids and maintained at
low temperature. On the other hand, significantly higher values of
chymotrypsin activity were measured in fish fed on high dietary
lipids, both before and after temperature switch.

Amylase activity was not significantly affected either by diet
or temperature during the initial period of the experiment, but a
significant interaction of diet x temperature occurred (p < 0.05).

After temperature inversion, no significant effect of dietary
lipid level was evidenced on amylase activity, while significantly
higher values of this enzyme were measured in fish maintained at
high temperature.

Relating to lipase activity, while no significant effect of diet or
temperature were measured during the initial period, these were
evidenced after temperature change. Significantly lower activity
was linked to the consumption of low lipid diet, and within the
same dietary treatment, a higher activity was detected in fish kept
at 23°C compared with those at 17°C.

Relative variations in digestive enzyme activity calculated
between day 58 and day 121 are represented in Supplementary

Table 4. Relative variations in digestive enzymes were not
significantly affected by diet nor temperature (p > 0.05), except
for amylase, which displayed a significant effect of temperature.
In particular, a lower reduction was observed for LH treatment,
and this reduction was less evident under L21 than under L16.

Plasma Biochemistry

The results of plasma parameters are shown in Tables 4, 5.
Before temperature change, significant dietary effect (p < 0.05)
was displayed in Tot Bil, Ca?*, P, Nat, CORT, and CaxP,
having higher levels in animals fed L21, except for CORT
that appeared to be more elevated in groups treated with
L16. At the same time, a significant temperature effect was
noticed on TRIG, TP, AST, LDH, HDL, ALP, and Fe where
all subjects reared at L temperature tended to have higher
values than those at H temperature, except for ALP and Fe.
Significant dietary and temperature effects (p < 0.05) were
observed on ALB/GLO before temperature switch (day 58).
Moreover, significant interaction effect on CREA was found in
the same period of time (p < 0.05). Before temperature switch, no
significant dietary and temperature effects (p > 0.05) were found
in GLU, urea, uric Ac, CHOL, ALB, CK, K*, Cl, Mg, and Na/K.

At the end of the experiment (day 121) diet significantly
affected TP, ALB, AST, LDH, Ca**, K*, Na*, Cl, and Na/K on
day 121 (p < 0.05). Plasma AST, LDH, K, Na™, and Cl were
higher in L21-supplied individuals and contrariwise for TP, ALB,
Ca’*, and Na/K. At the same time, temperature significantly
affected GLU, CREA, Bil Ac, and CK (p < 0.05). Among them,
GLU, CREA, and Bil Ac presented higher levels in individuals
maintained at H temperature, while plasma CK concentration
showed the opposite trend. Significant dietary and temperature
effects (p < 0.05) were observed on Tot Bil, ALP, and ALB/GLO.
Uric Ac was significantly affected by diet, temperature, and
interaction (p < 0.05). Moreover, a significant interaction effect
on TRIG was found at the same time (p < 0.05); no significant
dietary and temperature effect (p > 0.05) was observed on urea,
CHOL, P, Fe, Mg, CORT, CaxP, and HDL.

Relative variations in plasma parameters calculated between
day 58 and day 121 are represented in Supplementary Table 5.
Uric Ac, AST, and CK showed a higher relative increment in L21
compared with L16, while Ca?>* was significantly reduced in fish
fed L21 compared with those fed L16 (dietary effect p < 0.05). HL
animals displayed higher TP, AST, CK, LDH, and HDL relative
increments compared to LH ones, while GLU, Bil Ac, ALP, and
ALB/GLO relative increments were higher in LH animals than
HL ones (temperature effect p < 0.05). In addition, significant
interaction was found on relative variation of CK (p < 0.05). No
significant dietary or temperature effect was found on relative
variations of Urea, CREA, Tot Bil, CHOL, TRIG, ALB, P, K, Na*,
Fe, Cl, Mg, CORT, and CaxP, Na/K (p > 0.05).

Fecal Bacterial Community Profiles
Before and After Water Temperature

Changes
The 16S rRNA gene sequencing was performed on a total of 71
distal intestine content samples, yielding 1,724,306 high-quality
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FIGURE 1 | Digestive gut enzymes activity (expressed as U g fish body weight") of gilthead sea bream fed the experimental diets and exposed to temperature
switch over 121 days. Data are given as the mean of triplicate tank individual samples (n = 3 per tank before temperature change, n = 5 per tank after temperature
change) &+ SD. Different letters indicate significant difference (two-way ANOVA P < 0.05) between treatments. L16, low-lipid 16% diet; L21, high-lipid 21% diet. HL,
constant temperature exposure to high (H) 23°C until temperature switch (days 0-58), then to constant low (L) 17°C until end of trial (day 59-21); LH, constant
temperature exposure to low (L) 17°C until temperature switch (days 0-58), then to constant high (H) 23°C until end of trial (day 59-121).
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TABLE 4 | Plasma biochemistry values for gilthead sea bream fed the experimental diets and exposed to two different temperatures before temperature switch.

