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Politècnica de València, València, Spain; bMarine Hatchery and Aquaculture Department, Faculty of Aquatic
and Fisheries Science, Kafrelsheikh University, Kafr Elsheikh, Egypt

ABSTRACT
The search for new sustainable aquafeeds for the species with
greater economic importance, such as the gilthead sea bream in
Europe, is one of the main challenges in the aquaculture sector.
The present work tested fishmeal replacement by a mixture of
plant meals at different levels, as well as the use of marine by-
products with attractant properties and high-quality protein in
high plant protein diets. In order to do that, effects on growth
and biometric parameters, digestibility, amino acid retention,
excreted ammonia and proteases and amylase activity were
assessed, using six different diets: FM100 (100% of protein pro-
vided by fishmeal), FM50 (50% of replacement), FM25 (75% of
replacement) and FM0 (100% of replacement), but also FM25+
(75% of replacement and 15% of squid and krill meal inclusion),
and FM0+ (100% of replacement and 15% of squid and krill meal
inclusion). In group FM0, a clear impact of dietary changes was
observed on growth, survival and ammonia excretion. Amino acid
retention in group FM0+ was also significantly affected, which can
be explained by the limited content of certain amino acids in this
diet. On the other hand, no significant differences were observed
in most biometric parameters or in enzyme activity. In conclusion,
complete fishmeal replacement can be achieved by using a mix-
ture of plant-based sources, but supplementation with comple-
mentary marine ingredients can prevent detrimental effects on
growth, survival, nutritional parameters and protein metabolism.
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1. Introduction

Fishmeal has traditionally been used as the main ingredient in diets for carnivorous
fish, due to its high content in high-quality protein and its digestibility and palatability.
Nevertheless, the reduced availability of this product and the increase of its price
demand finding alternative protein sources. As a carnivorous species, the gilthead sea
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bream (Sparus aurata, L.) needs a high level of protein in aquafeeds. Plant-based
sources, such as oilseed and cereals and their by-products, have a stable nutritional
composition and high market availability. Wheat and corn gluten (Pereira and Oliva-
Teles 2003), lupin meal (Pereira and Oliva-Teles 2004), pea meal (Pereira and Oliva-
Teles 2002), rapeseed meal (Gómez-Requeni et al. 2004), soybean meal (Martínez-
Llorens et al. 2007), among other single ingredients, have been studied as fishmeal
replacements in gilthead sea bream. However, the use of plant ingredients has some
drawbacks, such as low digestibility, imbalances in essential amino acids (EAA) and low
palatability.

On the one hand, the high content in non-starch polysaccharides (NSP), observed in
plant meals (Francis et al. 2001), can alter the activity of the different digestive enzymes,
which affects the digestion and absorption of nutrients (Fountoulaki et al. 2005) and, as
a consequence, the growth performance of fish. Carnivorous fish are not able to
efficiently digest carbohydrates, but use them as a source of energy when found in
high proportions in diets, which leads to impaired growth parameters (Bowyer et al.
2013). Different effects of different plant-based sources on the activity of various
digestive enzymes have been reported in different species (Bowyer et al. 2013;
Hartviksen et al. 2014), including gilthead sea bream (Santigosa et al. 2008).

On the other hand, insufficient levels of EAA can be partially solved by using diverse
plant-based sources in feeds, as a consequence of the complementation between different
amino acids profiles present in the various plant sources. In fact, best results in sea bream
growth assays have been achieved with partial substitutions of fishmeal with mixtures of
different plant ingredients (De Francesco et al. 2007; Dias et al. 2009; Sánchez-Lozano
et al. 2009). Moreover, certain studies (Kissil and Lupatsch 2004; Monge-Ortiz et al. 2016)
have been able to formulate a feed with total substitution of the fishmeal by vegetable
ingredients. Nevertheless, the required amino acid profile for on-growing sea bream fed
only plant protein sources can just be achieved by supplementing free amino acids
(Monge-Ortiz et al. 2016) or by including complementary ingredients, in order to combat
the nutritional deficiencies of these diets (Kader et al. 2012).

Lastly, the use of attractants in fish feed is necessary to minimise the negative impact
of plant meals in growth rate (Gomes et al. 1995; Venou et al. 2003) and improve
palatability and feed intake. Different kinds of attractants, like chemical attractants or
extracts of marine organisms such as krill meal (Torstensen et al. 2008), have been
tested. Moreover, marine by-products also show a balanced amino acid profile closer to
fishmeal and provide free amino acids (Kader et al. 2012), which improves the amino
acid profile of high plant protein diets by complementing some of the deficiencies of
plant-based diets (Kolkovski et al. 2000; Mai et al. 2006) and reducing the level of
supplementation with crystalline amino acids.

The inclusion of squid and krill meal in diets for gilthead sea bream has been
previously assessed. Nevertheless, most of the studies focus on larvae (Kolkovski et al.
2000; Cahu and Zambonino Infante 2001) or small fish (Kader et al. 2010, 2012).
Moreover, research works with larger fish in which these alternative ingredients have
been used in diets with high levels of plant protein also include high levels of free amino
acids, leading to mixtures more expensive than fishmeal-based diets (Monge-Ortiz et al.
2016). Therefore, the main goal of the present research work was to assess the impact of
different levels of inclusion of a plant protein mixture in aquafeeds on the growth and
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digestive performance of on-growing gilthead sea bream. To achieve the minimum
requirements of EAA for the on-growing gilthead sea bream, diets were supplemented
with crystalline amino acids and, in the case of high partial or total replacement, the
inclusion of squid and krill meal as complementary ingredients was also tested in order
to improve the essential amino acid profile of the experimental diets. The impact of the
different diets on biometrics, biochemical composition, digestion and retention of
essential and non-EAA, ammonia excretion and digestive enzyme activities was also
evaluated.

