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Abstract

Two 8-week trials, one in spring and the other in autumn-winter, were performed
with sea bass fingerlings. After each growth period, pancreatic digestive enzyme
synthesis in the pyloric caeca (PC), food anticipatory activity adaptation in the
proximal intestine (PI) and nutrient absorption capacities in the distal intestine
were measured at 24 h post-feeding.
In spring, five isoenergetic diets with different protein levels (40, 45, 50, 55 and
59%) were formulated by simultaneously changing lipid and starch content.
Animals fed the low-protein diets showed reduced accumulation of alkaline
protease (40 to 50% diet), lipase (40 to 45% diet) and α-amylase (40 to 55% diet) in
the PC; however, the activities of digestive enzymes in the PI were high in fish fed
both low and high dietary protein diets, being significant for alkaline protease (40
and 59% diet) and α-amylase (40 and 45% diet). Zymography of the PC identified
four proteases with trypsin-like activity (23, 22, 20 and 17 KDa) and an 18 KDa
chymotrypsin activity that were modulated differentially according to diet. The
PC/PI ratios were highest for alkaline protease and lowest for α-amylase, showing
different patterns of response to changes in dietary composition: higher for
protease on 45, 50 and 55% animals and α-amylase on 59% sea bass. L-Lys and D-
Glc uptake capacities were down-regulated as dietary protein content declined,
while no changes were found in L-Met and L-Trp. Based on the above-mentioned
data and the optimum growth of animals fed with 50% protein, a protein-to-energy
ratio study was performed.
Sea bass were fed with five isoproteic (52%) diets that differed in dietary lipid
content (12, 14, 16, 18 and 20%). Alkaline protease and lipase synthesis in the PC
was up-regulated in low energy diets (12, 14 and 16% and 12 and 14%, respectively)
and no changes were found in α-amylase. PC zymography was consistent with
protease measurements. Only food anticipatory activity of lipase was up-regulated
in animals fed 12% of lipid. L-Met and D-Glc were up-regulated by increasing dietary
lipid and L-Lys and L-Trp were not modified. Dietary lipid content had no effect on
final body weight.
Finally, seasonal effects were studied. Alkaline protease synthesis in the PC was
significantly higher in spring and animals showed higher growth in this season than
in the autumn-winter. However, adaptation of food anticipatory activity in the PI
was higher in autumn-winter. No differences were found in nutrient absorption
capacities between seasons.

Keywords: amylase, brush border membrane vesicles, fish, lipase, protease,
protein-to-lipid ratio

1. Introduction

European sea bass is one of the main Mediterranean carnivorous fish species cultured in the sea

aquaculture industry (SOFIA, 2014). To promote the production of this species, efforts should

be made to develop more sustainable diets that allow, at each stage of development, the saving

of protein and replacement of fish meal and fish oil in high percentages. The resulting reduction

of nitrogen excretion and promotion of the use of alternative ingredients would make the
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aquaculture industry more sustainable (SOFIA, 2014). It is known that European sea bass growth

is not altered by replacing fish meal (Messina et al., 2013) or fish oil (Mourente et al., 2005;

Eroldogan et al., 2013) with vegetable ingredients.

Most studies on protein requirements in sea bass have been conducted in juveniles (Alliot et al.,

1974, 1984; Ballestrazzi et al., 1994; Dias et al., 2003; Metailler et al., 1981), with there being

limited information on fingerlings weighing less than 13 g (Alliot et al., 1974, 1979a; Dias et al.,

1998; Peres and Oliva-Teles, 1999a; Pérez et al., 1997; Tibaldi et al., 1991). None of these studies

have considered digestive and absorptive processes. As in other carnivorous fish, protein

requirements for maximum growth in sea bass are high (New, 1986; Hidalgo and Alliot, 1988;

Perez et al., 1997; Sánchez-Muros et al., 1998; Oliva-Teles, 2000), and have been estimated to

account for 40 to 50% of the diet (Oliva-Teles, 2000; Dias et al., 1998, 2003). The data regarding

dietary lipids are variable. Dias et al. (1998) reported better growth performance on diets

containing 18 –19% lipid versus diets with a lower lipid content, whereas Peres and Oliva-Teles

(1999b) found no differences in the growth of fish fed from 12 to 24% lipids. Other authors

(Metailler et al., 1981; Garcia-Alcazar et al., 1994; Pérez et al., 1997) found no beneficial effects

of a dietary lipid content above 12%.