Before temperature switch—day 58

L16 L21 P - value

H L H L Inter Temp Diet
GLU 90.56 + 7.02 98.63 + 26.72 82.78 + 11.63 86.89 + 8.64 0.701 0.243 0.066
Urea 6.11 + 1.09 7.20 +2.93 6.56 + 0.76 6.82 + 1.50 0.484 0.259 0.947
CREA 0.20 + 0.03 0.22 +0.03 0.23 +0.03 0.20 + 0.03 0.022 0.449 0.747
Uric Ac 0.03 + 0.04 0.03 +0.03 0.01 4+ 0.00 0.01 4+ 0.00 0.987 0.987 0.053
Tot Bil 0.05 + 0.03%° 0.04 4+ 0.022 0.07 +0.01° 0.06 +0.012 0.800 0.211 0.006
Bil Ac 36.10 +20.78 31.03 + 6.01 50.68 + 15.98 38.38 + 17.74 0.686 0.340 0.234
CHOL 231.00 =+ 43.91 248.25 + 28.00 240.78 + 41.48 253.88 + 58.17 0.892 0.325 0.615
TRIG 811.11 & 524.56 1116.13 & 584.34 823.11 + 231.47 1205.25 + 541.40 0.819 0.048 0.764
HDL 48.44 + 13.362 66.25 + 8.89° 52.11 + 8.25% 61.00 + 12.602P 0.248 0.001 0.836
TP 3.56 + 0.27 3.79 4+ 0.50 3.514+0.22 3.74 £0.23 0.989 0.043 0.627
ALB 0.95 + 0.08 0.96 +0.14 0.89 + 0.05 0.92 4+ 0.05 0.801 0.607 0.096
AST 2211 + 15.98 51.13 & 46.11 17.89 + 9.57 43.50 + 26.50 0.858 0.007 0.534
ALP 691.44 + 316.46>° 205.38 + 178.672 036.33 =+ 425.29° 418.22 4+ 129.45% 0.539 0.000 0.070
CK 92.89 + 84.00 498.13 + 833.58 28.00 + 14.17 153.00 + 131.14 0.314 0.062 0.144
LDH 455.56 + 416.362° 1,195.75 + 1,089.30° 226.00 + 131.442 1,013.88 + 837.5020 0.922 0.004 0.400
Cat? 12.14 £ 0.65 12.00 + 0.85 12.70 + 0.43 12.38 + 0.61 0.687 0.298 0.044
P 11.18 + 0.8820 10.55 4+ 1.622 12.50 + 1.73° 12.54 + 1.03° 0.485 0.526 0.001
K+ 5.03 + 1.07 4.84 4+0.87 4.29 4+ 0.40 5.00 &+ 0.54 0.090 0.327 0.270
Nat 184.44 + 6.71 182.75 + 3.54 187.67 + 4.95 188.78 + 9.02 0.526 0.895 0.043
Fe 129.89 + 37.03%° 97.75 + 27.442 147.78 + 32.20P 115.50 + 31.03%P 0.995 0.007 0.119
Cl 162.91 + 4.18 162.08 + 3.25 164.77 + 5.01 167.41 + 8.34 0.366 0.637 0.067
Mg 2.62+0.16 2.77 £ 0.17 2.70 +£0.16 2.67 +£0.15 0.114 0.284 0.849
CORT 20.83 + 9.08 28.24 + 1517 14.42 + 9.87 10.68 + 14.70 0.211 0.677 0.010
ALB/GLO 0.37 +0.02° 0.34 +0.012 0.34 +0.012 0.33 4 0.022 0.498 0.001 0.004
CaxP 136.11 + 16.1120 127.50 + 26.002 159.22 + 27.46° 155.50 + 19.733 0.757 0.437 0.003
Na/K 38.56 + 9.53 39.00 + 8.70 44,00 + 4.12 38.22 + 3.77 0.197 0.267 0.330

Data are given as the mean (n = 9 diet~" on day 58; n = 15 diet~ on day 121) + SD. Different letters indicate significant difference (two-way ANOVA, P < 0.05) between
treatments. L 16, low-lipid 16% diet; L21, high-lipid 21% diet; H, constant temperature exposure to high (H) 23°C; L, constant temperature exposure to low (L) 17°C.

GLU, glucose (mg dI~"); urea (mg di~"); CREA, creatinine (mg di~"); uric Ac uric acid (mg dl~"); Tot Bil, total bilirubin (mg di~"); Bil Ac, bile acid (wmol di~"); CHOL,
cholesterol (mg di~"); TRIG, triglycerides (mg di~); HDL, high-density lipoprotein; TR total protein (mg di~'); Alb, albumin (g dl~'); Ast, aspartate aminotransferase
(U L); Alp, alkaline phosphatase (U L") CK, creatine kinase (U L~"); LDH, lactate dehydrogenase (U L~); Ca*2, calcium (mg di~"); P, inorganic phosphorus (mg
di~7); Kt potassium (mEq L~1); Na‘t, sodium (mEq L~); Fe, iron (ug dI~"); Cl, chloride (mEq L~"); Mg, magnesium (mg di~'); CORT, cortisol (ng di~); ALB/GLO,

albumin/globulin; CaxPR, calcium*phosphorus; Na/K, sodium/potassium.

reads (mean + SD, 24,286 + 6,505) and clustered into a total
of 2,726 ASVs, of which 2,434 were assigned at family level
and 2,002 were assigned at genus level. In order to assess
whether the different diets (L16 and L21) result in a specific
gut microbiome response to water temperature changes, for each
dietary regime, the gut microbiome was sampled before and
after the HL (autumn shift) and LH (summer shift) temperature
transitions. The correspondent variations in the gut microbiome
profiles were assessed by the PCoA of the unweighted UniFrac
distances between samples collected at the different temperatures,
the taxa most explaining sample segregation are superimposed on
the bidimensional space. Finally, for each diet and temperature
transition, changes in the gut microbiome internal diversity
are shown according to three different metrics: PD_whole_tree,
Chaol, and observed_ASVs.

