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The use of fish meal/oil in carnivorous fish feeds remains a concern for the environmental sustainability of aquaculture. In this study,
we investigated the impact of an innovative diet designed to be cost-effective and environmentally sustainable (i.e., 60% replacement
of fish meal by a blend of plant, yeast [Saccharomyces cerevisiae], and krill meal feed ingredients) on the growth, health, and welfare of
gilthead seabream (Sparus aurata). Over a 135-day experiment, fish were fed either the innovative or a commercial diet (control), and
various parameters were evaluated, namely growth performance, levels of physiological blood parameters related to stress, immunity,
health, and welfare, as well as swimming activity, serving as a proxy for energy expenditure. Results revealed that the innovative diet
enhanced growth compared to fish fed the control diet. Hematological and biochemical indicators did not highlight any impaired
welfare condition in fish fed innovative diet while higher levels of Immunoglobulin M were measured in plasma of fish fed innovative
diet, potentially suggesting enhancement of humoral immunity. However, accelerometer tags data revealed that fish fed the innova-
tive diet exhibited higher overall swimming activity, suggesting higher energy expenditure, which was consistent with greater
prealbumin levels measured in the plasma. In conclusion, the higher energy metabolism in fish fed the innovative diet might be
compensated by the diet’s content, which may boost humoral immunity and hence help the fish develop a better adaptation to
rearing environment, including its viral and bacterial load, ensuring overall better growth. Longer term investigations, including
measurements of additional parameters, are required to validate these promising preliminary outcomes.
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1. Introduction

Due to the rising demand for fish products combined with
the world’s depleting wild resources, fish production through
aquaculture has substantially increased in recent decades [1].
This rapid growth has also raised concerns regarding the
environmental sustainability of the fish farming sector and
the welfare of farmed species, dating back more than 20 years
but still persisting [2-5]. The use of fish meal and oil as
necessary dietary components to meet the nutritional needs
of carnivorous marine fish in terms of proteins and omega-3
fatty acids puts strong pressure on marine ecosystems where
fish stocks are facing overfishing [1, 2, 6]. Moreover, there
can be strong fluctuations in the availability (e.g., finite
resources, climate change impact), price, and quality of fish
meal. This further emphasizes the need for the search and
use of novel and sustainable raw ingredients with high nutri-
tional value in aquafeed formulations, to reduce aquafeeds
dependency on fish meal, particularly for omnivorous and
carnivorous fish species [7-9].

Research on novel feed ingredients, such as plant, single
cell, or animal proteins as potential substitutes for fishmeal
in feeds while maintaining fish nutritional requirements, has
been very active in recent years [6, 8, 10]. Substantial
research has been made on the use of plant protein sources
showing overall successful outcomes in diets, particularly for
herbivorous species as they possess the requisite enzymes to
process plant-based proteins, but also in carnivorous species
(see, e.g., [11, 12]), such as gilthead seabream (Sparus aurata)
and European sea bass (Dicentrarchus labrax). Various plant
substitutes presenting interesting characteristics (e.g., protein
content, digestibility) have been used in aquafeeds such as
soybean meal, processed soy protein concentrates, or pea
protein (e.g., [7, 13-16]). In addition, the inclusion of
single-cell ingredients, such as yeast, in aquafeed formula-
tions is rising and is expected to play a significant role in
future aquaculture sustainability due to their fast growth,
high protein content, renewability, and cost-efficiency [7].
Finally, alternate ingredients originating from terrestrial or
marine animal sources have been proposed as potential fish
meal replacers [11, 12, 17, 18]. Among those, Antarctic krill
(Euphausia superba) meal appears as an interesting appetite
stimulant due to its high protein content, favorable amino
acid and fatty acid profiles, palatability enhancement prop-
erties, and high levels of astaxanthin, a powerful antioxidant
[19, 20].

To overcome limitations encountered by the use of a
single source of alternate protein (e.g., antinutritional factors
in plant ingredients), offer cost-effective sustainable diets
and ensure a high balanced nutrition, a blend/combination
of alternate complementary protein sources was suggested as
a suitable solution (e.g., [21-24]). This is facilitated by recent
developments in biotechnology [25-27], such as fermenta-
tion technology, which lowers the antinutritional elements of
plant ingredients and raises their protein content [28]. Before
formulating, several criteria need to be taken into account to
select new fish meal substitutes, including the quantity and
quality of these substitutes, their acceptability for consumers,
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but also, and importantly, their competitiveness in terms of
price [8, 29]. This latter requires the use of alternative raw
ingredients that can be produced on an industrial scale,
ensuring year-round availability. Additionally, the final
cost of the feed must be sustainable and acceptable to pro-
ducers, while still meeting the nutritional needs of the fish.
Because it directly affects output and profit, the use of effec-
tive, environmentally, and economically sustainable ingredi-
ents for aquaculture feeds is a crucial issue for European fish
farming. Additionally, ensuring a high immunity level, as
well as a high level of welfare for the farmed species, is crucial
when including such innovative components in the fish diet
[10, 30]. Indeed, decreasing the contribution of fish meal in
aquafeeds appears relatively simple, but the difficulty can lie
in not negatively affecting fish growth and health/welfare [9].