Compared to salmonids, available data in marine fish indicates that their protein retention

efficiency is lower whereas the protein-to-energy ratio is higher (Kaushik, 1997a), suggesting

that conventional energy sources have a limited protein sparing effect. Despite this, the

inclusion of lipids and/or digestible carbohydrate in the diet of European sea bass can allow

protein sparing (Alliot et al., 1979b; Cho and Kaushik, 1990; Pérez et al., 1997; Dias et al., 1998;

Peres and Oliva-Teles 1999a, b, 2002). Moreover, Pérez et al. (1997) suggested that the sparing

effect of lipid is likely to be higher than that of carbohydrate. However, substitution of fish oil

by vegetable oils modifies the fillet fatty acid profile, thus decreasing quality (Eroldogan et al.,

2013; Mourente et al., 2005). On the other hand, carbohydrate metabolization depends on

water temperature, ration, dietary content, molecular complexity, and technological treatments

applied to the molecule (Hidalgo and Alliot, 1988; Kaushik and Médale, 1994; Pfeffer, 1995) and

also on lipid inclusion (Fountoulaki et al., 2005). Enes et al. (2001) reviewed dietary

carbohydrate utilization by this species, concluding that up to 20% carbohydrate inclusion did

not affect growth or feed utilization in juveniles.

Digestion and nutrient uptake are key processes in optimizing the use of diet and differ between

species, dietary composition and nutrient digestibility (Buddington et al., 1997). Digestion begins

in the stomach where hydrochloric acid denatures protein and converts pepsinogen into active

pepsin (Wu et al., 2009; Yúfera et al., 2004). When the chyme reaches the pyloric caeca,

cholecystokinin is secreted, stimulating the gall bladder and pancreas to secrete electrolytes,
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bile and pancreatic enzymes (Pivnenko et al., 1997; Krogdahl et al., 1999), including proteases

(e.g. trypsin and chymotrypsin), glucosidases (e.g. α-amylase), and lipolytic enzymes (e.g. lipase

and colipase) (Bakke et al., 2011). Digestive enzymes hydrolyze protein, carbohydrates and lipids

in metabolites small enough to be picked up by the membrane-bound enzymes found in the

brush border membrane (Bakke et al., 2011). In sea bass, digestive proenzymes from the

hepatopancreas (Nejedli and Tlak Gajger, 2013) and exocrine pancreatic tissue dispersed in the

adipose tissue that surround the pyloric caeca (PC) (Kamaci et al., 2010) are released into the

PC.

Unlike in mammals, nutrient uptake in fish occurs along the entire intestine by diffusion,

facilitated or active transport (Maillard et al., 1995). Four Na+-dependent amino acid transporter

systems have been described in fish (Storelli et al., 1989): for acid, basic or neutral and proline

and N-methylated amino acids. Moreover, alanine, glycine, glutamate, lysine and proline Na+-

independent transport systems have been described (Storelli et al., 1989). Absorption of di- and

tripeptides is carried out by PepT1 and PepT2 transporters (Hakim et al., 2009; Sangaletti et al.,

2009; Terova et al., 2009; Verri et al., 2010) and SGTL1 transports D-glucose and D-galactose by

active transport and co-transport (Sala-Rabanal et al., 2004). Absorption capacities are affected

by environmental factors such as temperature and water salinity and biotic factors such as

species, natural diet, diet formulation, availability and digestibility (Buddington et al., 1997).

The aim of this study was to 1) test the protein sparing effect of lipids and carbohydrates and 2)

determine the best protein-to-lipid ratio for digestion and absorption processes in small

European sea bass juveniles fed with diets in which 38% of fish meal was replaced by vegetable

sources.

2. Material and Methods

2.1 Diets, experimental trials and sampling

Two trials were performed at the Institut de Recerca i Tecnologia Agroalimentàries (IRTA) in Sant

Carles de la Ràpita (Catalonia, Spain). In both, sea bass fingerlings ( ± 5 g body weight) were

acclimatized for 2 weeks and then randomly distributed in 15 fibreglass tanks with a capacity of

500 L (100 fish per tank). Triplicate groups were maintained between 21–22 ºC, in a 12L/12D

photoperiod, with 34.5‰ salinity and 85% oxygen saturation for an 8-week period in spring

(April to June) for the first trial, and in autumn-winter (December to January) for the second

trial.