According to our findings (Figures 2A,B), under the L16
dietary regime, only the HL transition (autumn shift) resulted in a

significant variation in the overall gut microbiome composition,
both in terms of overall compositional structure (“Adonis,
p = 0.001) and in terms of reduction in the internal ecosystem
diversity (Kruskal-Wallis test p = 0.002; p = 0.002; p = 0.006).
Particularly, the transition to low temperature brings about the
reduction in Bacillus in the fish gut microbiome. Conversely,
in fishes fed with the L21 diet, both the LH (summer shift)
and HL (autumn shift) resulted in significant gut microbiome
compositional changes (Figures 2C,D, “Adonis,” p < 0.01).
However, in these conditions, no significant variations in the gut
microbiome compositional diversity were observed.

We next investigated whether the different diets were
associated with specific gut microbiome compositional structure
in fishes grown at high or low temperatures. To this end,
the PCoA of the unweighted UniFrac distances of the gut
microbiome composition of fishes consuming L16 or L21 diet
is provided at both warm (Figure 3A) and cold (Figure 3B)
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TABLE 5 | Plasma biochemistry values for gilthead sea bream fed the experimental diets and exposed to two different temperatures after temperature switch.

After temperature switch—day 121

L H L H Inter Temp Diet
GLU 74.57 + 15,512 99.73 + 13.99° 73.67 + 15.402 106.14 + 31.67° 0.737 0.000 0.878
Urea 8.05 + 1.80 8.89 + 0.95 8.16 + 1.80 8.60 + 1.67 0.677 0.187 0.839
CREA 0.17 4+ 0.022 0.19 + 0.03° 0.16 + 0.022 0.18 + 0.03% 0.558 0.002 0.299
Uric Ac 0.03 + 0.03?2 0.03 + 0.032 0.03 + 0.022 0.08 + 0.06° 0.034 0.014 0.014
Tot Bil 0.03 + 0.022 0.04 + 0.02° 0.02 + 0.022 0.03 + 0.012 0.081 0.036 0.011
Bil Ac 11.02 + 2.402 35.77 + 25.98°° 13.87 + 6.6120 38.81 + 34.62°¢ 0.987 0.000 0.633
CHOL 214.15 + 26.58 219.53 + 26.11 216.57 + 42.01 213.83 + 34.33 0.653 0.884 0.856
TRIG 316.07 + 118.68 473.40 + 249.43 477.50 =+ 265.41 353.58 + 172.86 0.018 0.772 0.719
HDL 75.43 + 10.66 70.73 + 9.51 67.93 + 14.49 70.67 + 10.66 0.236 0.753 0.228
P 3.85 +0.35P 3.64 + 0.27%° 3.51 +0.332 3.40 + 0.362 0.577 0.078 0.002
ALB 0.98 + 0.10° 0.96 + 0.08P° 0.85 + 0.072 0.87 £0.112 0.391 0.918 0.000
AST 19.08 + 11.4720 14.93 + 9.862 35.00 & 29.77° 32.33 + 17.5120 0.887 0.515 0.002
ALP 83.71 4+ 33.372 216.47 + 117.78P 168.87 + 70.95%P 256.42 + 126.14° 0.372 0.000 0.016
CK 135.50 + 163.01 54.40 + 45.02 81.20 + 74.99 49.50 + 39.93 0.338 0.032 0.251
LDH 411.38 + 280.24 266.13 + 250.62 751.00 + 788.72 657.50 + 568.17 0.857 0.406 0.013
Cat? 12.48 + 0.58° 12.43 + 0.692° 11.79 + 0.632 12.35 + 0.782° 0.091 0.159 0.036
P 10.90 =+ 1.09 11.03 + 0.80 11.02 +1.38 1117 £1.55 0.981 0.660 0.691
K+ 5.11 + 0.60%° 4.83 + 0.662 5.60 + 0.54° 5.54 +0.51° 0.480 0.262 0.000
Na+ 187.57 + 4.65 187.40 + 3.91 189.27 + 4.70 191.79 + 7.04 0.327 0.392 0.030
Fe 102.00 + 21.49 99.80 + 23.04 95.93 + 18.20 89.00 + 17.85 0.666 0.406 0.128
cl 164.20 + 4.68 162.99 + 2.91 166.83 + 4.58 166.37 + 5.21 0.747 0.473 0.012
Mg 2.70+0.23 2.76 +£0.18 2.69 + 0.23 2.81 4+ 0.20 0.617 0.107 0.732
CORT 21.18 4+ 16.40 16.89 + 9.17 13.97 + 11.42 17.65 + 7.99 0.196 0.921 0.295
ALB/GLO 0.34 +£0.01P 0.36 + 0.01° 0.32 + 0.022 0.34 + 0.02° 0.624 0.000 0.000
CaxP 136.29 + 17.88 137.53 +£17.32 130.40 + 21.54 138.67 + 25.71 0.529 0.394 0.670
Na/K 37.14 + 4.42% 39.67 + 6.15° 34.13 + 3.762 34.86 + 3.532 0.460 0.185 0.002