In addition to economically important traits related to
growth and nutrition, fish health and welfare are thus now
major concerns for consumers and regulatory bodies [4, 31].
It is widely acknowledged that fish will grow more efficiently
if they are in good health [4], often related to good fish
welfare. Recently, methods and tools for measuring health
and welfare have greatly developed in farmed fish species,
providing a comprehensive evaluation from molecular to
behavioral and physiological endpoints, in addition to biolog-
ical performances [32-35]. Furthermore, in the context of
precision fish farming, remote real-time monitoring of behav-
ior and fish physiological state using sensors may provide
high-throughput insights into fish responses to different
aquaculture conditions [36-38]. For instance, swimming
activity and/or acceleration measured by such sensors have
been proven to be correlated with heart rate and metabolic
rate (indicators of stress and energy expenditure) and affected
by acute stressors (e.g., water quality) or rearing conditions
(e.g., stocking density, diet group) [39—46]. The use of such
sensors is thus providing valuable real-time indicators related
to fish welfare without disturbing fish and the daily routines of
farmers.

Gilthead seabream is a key species in European marine
aquaculture [47]. Forty-five percent of the production cost of
gilthead seabream is attributed to the diet. Therefore, extensive
research has been conducted to find cost-effective raw materials
to replace fish meal and oil. Particular attention has been given to
plant-derived ingredients (e.g., [48, 49]), but replacing fish meal
with a combination of various protein sources has also been
highlighted as promising [50, 51]. In this study, we investigated
the effects of a cost-effective and tailor-made low ecological
footprint innovative diet, with 60% replacement of fish meal
by a blend of plant, yeast, and, in lower proportion, krill meal,
on the health and welfare of seabream. To do so, we monitored
the growth performance of the fish fed the innovative diet over a
4-month period and measured the levels of physiological blood
parameters related to stress, immunity, health, and welfare (e.g.,
hematocrit, cortisol, lactate, and total proteins), as well as the
levels of a stress molecular indicator (Hsp70 levels). In addition,
an accelerometer-tag was implanted in some fish to track their
acceleration continuously, acting as a stand-in for energy expen-
diture. Overall, this study provides a thorough evaluation of the
physiological state of seabream under innovative nutrition,
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TasLe 1: Formulation of the diets (%)

Ingredients Control diet Innovative diet
Fish meal 25 10
Corn gluten meal 22 12
Soy protein concentrate 5 12
Soybean meal 11 —
Fermented soy — 7.5
Fish oil 12 11.5
Sunflower meal 12 10
Wheat 10 9
Yeast — 6
Pea protein — 6
Wheat gluten meal — 6
Krill meal — 5
Monocalcium phosphate — 1.8
Lecithin — 1
Synergen — 0.05
Premix 3 2.2

addressing the environmental sustainability challenges of
European aquaculture.

2. Materials and Methods

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
All of the experiments were carried out with the approval
of the Health Ministry (number 488/2021-PR) and in com-
pliance with EU recommended Directive 2010/63/EU.

2.1. Fish, Feeding, and Experimental Protocol. Gilthead seab-
reams were obtained from the commercial farm REHOMARE
(Gallipoli, Italy) and transferred to the facilities of Fondazione
COISPA ETS (Bari, Italy). The fish were kept undisturbed for
2 weeks in seawater (pH =7.30+£ 0.05, temperature of 18.5+
1°C, oxygen saturation of ~80%, and salinity of 35 practical
salinity unit [PSU]) at a stocking density of about 20 kg/m’
and a photoperiod of 12L:12D (Light:Dark; light from 6am
to 6 pm). The fish were placed in a flow-through system with
a water replacement rate of 25 L/min and were fed a commercial
feed (Skretting Marine 3P, Italy) amounting to approximately
1% of their body mass daily during this period. After this 2-week
period, fish were individually passive integrated transponders
(pit)-tagged with ID100 radio frequency identification (RFID)
tags (DORSET ID, Trovan, Netherlands) under anesthesia
conditions using hydroalcoholic clove oil solution (30 ppm,
Erbofarmosan, Bari, Italy), and then randomly distributed into
four fiberglass tanks of 1.2m’ (1n=~70 per tank; stocking
density: 12 kg/m’) with the same water quality parameters and
photoperiod specified before.

Two weeks post pit-tagging, the fish started to be fed with
either a commercial diet, serving as a control (two tanks),
and with an innovative diet (two tanks) (Table 1). Both feeds
were produced by the Greek fish feed company IRIDA S.A.
The innovative diet used in this study was formulated to be
more environmentally friendly and contains fishmeal replacers

such as protein yeast derived from Saccharomyces cerevisiae,
plant and krill meals that allowed to decrease the total amount
of fishmeal by 60%. The innovative feed was nutritionally bal-
anced with other ingredients commonly used in aquafeeds as
well as with macro- and micronutrients. The formulation of the
diets and their chemical composition are shown in Table 1 and
Supporting Information 1: Table S1, respectively. The amino
acid and fatty acid profiles of the two diets are presented in
Supporting Information 2: Table S2 and Supporting Informa-
tion 3: Table S3, respectively.