2. Materials and methods

2.1. Experimental setup

The growth assay was conducted in 18 cylindrical fiberglass tanks (1750 l) within a
marine water recirculating system (75 m3 capacity) with a rotary mechanical filter and
a gravity biofilter (6 m3 capacity) in the Universitat Politècnica de València (UPV).
All tanks were equipped with aeration and the water was heated with a heat pump
installed in the system. During the experiment, water conditions were as follows:
23 ± 1.5 °C, 30 ± 1.7 g/L salinity, 6 ± 0.5 mg O2/L and pH 7.5. All tanks had similar
lighting conditions with a natural photoperiod (from November–March, with an
average of 11 h of light).

2.2. Fish

Sea bream were obtained from the fish farm PISCIMAR in Burriana (Valencia, Spain).
Fish acclimated to laboratory conditions for 2 weeks, feeding a standard commercial
diet with a proximal composition of 48% crude protein (CP), 23% ether extract (EE),
11% crude ash (CA), 2% crude fibre (CF) and 14% nitrogen free extractives (NFE).
Then, the 360 fish were randomly distributed in the 18 tanks, in groups of 20 in each
one. The experiment was initiated with fish weighing 128 ± 5.3 g.

2.3. Ethics statements

The experimental protocol was reviewed and approved by the Committee of Ethics and
Animal Welfare of the UPV, following the Spanish Royal Decree 53/2013 on protection
of animals used for scientific purposes (Boletín Oficial del Estado 2013).

2.4. Diets

Six isonitrogenous and isoenergetic diets were formulated (FM100, FM50, FM25+,
FM25, FM0+ and FM0). They differed in the level of fishmeal, the inclusion of krill
and squid meal as attractants, and the addition of different synthetic crystalline amino
acids. Various levels of fishmeal replacement were tested: 0% (FM100), 50% (FM50),
75% (FM25+ and FM25) and 100% (FM0+ and FM0). Diets FM25+ and FM0+
included alternative marine by-products (15%) from different companies: squid meal
(Max Nollert, Utrecht, Netherlands), at 10% level, and squid meal (Ludan Renewable
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Energy, Valencia, Spain), at 5%. All diets, except for FM100, were supplemented with
free amino acids in order to meet the optimum amino acid requirements for gilthead
sea bream (Peres and Oliva-Teles 2009). The formulation of experimental diets, essen-
tial amino acid dietary content and amino acid optimum requirements for the on-
growing gilthead sea bream are shown in Table 1.

All diets were prepared as pellets by cooking-extrusion using a semi-industrial twin-
screw extruder (CLEXTRAL BC-45, Firminy, St Etienne, France) located at the UPV.
The processing conditions were as follows: 100 rpm screw speed, 110 °C, 40 atm
pressure and 3–5 mm diameter pellets.

Table 1. Formulation and proximate composition of experimental diets.
FM100 FM50 FM25+ FM25 FM0+ FM0 Optimum¶

Ingredients [g/kg]
Fishmeal 589 295 150 150
Wheat meal 260 66 60
Wheat gluten 130 125 220 222 295
Soybean meal 130 132 160 160 182
Bean meal 25 25 42 40 41
Pea meal 25 25 42 40 41
Sunflower meal 130 132 160 160 158
Squid meal 100 100
Krill meal 50 50
Fish oil 38 64 78 77 90 90
Soybean oil 93 91 66 91 65 90
Soy lecithin 10 10 10 10 10 10
Vitamin-mineral mix* 10 10 10 10 10 10
Monocalcium phosphate 19 27 28 38 38
Taurine 20
DL-Methionine 5 5 5 5 7
L-Lysine-HCl 5 5 10 10
L-Arginine 5
L-Threonine 3

Proximate composition
Dry matter (DM) [g/kg fresh matter] 881 914 902 928 928 939
Crude protein [g/kg DM] 442 447 445 450 446 451
Ether extract [g/kg DM] 185 193 201 210 200 198
Crude ash [g/kg DM] 101 98 101 90 88 75
Crude fibre [g/kg DM] 10 35 39 42 46 42
Nitrogen free extractives‡ [g/kg DM] 260 219 214 213 209 222
Non-starch polysaccharides [g/kg DM] 109 175 178 197 199 206

Essential amino acids [g/100 g DM]
Arginine 3.39 3.87 3.86 3.16 3.58 3.30 2.50
Histidine 1.00 1.11 0.81 0.90 0.81 0.82 0.85
Isoleucine 1.47 1.30 1.24 1.26 1.08 1.17 1.15
Leucine 3.24 2.84 3.11 3.03 2.45 2.98 2.24
Lysine 3.68 2.60 2.78 2.12 2.38 2.26 2.31
Methionine 1.16 1.14 1.06 1.09 1.05 1.06 1.17
Phenylalanine 1.80 1.75 1.78 1.67 1.76 1.87
Threonine 1.98 1.66 1.50 1.45 1.28 1.44 1.34
Valine 2.01 1.67 1.60 1.57 1.32 1.47 1.44