Data are given as the mean (n = 9 diet~" on day 58; n = 15 diet~" on day 121) + SD. Different letters indicate significant difference (two-way ANOVA, P < 0.05) between
treatments. L16, low-lipid 16% diet; L21, high-lipid 21% diet; H, constant temperature exposure to high (H) 23°C; L, constant temperature exposure to low (L) 17°C.

GLU, glucose (mg di~); Urea (mg dl~"); CREA, creatinine (mg di~"); Uric Ac, uric acid (mg di~"); Tot Bil, total bilirubin (mg di~); Bil Ac, bile acid (wmol di~); CHOL,
cholesterol (mg di~'); TRIG, triglycerides (mg di~); HDL, high-density lipoprotein; TR total protein (mg di~"); Alb, albumin (g dI~'); Ast, aspartate aminotransferase
(U L~7); Alp, alkaline phosphatase (U L~); CK, creatine kinase (U L~"); LDH, lactate dehydrogenase (U L~); Ca™2, calcium (mg di~"); B inorganic phosphorus (mg
di~7); K*, potassium (mEq L~1); Nat, sodium (mEq L~7); Fe, iron (ng al~"); Cl, chloride (mEq L~7); Mg, magnesium (mg di~"); CORT, cortisol (ung di~); ALB/GLO,

albumin/globulin; CaxPR, calcium*phosphorus; Na/K, sodium/potassium, SD, standard deviation.

growth temperature. For each temperature, the internal gut
microbiome diversity corresponding to both diets is also
provided. According to our findings, only at high temperature did
the different diets show a significantly different gut microbiome
layout (“Adonis,” p = 0.01), with L16 diet resulting in a
higher load of Lactobacillus. On the contrary, no dietary
impact on ecosystem diversity was observed, independent from
the temperature.

The overall composition of the sea bream gut microbiome
at different phylogenetic levels is represented in Figure 4:
phylum in Figure 4A and family in Figure 4B. For all
experimental groups, the most abundant taxa were Firmicutes,
Proteobacteria, and Actinobacteria, which represented about 88%
of the whole gilthead sea bream gut microbiota (Figure 4A
and Supplementary Table 6). At family level, the gilthead
sea bream gut bacterial community was dominated almost
entirely by Lactobacillaceae, which represented around 60% of
the whole ecosystem in all groups (Figure 4B). Interestingly,
focusing on the genus level, specific compositional differences

were detectable among the groups studied (Wilcoxon rank-
sum test p < 0.05) (Figure 5). In particular, according to
our data, for sea bream receiving L16 diet, the HL transition
(autumn shift) resulted in a significant decrease in Bacillus and
Planctomycetaceae, while for fish fed with L21 diet, the same
shift resulted in the reduction of Planctomyces (Wilcoxon rank-
sum test p = 0.008, p = 0.016, p = 0.033, respectively). On
the other hand, for both diets, the LH transition (summer
shift) gave a significant increase in Methylobacterium (Wilcoxon
rank-sum test p = 0.012, p = 0.033). Finally, the L16 diet
in the HL transition (autumn shift) favored an increase in
Weissella and Bradyrhizobium genera in the gut microbiome,
resulting in a significantly higher relative abundance of these
genera in the final condition compared with fish fed with L21
diet in the same condition (Wilcoxon p = 0.014, p = 0.026),
while 121 diet in the final condition of LH (summer shift)
transition favored a significant increase in Streptococcus and
Bacillus genera compared with L16 diet in the corresponding
condition (Wilcoxon p = 0.015, p = 0.011).

Frontiers in Marine Science | www.frontiersin.org

May 2021 | Volume 8 | Article 664701


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Pelusio et al.

Feeding Strategy in Sea Bream

Unweighted UniFrac R

= B = ]
10 - H i —ogorre | 1© i
. © i " Chlamydiales; p=0001" b i
Akkermansia o H ? Other 5 —
__ 1 7
o - == G
w | Legionella " hao ahaot S
5 TM6(Dependentiae); unc. 100 o o 80 ]
= 70 H
e Bact. 80 g all {
=3 “1 — 5 s0 4 -
i i s
o T i e
_observed ASVs - lwl,\“‘.m‘ v‘usm_
2.9 - oz I =005
o | :
. 70 | BL16HL - Before temperature switch ° | H
2 ®L16LH - Before temperature switch 0 - Bacillus BL16HL - After temperature switch | %0 7|
= Li6LH- Afer temperature switch e s e
40 = ] w04 —— .
pA . y & I b 2 4 o ! : s
wosi 20 e o
oo e o wro e
C Unweighted Unirac = D I’ — -
. ° p=0002"" i Faecalibacterium °© p=0002** H H
Lactobacillus . Bacillus ;
| 1 —_— a o
0 | 6 - . L3 —
° 4 — 4o H
. e . o
W | 1 2 2 el .
= 100 | g 80 -
| ‘ i A |
AR ol == ||® —
L4 i) \ 40 T i °
e = —
uu 9 U1 L21H_F ° ° ey g
“observed AsVs b d AV
¥ Chlamydiales;Other 100 70 :
o | —_
oo —_— L21HL - Before temperature switch H
Lol Sorere IEmpSiStine Sich e — L21HL - After temperature sitch =
L21LH- Afer temperature switch ) e —— . e :