Fish were fed 6 to 7 days per week with the experimental
feeds, amounting to 1% of their body mass, during the whole
experiment using automated feeders distributing feed from 8
am to 12 pm. The feeding started on day 0 (July 11, 2022) and
lasted for 135 days until November 23, 2022. For the evalua-
tion of various biochemical blood parameters, three sam-
pling times were chosen: T0, 5 days before the start of the
experiment to serve as a control; T1, at 72—73 experimental
days; and T2, corresponding to the end of the experiment at
134-135 experimental days.

2.2. Growth Measurements, Blood and Organs Sampling. At
each sampling time (i.e., TO, T1, and T2), fish were gently
caught from the rearing tanks and slightly anesthetized with a
hydroalcoholic clove oil solution (15 ppm) for measuring stan-
dard length (cm) and weight (g). Mortalities were recorded daily,
along with feed provided per tank. Specific growth rate (SGR),
feed conversion ratio (FCR) and protein efficiency ratio (PER)
were estimated between TO and T2. The SGR was calculated
using the following equation: SGR=100x% (In (W;) — In
(W,))/T, where W is the total weight of the fish (g), respectively,
at TO (W) and at T2 (W), and T is the number of feeding days.
FCR was calculated as the ratio of the feed ingested (kilogram of
dry weight) per biomass of weight gained (kg). PER was calcu-
lated by dividing fish weight gain by the total amount of protein
ingested during the experiment.

At T1 and T2, a subsample of fish (1 = 8 per tank; i.e., n =16
per diet) was randomly selected for blood collection. Twelve fish
were also sampled at TO (before the start of the feeding experi-
ment) to establish basal values. Before beginning the blood sam-
pling procedure, fish were carefully removed from the rearing
tanks and given a 2 to 3 min soak in an anesthetic solution (clove
oil, 30 ppm). Blood samples were drawn from the caudal vein.
The levels of several physiological markers of fish health and
welfare were then measured using these blood samples, as
detailed in Section 2.3. At T2, the fish used for blood sampling
were then euthanized using an overdose of anesthetics. To per-
form a quantitative real-time polymerase chain reaction (QPCR)
analysis, 100 mg of spleen, kidney, gill, liver, and brain were
collected and stored in tubes containing 1 mL of RN Alater (QIA-
GEN). Samples were kept for 48 h at 4°C and then maintained at
—80°C until further use.

2.3. Analysis of Hematological and Biochemical Indicators.
Hematological indicators were analyzed in the same way as
Alfonso et al. [52]. Briefly, the hematocrit was determined
shortly after sampling, and the red blood cell count (RBCC)
was evaluated using a Biirker counting chamber under a light
microscope (Nikon 400E, Japan), and a commercial kit
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(H7379; Sigma, United States) was used to measure hemoglo-
bin. The remaining blood was placed in a tube containing
K3EDTA (VACUMED, Torreglia, Italy) and centrifuged to
obtain plasma samples, which were stored at —20°C until
further analysis. Following the manufacturer’s instructions,
plasma cortisol was measured in an automatic analyzer Cobas
E601 (Roche Diagnostics GmbH, Mannheim, Germany) using a
commercial competitive electrochemiluminescent immunoassay
kit (Elecsys Cortisol II Gen, Roche Diagnostics). Using
commercial kits (Lactate Gen.2, Glucose HK Gen.3, and Total
Protein Gen.2, respectively; Roche Diagnostics), the
concentrations of plasma glucose, lactate, and total protein
were determined in accordance with the manufacturer’s
instructions in the Biochemical analyzer Cobas C501 (Roche
Diagnostics). The enzyme-linked immunosorbent assay kit
(BT LABTM, China) was used to measure the levels of total
serum immunoglobulin M (IgM) in accordance with the
manufacturer’s instructions.

The concentrations of the different protein fractions con-
tent in plasma (albumin, alpha 1, alpha 2, beta 1, beta 2, and
gamma) were obtained through electrophoresis following a
method described in Alfonso et al.’s [53] study.

2.4. Quantification of Hsp70 Using gPCR. The absolute quan-
tification of Hsp70 (heat shock protein) was conducted using
qPCR analysis according to the method developed by Fiocchi
et al. [54] using specific plasmid for seabream Hsp70 [40]. All
details regarding previous optimization and qPCR analysis
are available in Fiocchi et al’s [54] study and Supporting
Information 4: Annex SI.