Experimental diets containing 38% of vegetable ingredients (wheat, wheat gluten and soybean

concentrate or SPC60) were formulated by Skretting (Stavanger, Norway). In order to preserve

fillet quality, only fish oil has been used in dietary formulations. Five isoenergetic (21.97 KJ/kg)
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diets that differed in protein content (40, 45, 50, 55 and 59%) were formulated in which lipid

and highly digestible carbohydrates were used to replace protein. The diets were named P40,

P45, P50, P55 and P59 (Table 1A) and were administered ad libitum twice a day to animals during

the first trial. Based on the results of the first trial, five isoproteic diets (52%) were formulated

that differed in dietary lipid content (12, 14, 16, 18 and 20%); these were named 12L, 14L, 16L,

18L and 20L (Table 1B). Sea bream were fed the corresponding diet ad libitum twice a day during

the second trial. The study also compared spring versus autumn-winter growth in animals fed

51% protein, 18% lipid and 10.5% starch and their associated digestive and absorption capacity.

At the end of the growth trials, specific growth rate (SGR) was calculated as follows: ((lnW fin (g)

– lnW ini (g))/t) · 100), where W fin and W ini represent the final and initial weights respectively,

and t is the number of feeding days.

Table 1A. Dietary composition

Experiment I: Protein sparing effect by lipids and carbohydrates

% P40 P45 P50 P55 P59

Ingredient

Fish meal 49.9 51.5 53.0 54.5 56.3

Wheat 33.4 25.8 17.7 10.6 6.8

Wheat gluten 1.9 5.0 7.0 10.0 12.9

Soybean Concentrate 0.2 4.7 10.7 15.0 15.5

Fish oil 12.0 10.4 9.0 7.3 6.1

Vitamin Mix 2.5% and Itrium Oxide 0.1%.

After 24 h fasting, 20 fish from each condition were anaesthetized (100 ppm of phenoxyethanol),

weighed and sacrificed by severing their spinal cord. Digestive tracts were isolated on ice and

adherent tissue was removed. In this work the adipose tissue that surrounds the pyloric caeca

was not removed, and therefore the activity detected in the PC at 24 h post-intake corresponded

to synthesis by this pancreatic tissue. In contrast, enzyme activity detected in the PI

corresponded to food-anticipatory activity and was a result of peristaltic movements.

Stomach, pyloric caeca (PC) and proximal intestine (PI) samples, including the intestinal content,

were rapidly frozen in liquid nitrogen and kept at -80 ºC until intestinal enzymatic analysis. Distal

intestine (DI) segments were opened lengthwise, washed in isosmotic saline solution containing
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protease inhibitor (phenylsulphonyl-methyl-fluoride, PMSF 0.1 M) and rapidly frozen in liquid

nitrogen and kept at -80 ºC until nutrient absorption experiments were performed.

Table 1B. Dietary composition

Experiment II: Protein-to-energy ratio study

SPC: soybean protein concentrate; Vitamin Mix 2.5%; Itrium Oxide 0.1%.
Energy (MJ/Kg): 14, 20, 21.5, 22 and 22.5, respectively.

All fish-handling procedures complied with the European guidelines for animal care (Directive

2010/63/EU).

2.2. Intestinal pH content and digestive enzyme analysis

The pH of the intestinal content was measured (Crison, Micro pH 2000). Alkaline protease and

α-amylase activities were measured according to a modification of Santigosa et al. (2008). Thus,

intestinal samples were individually homogenized (Politron 2000, Sorvall TC) at 4 ºC in 50 mM

TrisHCl buffer pH 7.5 to a final concentration of 250 mg·mL-1. Homogenates were then

centrifuged (1100 g, 15 min, 4 ºC, Jouan CR 411) and supernatants were recovered and stored

at -80 ºC. For alkaline protease activity measurements, samples were reacted with 50 mM

TrisHCl buffer containing 1% casein at intestinal pH. After 30 min at 20 ºC, the reaction was

stopped by adding trichloroacetic acid (12%). The samples were kept at 4 ºC for 1 h and then

centrifuged (7500 g, 5 min, 4 ºC). Supernatant absorbance was measured at 280 nm (Genesis2,

Milton Roy). Each sample was analysed in triplicate and individual blanks were established.