2 E

0
NOS1 (11.46%) i e

FIGURE 2 | Beta diversity and alpha diversity of gut microbiota of gilthead sea bream fed with the experimental diets and exposed to temperature switch over

121 days. (A,B) PCoA based on unweighted UniFrac distances between gut microbiota structure of animals fed with L16 diet and exposed, respectively, to summer
shift (LH transition) and autumn shift (HL transition). Samples are significantly separated, only in the autumn shift condition (permutation test with pseudo-F ratios
Adonis; p = 0.001). (C,D) PCoA based on unweighted UniFrac distances between gut microbiota structure of animals fed with L21 diet and exposed, respectively, to
summer shift (LH transition) and autumn shift (HL transition). Samples are significantly separated in both conditions (permutation test with pseudo-F ratios Adonis;

p =0.002, p = 0.002). Black arrows are obtained by fitting the genus relative abundance values for each sample within the ordination space (function envfit of the
vegan R package, with a p-value < 0.01). In each panel, boxplots show alpha diversity values, measured by Faith’s Phylogenetic Diversity (PD_whole_tree), Chaot
index, and amplicon sequence variants (observed_ASVs). Only for the HL group (B), all metrics showed a significant reduction (Kruskal-Wallis test p < 0.01) of alpha
diversity in the final condition of group fed with L16 diet and subjected to a temperature switch toward autumn temperature (HL). L16, low-lipid 16% diet; L21,
high-lipid 21% diet; HL, constant temperature exposure to high (H) temperature of 23°C before, and to low (L) temperature of 17°C after, temperature switch; LH,
constant temperature exposure to low (L) temperature of 17°C before, and to high (H) temperature of 23°C after, temperature switch. Temperature switch occurred

on day 58.
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DISCUSSION

Though many studies have been conducted on the effect of
water temperature on growth, physiological responses, and
health in gilthead sea bream, so far, very few have investigated
the possible interaction between temperature switch simulating
seasonal variation and dietary lipid level, and no work exists on
its capability to affect gut microbiota.

The growth parameters observed throughout the overall trial
(fish encountering temperature switch between 23 and 17°C and
vice versa), within 16 or 21% dietary lipid levels, showed similar
performance in terms of growth (FBW, WG, and SGR). However,
overall FCR was higher in animals entering low temperature
(17°C, HL) in both diets. This significant difference was mainly
due to the observed negative effect of temperature on FCR when
fish moving from high to low temperature exhibited higher values
and higher relative increments. Similarly, our study agrees with
the “winter growth arrest” described by Sanchez-Nufio et al.
(2018a), where gilthead sea bream brought from 22°C down to
14°C showed a doubling of FCR and a fourfold drop of SGR.
Before the temperature change (day 0-58), temperature alone
regulated fish growth rather than dietary lipid, and no differences
in overall performance were detected within the temperature
regimes tested. Our findings are in agreement with previous

studies that found no differences in growth and feed utilization
when feeding sea bream juveniles at increasing dietary lipid levels
at constant high temperatures (Veldzquez et al., 2006; Bonaldo
et al., 2010; Mongile et al., 2014). Interestingly, in our study,
after temperature change (day 59-121), low dietary lipid gained
more influence, bringing a compensatory growth effect. In fact,
62 days after temperature change, L16 diet seemed to compensate
better for the differences in SGR occurring between days 0 and
59. Furthermore, L16 was better accepted (higher FI values and
higher relative increment) by animals passing from 17 to 23°C.
It should also be mentioned that the differences in the initial
body weight between high and low temperature recorded after
the temperature switch could have also interfered in the final
overall results.

Concerning lipid efficiency, overall results of LER and GLE
indicated that at the same temperature regime, low dietary
lipids guaranteed better lipid utilization rather than high ones
both before and after temperature change; again, low lipid diet
and high temperatures led to better lipid utilization by fish,
confirming previous study statements (Veldzquez et al., 2006;
Bonaldo et al., 2010; Mongile et al., 2014). Feeding 16 or 21% lipid
diets did not make any difference in HSI, as observed in other
previous studies (Velazquez et al., 2006; Bonaldo et al., 2010;
Mongile et al., 2014; Melis et al., 2017). However, HSI increased
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by 22-35% from H to L temperature, and though no statistical
difference occurred in fat liver content, liver lipid content tended
to be higher at 23°C. In contrast, most of the current literature,
focused on metabolic and physiological responses of this species
to low temperatures, observed an increase in the hepatosomatic
index (HSI), which is explained by a higher mobilization of
lipids due to fat mobilization and hepatic deposition caused by
cold temperatures (Ibarz et al., 2005, 2007; Mininni et al., 2014).
In our study, before temperature change, MFI, VSI, and their
relative variations were not influenced by diet nor temperature.
These findings are consistent with those of Mongile et al. (2014),
where dietary lipid from 20% up to 24% did not have any effect
in gilthead sea bream maintained at 27°C. However, in contrast
with the above mentioned author’s findings, 21% lipid diet caused
slightly higher MFI levels after temperature change. In addition,
a significant interaction indicated that the combined effect of
temperature increase and L16 led to a higher VSI than L21.