2.5. Implantation of Accelerometer Tags and Recording of
Swimming Activity. A subsample of fish (n=5 fish per tank;
n=10 per diet; 328 4= 53.7 and 304.1 £ 32.4 g for the control and
innovative diet, respectively) was implanted on the 44-45th
experimental days (corresponding to August 24, 2022 and
August 25, 2022) with accelerometer tags VEMCO V9A-2x
(AMIRIX Systems Inc., Nova Scotia, Canada) following the
protocol described in Alfonso et al’s [55] study, and fish were
then released into their original tank. Feeding and swimming
behaviors were monitored daily in the days following the surgical
implantation to ensure a good recovery. All fish started to feed
2-3 days following the surgery and displayed normal swimming
behavior, testifying that all tagged fish recovered well. While all
tagged fish displayed normal behavior following surgery, three
tagged fish, however, died over the experimental period and
were, as a precaution, excluded from the final analysis.

Data recording started on September 5, 2022 (i.e., 12 days
after tag implantation), to ensure full recovery before data
acquisition [55], and lasted until the end of the experiment
(T2), resulting in a total monitoring of 79 days. All details
regarding tag settings and data storage and acquisition using
acoustic receivers are available in Supporting Information 4:
Annex S1.

2.6. Statistical Analyses. Statistical analyses were conducted
using R software Version 4.0.4 [56] at the 95% level of signifi-
cance. Data are presented as mean &+ SD (standard deviation)
and the fish was used as a statistical unit. Initially, the tank
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TaBLE 2: Growth variables in the control (n =135 fish) and innova-
tive diet (n =134 fish) groups: total weight (mean + SD; in grams)
measured at the three sampling points (T0, T1, and T2), SGR
(%/day), FCR, and PER.

Variable Control diet Innovative diet
Total weight at TO (g) 219.7£50.0 220.8+47.8
Total weight at T1 (g) 301.1£59.0 308.2£59.9
Total weight at T2 (g) 359.7£76.9 3784+843
SGR (%/day) 0.46 4 0.20° 0.49+0.17°
FCR 228 +£2.09 2.09+1.18
PER 1.08 £0.47 1.18 £0.46

Note: Different letters between the two diet groups indicate statistical differ-
ences between diets (p <0.05).

Abbreviations: FCR, feed conversion ratio; PER, protein efficiency ratio; SD,
standard deviation; SGR, specific growth rate.

(duplicates per diet) was included as a random factor in all
mixed models, but it was removed when the variance attrib-
uted to the tank was null. All conditions for applying linear
models (absence of outliers, linearity, homogeneity of vari-
ance, normality of residuals, and normality of the random
effects) were checked graphically using the performance pack-
age [57]. All details regarding specific statistical tests and
models used are available in Supporting Information 4:
Annex S1.

3. Results

3.1. Growth. Overall, the mortality during the experiment
was similar between the two diet groups (3.57 £1.01% for
the control group vs., 3.58 £3.02% for the innovative diet
group). Regarding weight gain, fish did grow over time
in both groups (F=1389.33, p<0.001; Table 2). Over the
experimental period, fish fed the control and innovative diets
grew from 219.7 £50.0 g to 359.7 £76.9 g and from 220.8 £
47.8 g to 378.4 & 84.3 g, respectively. The diet did not signifi-
cantly affect weight when considered alone (F=1.40, p=
0.24) but a significant interaction between time and diet was
found to affect fish weight (F=5.05, p=0.007). In more
details, in TO and T1, there were no significant weight differ-
ences between diets, but a difference emerged in T2 (Table 2).
There was a slight statistical difference in SGR between diets
(W=7782.5, p=0.04), with SGR being slightly higher for
fish fed the innovative diet compared to the control diet
(Table 2). However, there was no significant difference between
diets in FCR (W=10091, p=0.08) or PER (W =7864, p=
0.08) (Table 2).

3.2. Hematological and Biochemical Indicators

3.2.1. Stress, Health, and Welfare Parameters. There was no
impact of the diet or sampling time on cortisol (diet: likeli-
hood ratio (LR) =0.01, p=0.91; sampling time: LR =0.02,
p=10.89), hematocrit (diet: F=3.73, p = 0.19; sampling time:
F=3.32, p=0.07) and RBCC (diet: F=1.12, p =0.40; sam-
pling time: F=1.14, p = 0.29) (Figure 1). Glucose was affected
by both the diet (F=22.78, p<0.001) and time (F=10.16,
p=0.002), with higher values at T2 compared to T1 and
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FIGURE 1: Stress, health, and welfare blood physiological parameters (mean & SD) measured at the two different sampling points (T1 and T2)
in the control (gray; n=16) and innovative diet (blue; n=16) groups of seabream. Parameters monitored are cortisol (nmol/L), glucose
(nmol/L), lactate (nmol/L), hematocrit (%), hemoglobin (g/dL), and red blood cell count (RBCC; 10° cells/mm”). Significant differences
between sampling times and/or or diets are indicated in the figure for each parameter; different letters indicate significant differences
(p<0.05), otherwise NS is indicated. TO was added to the graph as a point of comparison for initial values. NS, not significant; SD, standard

deviation.