*Provided per kilogramme complete diet: 5 g premix, 2 g choline, 1 g DL-α-tocopherol, 1 g ascorbic acid, 1 g Ca3(PO4)2;
premix provided per kilogramme diet: 10000 IU retinol acetate, 5 IU calcipherol, 0.1 g DL-α-tocopherol, 8 mg
menadione sodium bisulphite, 23 mg thiamine 23 mg riboflavin, 150 mg pyridoxine hydrochloride, 0.25 mg
cyanocobalamine; 150 mg nicotinamide, 60 mg pantothenic acid, 6.5 mg folic acid, 0.7 mg biotin, 750 mg ascorbic
acid, 150 mg inositol, 1 g betaine, 120 mg polypeptides.

‡Nitrogen free extractives (NFE) = 1000 – Crude protein – Ether extract – Crude ash – Crude fibre
¶Optimum essential amino acid profile according to Peres and Oliva-Teles (2009).
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2.5. Biochemical analyses

The diets, their ingredients, fish and faeces were analysed according to the Association
of Official Agricultural Chemists (AOAC 1995) procedures: dry matter (DM) by heating
at 105 °C to constant weight (2001.12), CA by incineration at 550 °C to constant weight
(942.05), CP, N · 6.25, by the Kjeldahl method after an acid digestion (Kjeltec 2300
Auto Analyser, Tecator Höganas, Sweden; 954.01), EE by methyl-ether extraction
(Soxtec 1043 extraction unit, Tecator; 920.39) and CF by acid and basic digestion
(Fibertec System M., 1020 Hot Extractor, Tecator; 989.03). All analyses were performed
in triplicate except for faeces. Chemical analyses of ingredients were determined prior
to diet formulation. Proximate composition of experimental diets is shown in Table 1.

2.5.1. Amino acid analysis
Amino acids of rawmaterials, experimental diets, fish (five per tank) and faeces were analysed
prior to diet formulation through aWaters HPLC system (Waters 474,Waters, Milford, MA,
USA) consisting of two pumps (Model 515, Waters), an auto sampler (Model 717, Waters), a
fluorescence detector (Model 474, Waters) and a temperature control module, following the
method described by Bosch et al. (2006). Aminobutyric acid was added as an internal
standard pattern before hydrolysation. The amino acids were derivatised with AQC (6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate). Methionine and cysteine were deter-
mined separately as methionine sulphone and cysteic acid after oxidation with performic
acid. Amino acids were separated with a C-18 reverse-phase column Waters Acc. Tag (150
mm× 3.9mm) and then transformed tomethionine and cysteine. Essential and non-essential
amino acid content of different ingredients are shown in Supplemental material (S1). The
amino acid content of fish is shown in Supplemental material (S2). Retention efficiencies of
ingested amino acid (AAIRE) were calculated for each experimental group.

2.6. Growth assay

The trial lasted 154 d. Fish were observed daily in the tanks and were weighed individually
every 4 weeks, using clove oil containing 87% eugenol (Guinama®, Valencia, Spain) as an
anaesthetic (1 mg/100 ml water) to minimise their suffering, in order to evaluate fish
growth along the assay, determine growth parameters and asses their health status. At the
end of the experiment, fish were sacrificed by cold shock after anaesthesia.

Each of the six experimental diets was randomly assigned to three tanks (triplicate
groups). Fish were fed by hand twice a day (9:00 h and 17:00 h) to apparent satiation,
distributing the pellets slowly, allowing all fish to eat and making sure no feed remained
at the bottom of the tanks, in a weekly regime of 6 d of feeding and one of fasting.

The growth and nutrient efficiency and utilisation indices considered were: feed
intake (FI), feed conversion ratio (FCR), protein efficiency ratio (PER) and protein
productive value (PPV). Survival rate (S) was also determined.

FI ¼ 100 � Feed consumption g½ �
Average biomass g½ � � Time ½d�

FCR ¼ 100 � Feed offered g½ �
Weight gain g½ �
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PER ¼ 100 � Weight gain g½ �
Protein intake g½ �

PPV ¼ 100 � Protein gain g½ �
Protein intake g½ �

S ¼ 100 � Final number of fish
Initial number of fish

2.7. Biometric indices

Condition factor (K), viscerosomatic index (VSI), hepatosomatic index (HSI) and
visceral fat index (VFI) were calculated at the end of the growth assay, using five fish
per tank randomly selected.

K ¼ 100 � Total weight g½ �
Total length cm3½ �

VSI ¼ 100 � Visceral weight g½ �
Empty fish weight g½ �

HSI ¼ 100 � Liver weight g½ �
Fish weight g½ �

VFI ¼ 100 � Visceral fat weight g½ �
Empty fish weight g½ �

2.8. Digestibility assay

A digestibility experiment was performed after the feeding trial in six digestibility tanks
of 250 L, following the Guelph System protocol (Cho et al. 1982), using five fish per
experimental group randomly selected. Before feeding, fish were fasted for 2 d. During a
period between 7 and 14 d, until enough wet faeces for the analysis were collected, fish
were fed to satiation once a day in the morning (9:00) with the same six experimental
diets, but chromium oxide (50 g · kg−1) was added as an inert marker. Uneaten feed was
removed from the columns (15:00). Samples of wet faeces from each tank were collected
from decantation columns, just before the morning feeding, and dried at 60 °C for 48 h
prior to analysis.