To further explain the growth responses of gilthead sea
bream after undertaking seasonal thermal changes, a spotlight
on digestive enzymatic activity was performed. In our study,
before the temperature change, pepsin activity was higher in fish
fed high lipid (L21). However, after the temperature switch, a
significant interaction indicated that the combined effect of low
lipid (L16) and low temperature guaranteed a higher activity of
this enzyme in animals subjected to a lower temperature of 17°C
(HL). For both before and after temperature switch, our study
reported no temperature-significant influence on pepsin activity.
However, after the temperature switch, pepsin activity in L16
showed a general increasing pattern compared with that in the
period before the temperature change, while its activity tended
to decrease under L21. On the contrary, in on-growing cobia
(Rachycentron canadum) reared at two different temperatures

(30°C and 34°C), higher pepsin activity was attributed to animals
reared at a high temperature of 34°C (Nguyen et al., 2019; Ytfera
etal,, 2019). Yet those subjects had higher FCR rather than others
reared at 30°C and fed the same daily ration (Nguyen et al,
2019; Yufera et al., 2019). The authors stated that in cobia reared
at a higher temperature, increased pepsin activity could not
improve growth owing to increased gastric transit rate (Yufera
et al,, 2019). Unlike pepsin, trypsin appeared to be influenced
by thermal changes. Before the temperature change, trypsin level
was slightly higher at 17°C in each diet; then after the thermal
switch, its activity displayed higher values at 23°C but relative
decreasing changes ranging from 40 to 59% were observed for all
the treatment. Our trypsin levels found before thermal change are
consistent with results found in European sea bass (Dicentrarchus
labrax) reared at three different water temperatures (17, 20, and
23°C) where the trypsin activity peaked at the lowest temperature
of 17°C (Pereira et al., 2018). Temperature and dietary lipid
level also affected FI, which could have resulted in variation
of enzymatic activity. In addition, dietary lipid level may affect
gastric transit rate as reported by Bonvini et al. (2018b) in
European sea bass and by Garcia-Meildn et al. (2013) in gilthead
sea bream, with possible consequences on enzyme activity. In
the present study, chymotrypsin activity was influenced only by
diet, being more elevated in fish fed 21% dietary lipid level rather
than 16% both before and after temperature change. Similarly,
while temperature did not affect chymotrypsin, dietary regime
was shown to improve consistently its activity in European sea
bass reared at 17°C (Pereira et al,, 2018). As regard amylase
activity, while before the temperature change no dietary or
thermal effect occurred, after the temperature switch, it was
significantly impeded, with lower activity values and higher
relative reduction in fish brought to 17°C (HL). This temperature
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influence reinforces the hypothesis that when fish are subjected
to colder temperatures, feeding absorption drops, while in the
liver, a metabolic reassessment takes place for glycogen synthesis,
accumulation, and storage (Silva et al., 2014; Melis et al., 2017;
Sanchez-Nufio et al., 2018b). Similarly, lipase activity also was
not influenced by diet or temperature before temperature change.
Afterward, lipase showed a general reduction in activity with
higher values in L21 and at high temperature. This is in contrast
with Arantzamendi et al. (2019), where bile salt-activated lipase
activity (BAL) of gilthead sea bream maintained at constant
optimal water temperature (within 20 and 24.2°C) tended to
increase with age throughout the life cycle.

Plasma cortisol and glucose levels are the first and main
metabolites being released into the plasma as response markers
to stress (Barton, 2002). Before the seasonal temperature change,
fish fed L16 showed cortisol levels higher than L21 at each
considered temperature, and a similar tendency, though not
significant (p = 0.066), was noticed also in glucose. Afterward,
cortisol was not influenced by any factor, while glucose increased
in animals brought from 17 to 23°C (LH). Our findings on
glucose levels are in contrast with cold-induced hyperglycemia
observed in studies on gilthead sea bream undertaken in both
outdoor and indoor conditions (Rotllant et al., 2001; Faggio et al.,
2014; Matias et al., 2018).