overall higher values in the control diet than in the innovative
one at both T1 and T2 (Figure 1). Similarly, lactate was influ-
enced by time (F=12.22, p<0.001) and the interaction
between diet and time (F=18.23, p<0.001), with control

individuals presenting higher values at T2 than T1, while no
difference could be seen across times for fish fed with the
innovative diet (Figure 1). The diet (F=10.68, p =0.002) and
the interaction between diet and time (F=28.48, p =0.01) also
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FIGURE 2: Immune parameters and protein content (mean & SD) measured at two different sampling points (T1 and T2) in the control (gray;
n=16) and innovative (blue; n = 16) diet groups of seabream. Parameters monitored are total protein (g/L), prealbumin (g/L), albumin (g/L),
alpha 1 (g/L), alpha 2 (g/L), beta 1 (g/L), beta 2 (g/L), gamma (g/L), and immunoglobulin M (ug/mL). Significant differences between
sampling times and/or or diets are indicated in the figure for each parameter; different letters indicate significant differences (p<0.05),
otherwise NS is indicated. TO was added to the graph as a point of comparison for initial values. NS, not significant; SD, standard deviation.

had an impact on hemoglobin concentration, with lower
values in fish fed with the innovative diet compared to control
fish at T1 but with no difference between diets at T2 (Figure 1).
Finally, there was no significant difference in the expression
of Hsp70 in the targeted organs between the two diet groups at
the end of the trial (T2; t=—-1.31, p=0.2; Supporting Infor-
mation 5: Figure S1).

3.2.2. Immune Parameters and Protein Blood Content. Total
protein levels were significantly influenced by the diet (F=
4.31, p=10.04), but the post hoc tests showed no differences in
fish fed with the innovative diet compared to control fish in
specific sampling times, and by sampling time (F=13.86,
p<0.001) with higher values at T2 compared to T1 (Figure 2).
There were significant effects of diet (F=18.16, p<0.001),
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FIGURE 3: Acceleration (mean + SD; AU) as a function of (A) hours and (B) period of the day (i.e., day and night) for the two diet groups:
control diet (in gray; n=10) and innovative diet (in blue; n=7) in seabream. Gray shapes indicate the night period of the photoperiod.
Different letters indicate significant differences between diet groups (statistical significance assigned at @ =0.05). AU, arbitrary unit; SD,

standard deviation.

sampling time (F=13.06, p<0.001), and the interactions
between these two factors (F=10.88, p=0.002) on prealbu-
min levels (Figure 2). More specifically, there was a significant
increase in prealbumin between T1 and T2 for fish fed with
the innovative diet, and at T2, prealbumin levels were signifi-
cantly higher in fish fed with the innovative diet compared to
control fish, while no difference between the two diets could
be seen at T1 (Figure 2). No diet effect but a time effect was
detected for albumin (diet: F=0.05, p =0.83; time: F=9.19,
p=0.004) and alpha 2 levels (diet: F=1.16, p =0.29; time:
F=6.42, p=0.01), with higher values at T2 compared to T1
(Figure 2). Alpha 1 was significantly influenced by the inter-
action between diet and sampling time (F=28.93, p=0.004),
with a significant decrease in alpha 1 level between T1 and T2
in control fish resulting in a significant difference between
diets at T2 with innovative fish presenting higher values than
control fish (Figure 2). No diet or time effect was observed for
beta 1 (diet: F=1.03, p = 0.42; time: F=3.29, p = 0.07), beta 2
(diet: F=0.02, p=10.89; time: F=0.81, p=0.37), or gamma
(diet: F=0.54, p=0.54; time: F=1.87, p=0.18) levels
(Figure 2). Finally, IgM levels were significantly influenced

by both the diet (F=45.04, p<0.001) and the sampling time
(F=77.90, p<0.001), with higher values in the innovative
diet compared to control and higher values at T2 compared
to T1 (Figure 2).

3.3. Acceleration Data Recorded by Tags. Overall, the accel-
eration recorded by tags was affected by the period of the
day (t=-161.81; p<0.001), the diet (t="7.64; p<0.001), and
the interaction effect between diet and period (t=—19.87;
p<0.001). In more details, in both experimental groups,
fish displayed higher acceleration during the daytime than
night-time and fish fed the innovative diet overall displayed
higher acceleration values than fish fed the control diet, even
if this difference was more pronounced during the daytime
than night-time (Figure 3).

The frequency distribution of data registered by tag dif-
fered across diets (y*=7223.80; p<0.001). There was a
higher peak of values ranging from 21 to 50 AU (arbitrary
unit) in fish fed the control diet while a higher number of
values for fish fed the innovative diet were overall found in
values <20 and >61 AU (Figure 4).