Bovine trypsin (Sigma-Aldrich, Spain, 12,100 BAEE U/mg protein, NC-IUB, 1979) was used as the

standard.

Individual alkaline protease activities were characterized using zymograms according to

Santigosa et al. (2008) and García-Meilán et al. (2013). Samples were diluted and loaded on 12%

polyacrylamide gel (10x10.5x0.1 cm). Electrophoresis was performed at a constant current of 15

mA per gel for 150 min (EPS 301 Power Supply, 4 ºC). Protease-active fractions were visualized

% 12L 14L 16L 18L 20L

Ingredient

Wheat 19.9 17.6 15.2 12.8 10.5

Wheat gluten 4.2 4.5 4.9 5.2 5.5

Fish oil 3.2 5.3 7.3 9.4 11.5

Fish meal 50

SPC 60% 20
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using the method described by García-Carreño et al. (1993). Thus, the gels were incubated at 4

ºC under agitation at intestinal pH with TrisHCl solution containing 2% casein. After 30 min, the

temperature was raised to 25 ºC for 90 min with shaking. Gels were washed and stained in a

methanol:acetic:water solution (40:10:40) containing 0.1% Blue Brilliant Coomassie R-250.

Destaining was carried out using the same solution without colorant. Pure trypsin and albumin

were used as controls and a RPN 800 commercial weight marker (Amersahm, GE Healthcare, Uk,

12,000–225,000 Da) was used to determine the molecular weight of protease fractions.

Proteolytic activities were characterized by the combination of the homogenate with water or

the corresponding inhibition solution for 30 min at 20 ºC. Inhibition solutions were selected

following Alarcón et al. (1998): TLCK (10 mM in HCl 1 mM) was used to inhibit trypsin-like

activities and TPCK (10 mM in methanol) and ZPCK (10mM in dioxane) to inhibit chymotrypsin-

like activities.

For α-amylase measurement, homogenates were combined with 0.5% of tracer solution

containing soybean trypsin inhibitor (0.04 mg·mL-1) to prevent proteolysis. The reaction was

stopped after 30 min by adding 6% acetic acid, and placing at 4 ºC for 30 min. Then, samples

were centrifuged (13,000 g, 10 min at 4 ºC). Supernatant absorbance was recorded at 595 nm.

Each sample was analysed in triplicate and individual blanks were established. α-Amylase

(Sigma-Aldrich, Spain, 66 U/mg solid) was used as the standard. One unit of enzyme activity was

defined as 1.0 mg of maltose released from starch in 3 min at pH 6.9 at 20 ºC.

Lipase activity was determined according to Santigosa et al. (2011a). Homogenate was

combined with buffer containing (in mM) 20.5 Tris, 3.6 taurodeoxycolate, 0.9 deoxycolate, 0.8

tartrate, 0.12 DGGR (1,2-o-dilauryl-racglycero-3-glutaric acid-(6’-methylresorufin) ester), 0.05

CaCl2, 30 mannitol and 1 mg·L-1 colipase (pH 8.3), and the increase in absorbance was recorded

at 580 nm between 10 and 20 min. Lipase (Sigma-Aldrich, Spain, 33,944 U/mg protein, 22,980

U/mg solid) was used as a standard. One unit hydrolyzes 1.0 microequivalent of fatty acid from

triacetin in 1 h at pH 7.4 at 20 ºC.

The concentration of soluble protein homogenates was determined according to Bradford

(1976) using bovine serum albumin as a standard.

2.3. Nutrient uptake analysis

Brush-border membrane vesicles (BBMVs) from the distal intestine were obtained as described

by Sala-Rabanal et al. (2004) and nutrient absorption capacities were measured according to

Santigosa et al. (2011a, b). Tissue was homogenized in a hypo-osmotic buffer (in mM: 100

mannitol, 2 HEPES and pH 7.4) and mitochondrial and basolateral membranes were precipitated

by addition of MgCl2 to a final concentration of 10 mM. Subsequent selective centrifugation

allowed the purification and concentration of apical enterocyte membranes that were
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vesiculated (in mM: 300 Mannitol, 20 HEPES, 0.1 MgSO4·7H2O, 4.08 LiN3, and pH 7.4) using an

insulin syringe. To ensure enrichment in BBMVs, alkaline phosphatase activity was measured in

the initial homogenate and final BBMVs preparations following Weiser (1973).