Total protein is a liver impairment marker, and increase in
concentration can be caused by structural liver alterations such
as aminotransferase activity reduction, leading to a concurrent
reduction in deamination capacity (Bernet et al., 2001). Among
them, ALB was found to be the major plasma protein in 16-18°C
acclimated gilthead sea bream, representing 25-30% of the TP.
In our study, TP level was greater at lower temperatures, and after
temperature change, both TP and ALB were found to be higher in
animals fed lower lipid (L16). Our findings are in accordance with
the significantly higher plasma TP levels of gilthead sea bream
exposed to 13°C compared with those with the same thermal
history maintained at 23°C described by Mateus et al. (2017). On
the other hand, Sala-Rabanal et al. (2003) reported a decrease in
plasma protein fractions in gilthead sea bream exposed to both
acute or gradual water thermal decrease to 8, 12, and 14°C during
15 and 20 days long. AST, ALP, and LDH are non-specific plasma
enzymes, indicators of tissue damage owing to pathological
processes, toxic chemical exposure, or traumatic fish handling
(Peres et al., 2013). In the present study, AST, ALP, and LDH were
influenced only by temperature before the temperature change.
While LDH and AST levels were higher at 17°C, ALP was very
high in animals kept at 23°C. Then, after the temperature switch,
ALP, AST, and LDH were found to be influenced by dietary lipids,
with greater levels in response to high dietary lipid diet (L21).
In the present study, the elevated blood LDH activity found at
low temperatures before temperature changes could probably
be caused by lactate accumulation in aerobic tissues such as
red muscle and heart indicating an activation of the anaerobic
component of metabolism during exposure to cold (Faggio et al.,
2014; Feidantsis et al., 2020b). Before temperature switch, TRIG
and HDL were more elevated at 17°C. These results are consistent
with increased triglyceride levels found during the colder months,
interpreted as a mobilization of the lipid deposits to use as fuels by

Faggio et al. (2014). Though most previous studies revealed that
cold water conditions for gilthead sea bream caused an imbalance
in plasma ion levels (Rotllant et al., 2001; Gallardo et al., 2003;
Sala-Rabanal et al., 2003; Vargas-Chacoff et al.,, 2009; Mateus
etal., 2017), in the present study, they mostly changed according
to dietary lipid content rather than temperature changes. Indeed,
before the temperature change, calcium, phosphorus, and sodium
were more elevated in animals fed high lipid diet (L21). Then,
after temperature change, while potassium, sodium, and chloride
remained higher in accordance with a high lipid diet, calcium
was found to be more elevated in fish fed L16 diet. In our study,
iron was the only ion influenced by temperature with higher
values in animals kept at 23°C before the temperature change.
In the present study, it should be mentioned that the high rate of
temperature change (3° day ™~ !) could have induced physiological
stress during the first days after the thermal switch. In fact,
according to Feidantsis et al. (2020a,b). This species showed
3-5 days of adaptive cellular response to stress when a sudden
thermal changes occurred in the range of 18-24°C.

The study of the gut microbiota has received great attention
in the aquaculture sector as an indicator of productivity and fish
health, and it is likely that its manipulation will be achieved in
the near future in several fish species of commercial interest.
Several studies have recently addressed the effect of diet (Huyben
et al., 2020; Rimoldi et al., 2020), rearing density (Parma et al.,
2020), age, sex (Piazzon et al., 2019), and genetic background
(Piazzon et al., 2020) on the gut microbiota of gilthead sea bream;
however more studies to detect dynamical changes of microbial
composition during the farming cycle are necessary (Infante-
Villamil et al., 2020). In the present study, at high phylogenetic
levels, the overall gut microbiome structure was similar among
groups, and the main represented taxa at phylum (Firmicutes,
Proteobacteria, and Actinobacteria) and family (Lactobacillaceae)
levels are consistent with previous trials on this species reared
on similar aquafeed formulation and feeding protocols (Parma
et al., 2016, 2020). According to our findings, the impact of the
L16 and L21 diets on the overall gut microbiome was dependent
on growth temperature. Indeed, only high temperature led the
two diets associated with different gut microbiome compositional
layouts with L16 diet resulting in a higher load of Lactobacillus.
The dominance of Lactobacillaceae mainly Lactobacillus has been
considered a valid indicator of optimal gut health condition
in sea bream (Parma et al., 2016, 2020). Interestingly, the two
diets performed differently in terms of microbiome response to
the temperature transitions. In particular, while fish fed with
L16 diet showed significant gut microbiome changes only at the
autumn shift, parallel with a reduction in ecosystem diversity,
for the L21 diet, both summer and autumn temperature shifts
resulted in significant variations in the ecosystem. Temperature
is known to modulate microbial diversity in animals especially
in poikilothermic fish species (Sepulveda and Moeller, 2020);
however, data explaining the interaction between diet and
temperature changes in fish are scarce (Soriano et al., 2018; Busti
et al., 2020b; Pelusio et al., 2020). Interestingly, among the few
studies, which underlined the combined effect of temperature and
dietary lipid level, Soriano et al. (2018), in yellowtail kingfish,
detected a reduced bacterial abundance and richness associated
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to a suboptimal low temperature and low dietary lipid level,
suggesting that gut microbiome composition could maintain
high relative abundance after the decrease in temperature only
in the presence of appropriate nutritional conditions, pointing
out the importance of optimal lipid level at low temperatures.
On the other hand, in the present study, the temperature
increase from 17 to 23°C showed a significant impact on
the diversity (B-diversity) only in a high-lipid diet. As concerns
the specific gut microbiome compositional changes, the decrease
in temperature from 23°C to 17°C leads to a significant reduction
in Planctomycetaceae and Bacillus. Bacillus is one of the most
important beneficial taxa in fish species, which can make a
positive contribution to nutrition, to the immune system, and to
disease resistance toward pathogens by producing bacteriocins.
This decreasing effect may be in line with the sensibility of sea
bream to thermal reduction; however, it should be mentioned
that, although there has been a significant decrease in this
bacterial taxa only under L16, its value was higher in comparison
with L21 at the same time point examined. After the temperature
decrease from 23 to 17°C, fish fed L16 also showed a significantly
higher abundance of Weissella in comparison to L21. This taxon,
belonging to lactic acid bacteria (LAB), is of potential interest
for its application as a probiotic in aquaculture (Mortezaei et al.,
2020; Ringo et al., 2018, 2020) and has been shown to improve
intestinal health and the hemato-parameters of hybrid surubim
(Pseudoplatystoma reticulatum female x P. corruscans) male
(Jesus et al., 2017).