Chromium oxide was determined in the diets and faeces using an atomic absorption
spectrometer (Perkin Elmer 3300, Perkin Elmer, Boston, MA, USA) after acid digestion.
Analysis was performed in duplicate. CP and amino acids content in diets and faeces
were used to determine apparent digestibility coefficients (ADC, Equation 1).

ADCN %½ � ¼ 100 � 1� Marker in diet ½%�
Marker in faeces ½%�

� �
N in faeces ½%�
N in diet ½%�

� �� �
(1)

where N is the nutrient (CPor respective amino acid)
Retention efficiencies of the digested crude protein (PDRE [%]) and of the digested

EAA (AADRE [%]) were also calculated.
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2.9. Ammonia excretion

The ammonia excretion was established for the different experimental groups. Analyses
were carried out following the method detailed by McGoogan and Gatlin (1999). The
pump was turned off during the entire ammonia sampling period, altering the recircu-
lating nature of the system in order to estimate the ammonia increase due to excretion,
but aeration was continually provided to each tank.

Water samples were taken before feeding and then at intervals of two h after feeding
for a 24-h period (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 h). Total ammonia
nitrogen (TAN) concentration was measured in all water samples using the Orion® 4-
Star Plus probe (ThermoScientific®, Waltham, Massachussets, USA) with an ammonia
specific electrode. Measurements were performed following the procedures detailed by
García García et al. (2011), using hydrochloric acid (J.T. Baker®, AvantorTM, Central
Valley, USA) and sodium hydroxide (Scharlau, Scharlab, Barcelona, Spain).

Each diet was tested three different days in three different tanks (n = 9). Average
ammonia concentrations were adjusted to fish weight and feed ingestion in the different
tanks, expressing accumulated ammonia excretion and ammonia excretion per h in
mg · kg fish−1 · kg feed−1.

2.10. Enzymatic activity

Digestive tracts of two fish per tank randomly selected were sampled at the end of the
assay. Fish were dissected in order to obtain the digestive tract. Stomach (S) and gut (G)
were stored separately at −20 °C until enzymatic extraction.

Enzyme extracts for protease analysis were obtained by manual disaggregation,
dilution in distilled water (1 g of sample: 3 ml of distilled water) followed by homo-
genisation by T25 – Digital ULTRATURRAX®, maintaining tubes on ice, and centri-
fugation at 12000 rpm and 4 °C for 15 min. Gut contents (GC) were removed from the
tissue and diluted in distilled water (1:3) before centrifugation at 16000 g and 4 °C for
15 min. Supernatants were stored at 20 °C until enzyme analysis.

Pepsin assays were performed on S samples and total alkaline protease assays on G
samples, while trypsin, chymotrypsin and α-amylase assays were performed on G and
GC samples. Total protein concentration was assayed according the Bradford procedure
(Bradford 1976), using bovine serum albumin (2 mg/ml) as a standard. Enzyme
activities were expressed in U/mg of total protein for the S and G samples (Equation
2) and in U/mg of content for the GC samples (Equation 3).

Enzyme activity of total protein samples S and Gð Þ U=mg½ �
¼ ΔAbs � Vtotal=Vsample

� �� �
= Total protein ½mg=ml�ð Þ (2)

Enzyme activity in gut content ðsamples GC U=mg½ �
¼ ΔAbs � Vtotal=Vsample

� �� �
= Gut content ½mg=ml�ð Þ (3)

where ΔAbs is the increase of absorbance of the reaction per min, Vtotal is the total
volume of the reaction (sample, buffer and substrate) and Vsample is the volume of the
sample.
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2.10.1. Pepsin activity
Total acid protease activity was evaluated using 0.5% haemoglobin p/v as substrate
in 100 mM glycine – HCl buffer, pH 2.5, at 280 nm, following the method detailed
by Anson (1938) and modified by Díaz-López et al. (1998). One unit of activity
was defined as 1 µg of tyrosine released per min (Extinction coefficient = 0.0071
ml · µg−1· cm−1).

2.10.2. Total alkaline protease activity
Total alkaline protease activity was tested using 1% casein p/v as substrate in 100
mM Tris-HCl buffer containing 10 mM CaCl2, pH 7.5, at 280 nm, following the
method detailed by Kunitz (1947) and modified by Walter (1984). One unit of
activity was defined as 1 µg of tyrosine released per min (Extinction coeffi-
cient = 0.0071 ml · µg−1 · cm−1).

2.10.3. Trypsin activity
Trypsin activity was obtained by a kinetic assay using Nα-Benzoyl-D,L-arginine
p-nitroanilide 0.5 mM as a substrate in 50 mM Tris-HCl buffer containing 20 mM
CaCl2, pH 8.2, following the method developed by Erlanger et al. (1961). The increase
in absorbance at 405 nm was measured every 30 s for 5 min. One unit of activity was
defined as 1 µg of p-nitroanilide released per min (Extinction coefficient = 0.0637 ml ·
µg−1 · cm−1).