95U017 SUOLUWOD SAIIeaID) 3|gedldde ay) Ag peuienob ae sejole VO 8sn Jo sa|ni 10} Aeig1Tauluo A8]1/MW UO (SUONIPUOD-pUe-SLUIB)L0D A8 | Afelq 1jpul|Uo//:SdNL) SUONIPUOD Pue SWIB | 8U1 89S " [20Z/TT/yT] uo Arigiqeuluo As|im ‘snbnueny a1usD - eweu)| Aq Z88rEZ8/yZ02/SSTT 0T/10p/W0d As i Arelqijpul|uoy/:sdny woly papeojumoq ‘T ‘vZ0z o



0.03 4

0.02 4

Density

0.01 4

0.00

50 100 150 200 250
Swimming activity (AU)

Diet
O Control
[ Innovative

FIGURE 4: Frequency distribution of swimming activity values (in
arbitrary unit: AU) as a function of diet (control diet in gray and
innovative diet in blue) in seabream (S. aurata). Rectangles at the
bottom of the graph indicate swimming value intervals for which
there is a diet difference: blue rectangles indicate when fish fed the
innovative diet are more representative of these swimming values,
gray rectangles indicate when the frequency is significantly higher
in control fish, and white rectangles indicate when there is no
significant difference in the frequency distribution between the
two diets.

4. Discussion

4.1. Growth Performance. Irrespective of the diet group, fish
exhibited growth consistent with the species’ expectations
under comparable experimental rearing conditions (i.e., tem-
perature, salinity, and fish size [40]). While no diet effect was
seen on survival, FCR or PER, fish fed the innovative diet
displayed a slight but significantly greater SGR than fish fed
the control diet, resulting in a slightly higher average weight at
the end of the experimental monitoring (18.7 g of difference
between diets). In previous studies, plant proteins, such as
soybean meal, have been widely used as potential substitutes
for fishmeal and fish oil in aquafeeds due to their abundant
supply, high protein content, and well-balanced amino acid
profile. However, antinutritional factors in soybean meal can
be problematic, leading to reduced growth [10, 58]. Using soy
protein concentrates instead of soybean meal, as done in the
present study, may help overcome these issues and avoid
detrimental effects on growth [13, 59, 60]. It is worth noting
that substituting fishmeal with plant proteins like soy protein
concentrates can, in some cases, reduce palatability, ulti-
mately affecting feed intake and growth [60, 61], which was
not observed in our study. One way to prevent such a reduc-
tion in feed intake is to partially replace fishmeal with
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ingredients that enhance palatability, such as krill [19, 20],
as performed in this study. In addition to increasing palatabil-
ity, recent studies have shown that including krill meal in feed
contributes to better growth performance in seabream juve-
niles [62] and related farmed fish species like European sea
bass [20]. These findings align with the results observed in the
present study, although it is important to note that it is diffi-
cult to isolate the specific effects of the different ingredients in
the innovative diet on growth improvement due to the com-
bination of novel ingredients used (i.e., soy protein concen-
trates, yeast, krill meal). Overall, the growth performance
results support the potential for future use of such innovative
diet in seabream aquaculture farming. However, the innova-
tive diet needs to be formally tested in real farming conditions
(i.e., in sea cages at higher stocking density) to fully validate its
use at larger scale.

4.2. Hematological and Biochemical Indicators of Health,
Stress, and Immunity. All hematological and biochemical
indicators here monitored are commonly used metrics for
assessing fish health and welfare, and the values observed in
this study were consistent with those reported in other stud-
ies for seabream [40, 63]. Most of these indicators of stress
and welfare were not significantly affected by the innovative
diet tested.

Concerning hematological parameters, the only notable
difference among diets was observed for hemoglobin at T1,
but this discrepancy disappeared at T2. Interestingly, a simi-
lar change was observed in sea bass fed an innovative diet
that included both soy protein concentrate and fermented
soy to replace soybean meal, along with yeast proteins to
replace fish meal [64], similar to the present study. It is worth
noting that an opposite pattern was observed in both red
seabream (Pagrus major) and olive flounder (Paralichthys
olivaceus), which displayed increased hemoglobin concentra-
tion and hematocrit when fed a krill meal-supplemented diet
[65, 66]. Regarding biochemical parameters, lower stress
levels were suggested by lower plasma glucose levels [67] in
seabream fed the innovative diet compared to control fish.
Such changes in glucose levels were not observed in sea bass
fed an innovative diet with similar properties to the one for-
mulated in the current study [64], nor in red seabream fed a
krill meal-supplemented diet [66]. Additionally, these varia-
tions in glucose levels were not corroborated by other stress
indicators (e.g., lactate, cortisol, Hsp70) in the present study. It
is worth mentioning that for cortisol, the levels measured in
both T1 and T2 are higher than those expected at basal level
for seabream (mean =+ standard error: 15.35+2.32ng/mL
[52]), suggesting an acute stress condition induced by han-
dling which may mask some differences in cortisol level due to
diet group. However, given that the fish were handled in the
same way across experimental groups, even if the cortisol level
was influenced by handling (e.g., capture, anesthesia, and
sampling) difference in cortisol levels between the two diet
groups could still be highlighted. The large inclusion of plant
ingredients in the feed of carnivorous fish species can affect
basal stress levels and stress responses, as observed in previous
studies [68-70]. This may be detrimental to fish when coping
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with environmental variations and could impact their overall
fitness. However, the inclusion of novel ingredients such as
yeast in the feed may help reduce basal cortisol levels and
prevent or even enhance the stress response, enabling fish
to better cope with environmental challenges and ultimately
improving growth [71, 72], which could be what we observed
in this study. Overall, based on the different markers evalu-
ated, the innovative diet tested in the present study did not
induce any significant negative impact on fish stress, health,
and welfare. These findings could be complemented by other
parameters interacting with the physiological stress response,
such as brain monoamine levels, oxidative stress, and associ-
ated stress molecular markers [67, 73-75]. It would be partic-
ularly interesting to further evaluate the oxidative stress
response in fish fed the innovative diet, as recent studies sug-
gest an enhanced response in fish, such as seabream, fed with
krill-inclusive diets [76].