In L16, the change toward high temperature was characterized
by a significant increase in the relative abundance of
Methylobacterium. Although with contradictory results, the
abundance of Methylobacteriaceae in fish gut has been previously
associated with environmental temperature change in tench,
Tinca tinca, and the sparids pinfish, Lagodon rhomboids (Givens,
2012; Dulski et al.,, 2020). Methylobacterium has also been
associated as beneficial microbial taxa with Nile Tilapia fed
functional ingredients (Zheng et al., 2018). Focusing on the
dietary effect after the increase in temperature, L21 showed a
significantly higher abundance of Bacillus and Streptococcus
compared with L16. Dietary lipid content and composition
is known to potentially affect gut microbiota composition
of animals, although very few studies in aquatic species are
available. In mice, high-calorie diets can affect gut microbiota,
reducing bacterial diversity and altering the ecosystem in favor of
opportunistic taxa (Bruce-Keller et al., 2020). Also, in zebrafish,
the increase in dietary fat from 5 to 15% led to reduced gut
microbiome diversity (Falcinelli et al., 2015), and a high-fat diet
(24% vs. 8%) fed to overfeeding affected the gut microbiome
composition (Navarro-Barr¢ et al., 2019). In this last-mentioned
study, the authors revealed an increase in the abundance of
Proteobateria, which has been proposed as a possible sign of gut
microbiome imbalance in fish species. This is also in agreement
with the observed increased taxa (Enterobacteriaceae) belonging
to this phylum in sea bass gut microbiome, which experienced
inflammatory gut mucosa after exposure to high temperature
and low-oxygen condition (Busti et al., 2020b). In the present
study, we did not observe a gut microbiome imbalance related
to the lipid level tested, which remains within a general optimal

requirement for this species. However, the significant increase
in Streptoccoccus under L21 compared with L16 at the end
of the trial may deserve specific attention. Streptoccoccus is
considered one of the most common pathogens in aquaculture
(Ringe et al., 2018). These taxa were indicative of dysbiosis in
olive flounder, Paralichthys olivaceus, after antibiotic treatment
(Kim et al,, 2019), and in gilthead sea bream, its significant
increase was associated with low fishmeal diet and high rearing
density conditions (Parma et al., 2020). Finally, it should be
mentioned that fish gut microbiome may also change within the
same individual in different parts of the intestine due to their
physiological differences (Piazzon et al., 2019), and according
to Jones et al. (2018), bacterial community in the midgut of
rabbitfish (Siganus fuscescens) hosted operational taxonomic
units (OTUs) related to environmental sources, while hindgut
hosted OTUs that appeared to be specialized in the role of
fermentation. In this regard, further studies in gilthead sea
bream should be carried out to define the interaction between
microbial community and environmental changes in different
traits of the intestine.

CONCLUSION

In conclusion, high dietary lipid levels, 21% did not improve
growth and feed efficiency during seasonal temperature changes
in comparison with low dietary lipid (16%). On the other hand,
low dietary lipid improved feed intake, growth, and nutrient
utilization after temperature changes, especially in fish entering
optimal temperature (23°C), which simulated the spring to
summer water temperature switch. In addition, after temperature
switch, L16 reduced perivisceral fat. Low temperature (17°C)
strongly affected overall growth performance and nutrient
efficiency parameters in comparison with 23°C with major
negative effects in fish experiencing summer to autumn
temperature changes. After temperature changes, the combined
effects of low-lipid diet and low-temperature conditions resulted
in higher pepsin activity, while trypsin, chymotrypsin, and
lipase were generally higher at high lipid content. The absence
of a significant interaction in most of the plasma parameters
examined supports the hypothesis that the combined effect
of diet and temperature did not alter the metabolic plasma
profile. However, the higher AST and ALP observed at the end
of the trial in L21 may deserve further attention of possible
negative effect on liver status when combining high dietary lipid
and temperature changes. Gut microbiome composition were
similar among all groups with the dominance of beneficial taxa
(such as Lactobacillus) representative of a healthy ecosystem in
this species especially in high temperature condition when L16
diet resulted in a higher load of Lactobacillus. In addition, after
the temperature reduction, L16 was characterized by a higher
abundance of the potential beneficial taxa Weisella spp., while
the increase in temperature and L21 diet supports the growth
of the potential pathogens Streptococcus spp. According to the
results, the utilization of 16% dietary lipid levels in gilthead sea
bream should be preferred when fish are exposed to temperature
changes. Although the combined effects of temperature
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and photoperiod was not addressed in this study, the results
of the present study could give useful indication to optimize
feeding strategy during summer to autumn and spring to summer
temperature changes.
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