2.10.4. Chymotrypsin activity
Chymotrypsin activity was obtained by a kinetic assay using N-Succinyl-Ala-Ala-Pro-Phe-
p-nitroanilide 0.5 mM as a substrate in 200 mM Tris-HCl buffer containing 50 mMCaCl2,
pH 7.6, following the method developed by Erlanger et al. (1961). The increase in absor-
bance at 405 nmwas measured every 30 s for 5 min. One unit of activity was defined as 1 µg
of p-nitroanilide released per min (Extinction coefficient = 0.0637 ml · µg−1 · cm−1).

2.10.5. α-Amylase activity
α-Amylase activity was determined by a kinetic assay using a commercial kit (Amylase
MR, Cromatest, Linear Chemicals S.L., Barcelona, Spain), following manufacturer’s
instructions. The increase in absorbance at 405 nm was measured every 30 s for
5 min, after an incubation period of 1 min. One unit of activity was defined as 1 µg
of 2-chloro-p-nitrophenol released per min during the enzymatic reaction at 37 °C
(Extinction coefficient = 0.0818 ml · µg−1 · cm−1).

2.11. Statistical analysis

Different growth and nutrient indices, biochemical parameters, biometric indices, ADC,
AAIRE, AADRE, ammonia excretion indices and specific enzyme activities were ana-
lysed through an analysis of variance using the statistical package Statgraphics® Plus 5.1
(Statistical Graphics Corp., Rockville, MO, USA), with a Newman–Keuls test for the
comparison of the means. Initial weight was used as a covariate in the analysis of
growth indices. The results are shown as the mean ± standard error of the mean (SEM).
The level of significance was set at p < 0.05.
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3. Results

3.1. Fish growth and nutritive efficiency

Growth and nutritive efficiency indices of the growth experiment are shown in Table 2.
Statistical differences were determined in the final weight (FW), FCR, PER and PPV
between groups FM25 and FM0. There were also significant differences between group
FM25+ and groups FM50, FM25 and FM0 in FI. Besides, survival rate was significantly
lower in group FM0.

3.2. Biometric and body composition

Regarding biometric parameters (Table 2), significant differences were only observed in
the HSI, which was higher for group FM100 compared to FM0. No differences were
detected in the proximate composition of the fish, as shown in the Supplemental
material (S2).

3.3. Digestibility and protein and amino acid retention efficiency

No differences were observed in the amino acid composition of whole body fish
between experimental groups (Supplemental material, S2).

The ADCCP, ADCaa and ADCCL are shown in Table 3. Lower values were observed
for all EAA in groups FM25 and FM0, while higher values were perceived for groups
FM100 and FM25+. The biggest differences were detected for arginine, threonine and
valine, but no statistical analysis was performed. Differences in the digestibility of CP
and EE were minor (ranging from 96.5 to 92.9 for CP and from 98.9 to 97.3 for EE),
although a slight negative effect of fishmeal replacement and a slight positive effect of
complementary marine ingredients could be noticed.

The PDRE and AADRE are shown in Table 4. Higher AADRE were generally
obtained in group FM0+, while lower AADRE were observed in group FM100 for

Table 2. Growth, nutritive and biometric indices of gilthead sea bream fed the different experi-
mental diets.

FM100 FM50 FM25+ FM25 FM0+ FM0 SEM

IW† [g] 131.2 125.9 130.2 126.1 129.6 127.2 2.16
FW‡ [g] 393.1ab 401.9ab 422.7a 390.2ab 384.6ab 360.4b 12.53
FI¶ [g · 100 g fish−1 d−1] 1.3ab 1.4a 1.3b 1.4a 1.3ab 1.4a 0.03
FCR§ 2.1ab 2.1ab 1.9b 2.3ab 2.18ab 2.4a 0.09
PER‡ 1.1ab 1.1ab 1.2a 1.0ab 1.1ab 0.9b 0.05
PPV# [%] 18.8ab 18.5ab 21.2a 17.4ab 20.1ab 16.7b 0.90
S [%] 88.3a 85.0a 88.3a 78.3a 86.7a 60.0b 5.44
K♦ [g/cm3] 1.9 1.9 1.9 1.7 1.8 1.7 0.08
VSI◊ [%] 9.2 9.95 10.3 8.9 9.6 8.6 0.80
HSI$ [%] 1.6a 1.4ab 1.3ab 1.3ab 1.3ab 1.2b 0.06
VFI^ [%] 1.5 1.3 1.2 1.3 1.8 1.4 0.18

†IW, initial weight; ‡FW, final weight; ¶FI, feed intake; §FCR, feed conversion ratio; ‡PER, protein efficiency ratio; #PPV,
protein productive value; ♦K, condition factor; ◊VSI, viscerosomatic index; $HSI, hepatosomatic index; ^VFI, visceral fat
index.

Means of triplicate groups; data in the same row with different superscripts differ at p < 0.05; SEM: pooled standard
error of the mean; Newman–Keuls test was applied for the comparison of the means. IW was considered as covariable
for final weight.
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isoleucine, lysine and valine, in groups FM100 and FM50 for histidine and in group
FM0 for phenylalanine.