Plasma immunological parameters were also within the
range of values previously reported for seabream (e.g.,
[77-79]). Some variations in the immunological parameters
measured in the plasma of seabream were observed between
the two diets, notably a higher level of total proteins with a
specific higher level of prealbumin and alpha 1 at T2 and
higher values of IgM throughout the entire experimental
period in fish fed the innovative diet compared to fish fed
the control diet. Overall, regarding total protein levels, a
similar increase in plasma has been observed in sea bass
fed an innovative diet with properties similar to the one
formulated in the present study (as detailed above) [64].
However, no changes in total protein levels were noted in
red seabream or walleye pollock (Gadus chalcogrammus)
when fed a krill meal-supplemented diet [66, 80]. As for
the specific increase in prealbumin levels, prealbumin is a
protein known to help carry thyroid hormones and vitamin
A through the bloodstream. Low levels of prealbumin are
generally indicative of malnutrition [81]. However, the pre-
albumin levels measured in fish fed the control diet were
close to previously reported values for seabream and related
species [79] and no signs of malnutrition were observed
during the experiment, as supported by the increased growth
in fish fed the innovative diet. Prealbumin is also known to
help controlling how the body uses energy [81]. The higher
level observed at T2 may be more linked to higher metabo-
lism resulting in greater energy expenditure and hence be
consistent with the greater acceleration values measured in
the fish fed innovative diet using accelerometer tags (dis-
cussed in the following section). Additionally, the higher
level of alpha 1 at T2 in fish fed the innovative diet may
suggest a potential immunostimulant effect of the innovative
diet, as alpha globulins are acute-phase proteins typically
associated with inflammation and illness [82]. This increase
in alpha 1 was not observed in the plasma of sea bass fed a
similar innovative diet, where a decrease in alpha 1 levels was
measured instead [64]. Although yeast inclusion is generally
used to boost fish immunity, including in seabream [83-85],
this effect was not seen in the sea bass study mentioned. This
discrepancy could suggest that the krill included in the feed

of the present study might be responsible for the observed
immune enhancement, aligning with the higher plasma IgM
levels in fish fed the innovative diet compared to those on the
control diet, although the effects of other ingredients are
unknown. In olive flounder, krill meal in the diet is known
to increase plasma total immunoglobulin levels at an inclu-
sion rate of 6%, compared to diets with low fish meal content
[65]. Other nonspecific immunity indicators, such as antipro-
tease and lysozyme, were also enhanced following krill meal
inclusion [65]. Immunoglobulins are a major component of
the vertebrate humoral immune system and a good indicator
of the nonspecific immunological system [78, 86]. IgM levels
in blood are generally higher in response to immunostimu-
lants administration in seabream [78]. This overall suggests a
potential improvement in the immune defences of fish fed the
innovative diet. In the case of olive flounder, Tharaka et al.
[65] demonstrated that fish fed a krill-inclusive diet had lower
mortality rates compared to those on a low fish meal diet
following injection with the Edwardsiella tarda pathogen.
However, both in vivo and in vitro studies will be further
needed in seabream to evaluate whether this increase is non-
specific or directed specifically against some pathogens, also
because no further variations of globulins (alpha 2, beta 1,
beta 2, and gamma) were observed between fish fed the two
different diets.