To determine L-Lysine, L-Methionine, L-Tryptophan and D-Glucose absorption capacities BBMVs

were mixed with incubation buffer (in mM: 250 NaSCN, 100 Mannitol, 40 HEPES, 0.1

MgSO4·7H2O, 4.08 LiN3, 0.15 unlabelled nutrient, 0.01 3H-nutrient at 320 mOsm and pH 7.4). In

the linear uptake zone (5 seconds), the reaction was stopped by adding cold stop buffer (in mM:

250 NaSCN, 100 Mannitol, 40 HEPES, 0.1 MgSO4·7H2O, 4.08 LiN3, at 320 mOsm and pH 7.4). Then,

it was rapidly passed under negative pressure through 0.22-μm cellulose nitrate filters

(Millipore, Bedford MA), previously wetted in cold stop buffer. Filters were washed with stop

buffer and dissolved in Filtron-X scintillation liquid (ITISA S.A., Spain). Samples were counted in

a scintillation counter (Packard TRI-CARB 2100 TR). All measurements were done at 20 ºC.

Radiolabelled nutrients were obtained from Amersham Pharmacia Biotech (Spain).

The vesicular volume of BBMV preparations was measured, following a modification of Sala-

Rabanal et al. (2004), to normalize influx values. Thus, L-proline retained inside the vesicles in

the steady state was measured by incubating the BBMV preparation with incubation buffer on

ice. The reaction was then stopped after 90 minutes and measured following the protocol

described above.

The protein concentration in BBMV suspensions was determined following the method

described by Bradford (1976) using BIORAD® reagent.

2.4 Statistical analysis

Significant differences between groups were determined by one-way ANOVA followed by

Tukey’s post hoc test. Differences between intestinal segments and seasonality were

determined using Student’s t-test (P<0.05). The software used was SPSS Statistics 21.0 (IBM

Corporation, USA).

3. Results

3.1. Protein sparing effect by lipids and carbohydrates

Five isoenergetic diets with different protein contents (from 40 to 59%) were used to study the

protein sparing effect on digestive enzyme activities (Figure 1 and 2) and nutrient absorption

capacity (Figure 3). Both lipid and highly digestible carbohydrates were used to replace protein

in the experimental diets.

The pH of the stomach, PC and PI contents was measured (6.85 ± 0.06, 6.98 ± 0.02 and 7.17 ±

0.04, respectively) and no differences were found between animals fed different diets for any

of the digestive segments studied. The neutral pH measured in the stomach indicated that acid
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digestion had finished. Moreover, the pH of the proximal intestine was significantly higher than

that of the pyloric caeca.

Total protease activity, lipase and α-amylase activities measured in the PC and PI are shown in

Figure 1. α-Amylase activity was lower (mU·mg-1 protein) than that of alkaline protease and

lipase activity (U·mg-1 protein). Animals fed the lower protein diets (P40, P45 and P50) showed

less alkaline protease activity in the PC (-16%) than P55 and P59 sea bass, indicating reduced

protease pancreatic synthesis in the former group (Figure 1B).

Figure 1. A) Dietary composition (%) of protein (white bars), lipid (striped bars) and carbohydrate
(black bars), and pancreatic enzyme activities B) in the PC (dark grey bars) and C) in the PI (light
grey bars). Values expressed as mean ± SEM (n = 10). Significant differences (P<0.05) between
dietary treatments are shown by letters or by an * between grouped experimental conditions.

Zymography was conducted to characterize individual alkaline protease activities in the PC and

their molecular weight (Figure 2). Five bands were characterized ranging from 17 KDa to 23 KDa.