3.4. Ammonia excretion

Accumulated ammonia excretion and ammonia excretion per h are shown in Figure 1.
Accumulated ammonia excretion was significantly higher for diet FM0 from the first
sampling point (2 h after feeding) to the end of the assay, which was mainly due to
higher ammonia excretion during the first half of the experiment. There were signifi-
cant differences in ammonia production in the first five two-h intervals after feeding,
especially between groups FM0 and FM100, FM50 and FM25+. Statistical differences in

Table 3. ADC of crude protein (CP) and amino acids in the gilthead sea bream fed different
experimental diets.

FM100 FM50 FM25+ FM25 FM0+ FM0

ADCCP [%] 96.5 94.1 95.2 94.2 94.1 92.9
ADCEAA† [%]

Arginine 96.2 93.5 94.8 90.3 93.1 89.2
Histidine 95.7 94.9 96.9 94.1 94.5 93.4
Isoleucine 96.4 94.2 97.1 93.5 95.7 92.2
Leucine 96.4 95.1 96.8 94.8 96.2 93.0
Lysine 97.8 96.7 97.0 94.8 97.5 93.9
Methionine 97.2 96.3 97.1 96.1 97.3 96.3
Phenylalanine 96.9 96.4 97.2 95.5 96.7 94.6
Threonine 96.0 95.2 95.8 92.1 93.8 91.4
Valine 96.1 94.8 96.3 93.6 94.9 91.2

ADCNEAA‡ [%]
Alanine 96.0 96.3 97.0 94.8 95.2 90.6
Aspartate 92.3 90.3 91.0 89.5 92.0 87.9
Cysteine 91.6 90.9 91.6 90.1 90.5 89.0
Glutamine 97.0 96.5 98.2 96.8 97.8 95.6
Glycine 92.7 92.3 91.1 91.6 92.0 87.9
Proline 96.4 94.8 96.8 95.1 97.0 94.9
Serine 95.5 95.2 96.1 94.3 95.6 93.2
Tyrosine 97.6 96.1 96.2 95.7 95.9 94.9

†EAA, essential amino acids; ‡NEAA, non-essential amino acids

Table 4. Retention efficiencies of digested protein and digested essential amino acids in gilthead sea
bream fed different experimental diets.

FM100 FM50 FM25+ FM25 FM0+ FM0 SEM

PDRE† 19.44 19.67 22.30 18.43 21.32 18.02 0.955
AADRE‡ [%]
Arginine 20.12 15.97 22.91 23.85 25.68 21.38 2.140
Histidine 20.09c 18.21 c 29.81ab 21.95bc 31.25a 21.61bc 2.245
Isoleucine 24.07c 26.62bc 33.43ab 27.26bc 38.13a 29.70bc 1.999
Leucine 17.03b 19.21b 20.71b 17.04b 25.95a 17.06b 1.347
Lysine 19.45b 25.44a 28.17a 28.54a 29.17a 28.39a 1.884
Methionine 21.14 21.67 25.95 20.16 24.79 18.67 2.034
Phenylalanine 15.40ab 15.86ab 19.62a 15.69ab 19.84a 12.34b 1.320
Threonine 15.60 24.86 25.03 20.74 29.75 19.30 3.356
Valine 21.58c 25.82bc 32.00b 26.87bc 38.38a 28.80b 1.710

†PDRE, Protein Digestion Retention Efficiencies; ‡ADRE, Amino acid Digestion Retention Efficiencies
PDRE [%] = 100 · (protein gain [g]/((ADCprotein/100) · protein ingested [g])); AADRE [%] = 100 · (amino acid gain [g]/
((ADCamino acid/100) · amino acid ingested [g]))

Means of triplicate groups (n = 3); data in the same row with different superscripts differ at p < 0.05; SEM: pooled
standard error of the mean; Newman–Keuls test was applied to compare the means.
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ammonia production were also determined between the 16th and the 18th h after
feeding. Maximum ammonia excretion values were determined at the 4th (FM50,
FM25+, FM25 and FM0) and 8th h (FM100 and FM0+).

3.5. Enzyme activity

3.5.1. Protease activity
No significant differences were observed in pepsin activity in the stomachs of fish fed
the different experimental diets (Figure 2(a)). A higher average value was obtained in
group FM25+, followed by FM100, while the average activity registered in the other
groups was very close. A similar pattern was observed in proteases activity in the gut
tissue (Figure 2(b)). In this case, lower average activities of total alkaline protease and
trypsin were observed in group FM0. Chymotrypsin activity was also determined in gut
tissue, but the results are not shown since it was a very low or non-existent level.

No statistical differences were observed on proteases activity in GC samples (Figure 2(c)).
The same pattern could be observed in the total alkaline protease, trypsin and chymotrypsin
activity registered in the different experimental groups. The highest values were obtained, in
this case, in group FM100. The ratio trypsin/chymotrypsin was similar for all experimental
groups, although it was slightly lower for group FM0+.

3.5.2. α-amylase activity
There were no significant differences observed between experimental groups when α-
amylase activity was determined in gut tissue or gut content (Figure 2(d)). Highest
average values were registered in group FM25+.