4.3. Acceleration Recorded by Tag. In the present study, 17
out of the 20 tagged fish survived the entire experiment,
representing a mortality rate of 15%. While this falls within
the range expected in tanks according to Macaulay et al. [87]
(mean: 2.5%, range =0%—17%), it is toward the upper end of
the observed data. It is, however, crucial to note that due to the
low number of tagged individuals in the trial (n=20), one
individual represents a relatively high percentage (5%), and
the high percentage of 15% must be considered in the context
of the low sample size. Additionally, all three deceased fish
during the trial were from the innovative group. Still, when
considering all fish, the overall mortality was similar between
the diet groups over the trial (3.6% for both diet groups), indi-
cating that this higher mortality in tagged fish could not be
directly linked to the diet. Finally, the tagged fish died long time
after the tagging (26, 34, and 71 days later) so it is quite plausi-
ble to consider that these fish deaths fall within the moderate
mortality of such a long rearing period (135 days), also consid-
ering that such tagging practice is already known to not induce
chronic stress and/or negatively affect growth [88, 89].
Swimming activity is considered a sensitive marker of
welfare in fish [35, 90]. Especially, acceleration measured
using accelerometer tags is a reliable indicator of oxygen
consumption and energy expenditure in fish [91-94], includ-
ing seabream [55]. Generally, a higher level of muscle activity
(i.e., acceleration recorded by tag) implies that energetic
reserves are going to be lower, reflecting a reduced ability
for the fish to cope with future stress energy-consuming
events. Overall swimming activity displayed by seabream
individuals in this study is consistent with values reported
in the literature [40, 95-97]. A higher activity was shown,
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regardless of the diet, during the day compared to the night.
This diurnal pattern was previously reported for seabream
[40, 98], as well as other species [46, 64, 99, 100] and is
overall linked with feeding during the morning.

Regarding the specific diet effect, fish fed the innovative
diet displayed a higher acceleration level than fish fed the
control diet, confirming what prealbumin levels were previ-
ously suggesting. This difference was consistent during both
the day and night times, although the difference was greater
between the two diet groups during the daytime. This would
suggest an overall higher energy consumption for fish fed the
innovative diet than fish fed the control diet over the experi-
mental trial [55]. Furthermore, it was observed that fish fed
the innovative diet exhibited a greater data frequency for
high swimming activity values (>61 AU) compared to fish
fed the control diet (higher frequency for low and medium
swimming activity values, i.e., between 21 and 50 AU). The
analysis of red and white muscle activities during seabream
swimming, carried out in previous studies using electromyo-
grams, revealed that when the swimming activity values
recorded by the tag are less than 80 AU, the fish swims using
energy from aerobic metabolism [55]. However, when the
values exceed 80 AU, the fish gradually use energy from
anaerobic metabolism until they reach 255AU, which is
the limit of tag measurement [55]. In the current study,
the swimming of fish fed the control diet is hence more
fueled by aerobic metabolism than fish fed the innovative
diet, while, conversely, fish fed the innovative diet consume
more energy from anaerobic metabolism than fish fed the
control diet. In this way, fish from the control diet group
would have more energy available to cope with potential
future stressful conditions [55]. Indeed, our results suggest
that fish fed the innovative diet overall expend more energy
swimming, leaving them with less energy to handle potential
future stressors. This indicator does not, therefore, favor the
use of the innovative diet. However, it appears that the accel-
eration differences between diets are not significant enough
to compromise the general welfare of the fish fed the inno-
vative diet as, overall, this higher energy expenditure did not
translate into impaired growth. Longer term experiments are
required to verify that the higher energy expenditure in fish
fed the innovative diet does not have long-term conse-
quences on fish growth, health, and welfare.

5. Conclusion

In conclusion, the tested innovative diet, incorporating protein
yeast from S. cerevisiae, plant, and krill meals as replacements for
fish meal (60% replacement), did not adversely affect the survival
of seabream but slightly enhanced the growth performance. The
overall biochemical blood indicators suggest the absence of
strong negative effects on the health and welfare of seabream
due to the innovative diet, and, on the contrary, may suggest an
enhancement of humoral immunity, potentially linked to krill
inclusion. Furthermore, although a greater acceleration was
recorded by tags in fish fed the innovative diet compared to
the control diet, this did not translate into impaired growth.
This suggests that higher energy metabolism in fish fed the
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innovative diet might be compensated by the diet’s content
which may boost humoral immunity. The latter may hence
help the fish to cope with viral and bacterial load present in
the rearing environment, ensuring overall better growth in fish
fed the innovative diet. Longer term monitoring experiments are
needed in real farming conditions (i.e., sea cages at higher den-
sity), considering additional parameters (e.g., oxidative stress
indicators, pathogen challenge), to draw more definitive conclu-
sions on the use of this promising innovative diet.
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Supporting Information 1. Table SI1: chemical composition
(%) of the two feeds used in the experiment (control and
innovative) according to AOAC 1995 analysis protocols.

Supporting Information 2. Table S2: amino acid profiles for
the control and the innovative feeds used in the experiment
(in percent).

Supporting Information 3. Table S3: fatty acid composition
(percentage of total fatty acids) for the control and the inno-
vative feeds used in the experiment.

Supporting Information 4. Annex S1: detailed Material and
Methods.

Supporting Information 5. Figure S1: number of HSP70 cop-
ies per microliter measured at the end of the experiment (T2)
in the two diets (control in gray and innovative in blue). No
significant difference was found between the two diets (sta-
tistical significance assigned at a =0.05).
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