Figure 1. Ammonia excretion accumulation (AEA) and ammonia excretion (AE) per h in the different
experimental groups.
Means of triplicate groups and standard error of the mean; asterisks indicate significant differences of the group
FM0 in the AEA with the other groups, at p < 0.05; different superscripts indicate differences between groups in
the AE, at p < 0.05; Newman–Keuls test was applied to compare the means.
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4. Discussion

The inclusion of krill and squid meal in diets does not prove to have a positive attractant
effect on fish on the present research work, in contrast to previous reports with squid and
krill meal (Kader et al. 2012). In fact, higher values of FI were observed for the groups of
fish fed with diets containing a partial or complete fishmeal substitution without squid and
krill meal inclusion (FM50, FM25 and FM0). However, fish were fed to satiation and
intake is regulated by fish according to the energy level of the feeds (Sánchez-Lozano et al.
2007). Thus, plant-based diets without marine-ingredient complementation could be
deficient from an energetic point of view and it could dissemble a possible attractant
effect. In this sense, although the different feeds assayed in this experiment were formu-
lated as isoenergetic, digestive crude energy should be considered in further studies.

Despite fish in group FM25+ showed the lower FI value, this group reached the
highest FW, even over group FM100. There were no statistical differences between
groups FM100, FM50, FM25+, FM25 and FM0+, which suggests that high partial
substitution of marine-origin ingredients does not have a negative impact on fish
growth (Benedito-Palos et al. 2007; De Francesco et al. 2007; Dias et al. 2009), while
a lower FW in group FM0 did confirm a negative effect on growth when diets with total
replacement are used (Gómez-Requeni et al. 2004). Although there are reports of
successful total substitution of fishmeal in terms of growth performance, the diets
used contained a higher level of free amino acid supplementation (Kissil and
Lupatsch 2004) or included small amounts of marine-origin ingredients (Monge-

Figure 2. Enzymatic activity determined in the gastrointestinal tissue and contents of fish fed the
different experimental diets.
a) Pepsin activity in stomach tissue; b) Total alkaline protease (black bars) and trypsin (grey bars) activity in gut
tissue; c) Trypsin (black bars) and chymotrypsin (grey bars) activity in gut contents; d) α-amylase activity in gut
tissue (black bars) and the gut contents (grey bars)Means of six fish per treatment (n = 6), in U/mg protein or U/g
gut content, and standard error of the mean; different superscripts indicated differences, at p < 0.05
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Ortiz et al. 2016). Thus, squid and krill meal inclusion has a positive effect on growth at
the same level of fishmeal substitution, reducing the impact of fishmeal replacement.

As a consequence of higher FW and lower FI, group FM25+ showed a minor FCR
and higher PER and PPV. As in other species (Torstensen et al. 2008), high plant
protein inclusion does not seem to affect protein utilisation in gilthead sea bream and,
in fact, it seems to be the most efficient food strategy for gilthead sea bream during the
on-growing period. In contrast, total replacement seems to have a negative effect on
protein utilisation, which will be discussed later.

It is important to point out that the group FM0 had a low survival rate. The number
of casualties was particularly high in the last third of the trial, but no obvious signs of
disease were observed in the dead fish. Although the causes of the increase in mortality
in all groups remain unclear to this day, water was partially changed in the marine
water recirculating system and consequently some bacteria could have been introduced
into the system and have led to the death of weaker fish. Besides, high fishmeal
replacement has been related with immune disorders (Sitjá-Bobadilla et al. 2005) and
could explain the higher mortality in group FM0.

A significant impact of fishmeal replacement or inclusion of squid and krill meal was
not observed in the biometric parameters or in the chemical composition of the fish.
Only differences in the HSI were registered between fish fed the FM100 and FM0 diets,
so the decrease of liver weight could be related to feed with high plant protein levels
(Sánchez-Lozano et al. 2009; Martínez-Llorens et al. 2012), although this relation has
not been observed in some previous studies (Linn et al. 2014; Monge-Ortiz et al. 2016).

Digestibility of dietary protein and EAA and their retention efficiency indices should
be taken into account in the design of new diets in order to improve amino acids profile
to better suit fish requirements. Differences in crude dietary protein digestibility are
influenced by the content of anti-nutritional factors, the physicochemical properties of
proteins or fibre level, among others (Martínez-Llorens et al. 2012), which affect amino
acid availability (Francis et al. 2001). Moreover, since different amino acids are absorbed
by the brush border membrane of the enterocytes through the same specific transporters
with different affinities, differences on amino acid profile can compromise their avail-
ability and absorption (Berge et al. 2004), leading to variations in their digestibility and
retention coefficients. Finally, the method for faeces collection should be considered, since
the column or decantation method, used in the present work, normally gives higher ADC
than other methods, such as the stripping method or the use of faeces collection devices
(Vandenberg and De la Noüe 2001), due to nutrient leaching during the time between the
release and the collection of the faeces (Spyridakis et al. 1989; Vandenberg and De la
Noüe 2001). On the other hand, the stripping method seems to underestimate the
digestibility coefficients, leading to stress events, possible disruptions of nutrients absorp-
tion and therefore to the obtention of samples in which the absorption process has not
been completed (Clements and Raubenheimer 2006).

A slight decreasing trend in digestibility coefficients with higher levels of replacement
has been observed in the present work, similarly to previous studies using the same
faecal collection method (Dias et al. 2009), although higher differences were expected
due to the higher fibre and NSP levels in diets with plant meals. Digestibility of EAA
only differs slightly in the different experimental groups, except in the case of FM25 and
FM0 and particularly for Arg, Ile, Lys, Thr and Val. Except for the FM0 group, the
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effects on fish growth, PER and PPV were minor, suggesting the other diets supply
enough digestible EAA to meet nutritional requirements. On the other hand, a possible
EAA imbalance caused by the different bioavailability of EAA which depends on the
source (Santigosa et al. 2011), could be the reason of the poorer digestibility perfor-
mance in the case of FM0. A positive effect of marine-complementary ingredients is
observed in groups FM25+ and FM0+ in comparison to groups with equal dietary
fishmeal. As aforementioned, these sources have proved to reduce deficits in aqua feeds
with high levels of plant protein (Kolkovski et al. 2000), showing a more balanced
amino acid profile and a high amount of free amino acids (Kader et al. 2012).

Since the EAA composition in fish bodies was the same for all dietary groups,
AADREs were a reflection of the amino acid composition of the diets and they were
greater in the dietary groups with a limited content of the different amino acids,
particularly noticeable for group FM0+ and especially lower for group FM100, which
showed higher level of dietary EAA (Sánchez-Lozano et al. 2009; Martínez-Llorens et al.
2012). In this sense, higher EAA retention has been reported in diets with higher levels
of fishmeal substitution in similar previous studies (Gómez-Requeni et al. 2004;
Sánchez-Lozano et al. 2009).

Ammonia excretion is a useful indirect tool to assess the metabolic use of protein in the
diets (Velazco-Vargas et al. 2014) and, as a potentially toxic factor in aquaculture, its
control is of great importance. Excess of dietary amino acids may be either not absorbed
or metabolically derived, which leads to an increase of ammonia production (McGoogan
and Gatlin 1999). Moreover, an increased excretion can be expected with a lower-level
protein synthesis (Lied and Braaten 1984), also expressed as lower growth and protein
retention (Bonaldo et al. 2011). Previous studies have reported an increase of ammonia
production in response to high levels of vegetable meal inclusion in sea bream diets
(Robaina et al. 1995; Bonaldo et al. 2011). In this sense, a higher ammonia excretion and
lower growth and protein retention are observed in the diet with the highest inclusion of
plant-based sources. Inasmuch as the protein dietary level is very similar in all experimental
groups, the higher ammonia production in group FM0 in comparison to the other experi-
mental groups can be explained by the lower digestibility of some EAA in this diet, which
leads to an imbalance of ingested amino acids, a higher catabolism level of amino acids
exceeding the required profile and, ultimately, a lower growth.

The ability of fish to digest and use nutrients depends on an appropriate perfor-
mance of the different digestive enzymes (Vizcaíno et al. 2014). The source, quality and
concentration of dietary nutrients can modulate the intestinal enzymatic profile
(Santigosa et al. 2008), while the activity of these enzymes in the digestive tract can
be used as an indicator of digestive capacity and nutritional status of the fish (Engrola
et al. 2007). The use of plant-based alternative ingredients can lead to interferences with
nutrient digestion and utilisation (Alarcón et al. 1999) due to anti-nutritional factors or
enzyme inhibitors.

Previous studies have reported negative effects of plant protein sources on pepsin,
alkaline protease, trypsin and chymotrypsin activity on sea bream (Santigosa et al. 2008;
Silva et al. 2010), although impact at enzyme level did not always lead to differences in
growth and feed utilisation (Monge-Ortiz et al. 2016). The results obtained in this
research suggest that there is a certain effect of plant meal inclusion on the different
protease activity in the gastrointestinal tissue and digestive contents, although there
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were no statistical differences observed between groups. As with growth and nutritive
parameters, values obtained for group FM25+ in the intestinal tissue are the highest,
showing the high digestive capacity of fish in this group. Nevertheless, differences in
protease activity between different gut sections – not considered in the present work –
have been reported in different species, being a more decisive factor than the diet itself
(Deguara et al. 2003; Sørensen et al. 2011; Hartviksen et al. 2014). Moreover, digestive
capacity depends not only on enzyme level, but also on digestion time (i.e. the time
during which the enzymes act on the nutrients) (Fountoulaki et al. 2005), which varies
depending on protein source, since intestine length increases when high plant protein
diets are used (Santigosa et al. 2008). Calculating the cumulative enzyme activity, from
feeding time to 24 h after, can avoid variations due to sampling time and digestion
patterns (Fountoulaki et al. 2005) and therefore should be taken into account in
upcoming research, as well as sampling time after feeding (Venou et al. 2003; Yúfera
et al. 2012), pH and temperature (Hidalgo et al. 1999; Deguara et al. 2003;
Nikolopoulou et al. 2011).

Regarding amylase activity, previous studies show that the amylase activity can be
positively influenced by the dietary carbohydrate level (Kuz’mina 1996), but negatively
affected by the level of dietary starch and plant protein inclusion (Kokou et al. 2016). In the
present study, diets with the highest level of plant meal showed a lower content of dietary
starch (the level of carbohydrates is similar in all experimental diets) and the effects of both
factors remain unclear, since no differences between groups were determined.

To conclude, in this article we have reported that a complete fishmeal substitu-
tion in gilthead sea bream diets during the on-growing period can be achieved
without a high impact on biometric and biochemical parameters, protein and amino
acid digestibility and enzyme activity. Nevertheless, the inclusion of marine-com-
plementary ingredients such as squid and krill meal is necessary in lower percen-
tages to avoid adverse effects on growth and nutritional efficiency parameters when
a complete fishmeal replacement is performed.
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