Figure 2A shows an inhibition zymogram in which reductions in band intensity can be seen when

comparing the column of the homogenate treated with a specific trypsin (TLCK) or chymotrypsin

(TPCK and ZPCK) inhibitor with the non-treated homogenate, allowing identification of the

specific activity of a given protease. Thus, four bands corresponding to trypsin-like activity (17,
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20, 22 and 23 KDa) and one band corresponding to chymotrypsin-like activity (18 KDa) were

detected. Individual protease activity in the PC is shown in Figure 2B. The 23, 22 and 17 KDa

trypsin-like activities increased from P45 to P59, being higher in P40 sea bass than in P45.

Moreover, the 20 KDa trypsin band was slightly more intense in P55 to P59 sea bass. Finally,

higher 18 KDa chymotrypsin-like activity was detected in P59 compared to the other groups.

Thus, the band pattern detected by zymography was consistent with the alkaline protease

measurements.

A

B

Figure 2. A) Inhibition zymogram of alkaline protease activity in the PC. Lane H =
Homogenate; H+TPCK and H+ZPCK = Chymotrypsin inhibitors; H+TLCK = Trypsin inhibitor.
B) Model zymogram of alkaline protease activity in PC extracts. Figure shows the molecular
weight of each band with proteolytic activity. All samples were analysed individually; the
figure shows a representative result.

In the PI the highest alkaline protease activity (Figure 1C) was detected in fish fed extreme diets

(in P40 and P59 fish), denoting adaptation of food-anticipatory TPA activity to both low and high

dietary protein contents. However, P59 animals showed more protease activity than P40 fish

(58.3%). An increase in dietary lipid and starch resulted in a lower amount of enzyme stored in

the pancreas (Figure 1B), in P40 and P45 animals for lipase (-32%) and P40, P45, P50 and P55

fish for α-amylase (-51%). In the PI, α-amylase activity was significantly higher in P40 and P45

fish than in P50 animals, whereas P59 and P55 showed intermediate activities, again pointing to
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a food-anticipatory α-amylase activity adaptation to both low and high dietary starch contents

(Figure 1C). Lipase activity in the PI followed the same profile as α-amylase, but no significant

changes were observed.

Table 2. Alkaline protease and a-amylase PC/PI ratio from the first trial. Significant differences
(P<0.05) between dietary treatments are shown by letters.

The PC/PI ratios were calculated for alkaline protease, α-amylase (Table 2) and lipase; this ratio

indicates the relationship between enzyme synthesized in the PC and adaptation to different

nutritional conditions in the PI. This ratio was highest for protease (83.92 ± 7.93), intermediate

for lipase (27.53 ± 8.67) and lowest for amylase (3.86 ± 0.59), with a significant difference

between the three enzymes. Secondly, the PC/PI ratio was significantly higher for TPA in P45,

P50 and P55 fish and for α-amylase in P59 sea bass. No changes were detected in lipase PC/PI

ratio (27.5 ± 8.7).

L-Lys, L-Met, L-Trp and D-Glc absorption capacities in the DI were studied. As dietary protein

content decreased and starch increased, L-Lys and D-Glc uptake capacity were down-regulated,

being 2.6 times lower in P40 than P59 sea bass for L-Lys and 2 times lower for D-Glc (Figure 3).

No significant differences were found in L-Trp (94.7 ± 6.4 pmols·µl-1·s-1) or L-Met (19.5 ± 1.4

pmols·µl-1·s-1) absorption capacities.

Final weight and SGR are shown in Table 3. P50 sea bream showed significantly higher growth

than P40 (+29%), as confirmed by the SGR.

PC/PI Ratio Alkaline protease α-Amylase

P40 25.78 ± 4.11b 1.89 ± 0.57b

P45 137 ± 21.91a 2.9 ± 0.78b

P50 128.9 ± 9.27a 3.42 ± 1.57b

P55 105.71 ± 12.24a 2.29 ± 0.55b

P59 41.57 ± 12.51b 8.58 ± 1.75a
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Figure 3. L-Lys (A) and D-Glc (B) absorption capacities in BBMVs of the DI. Values are
represented as mean ± SEM (n = 4). Significant differences (P<0.05) between dietary
treatments are shown by letters.

Table 3. Final weight and SGR (n=10) for each experimental condition in the first trial. Values are
represented as mean ± SEM. Significant differences (P<0.05) between dietary treatments are
shown by letters.

Weight SGR

P40 21.6 ± 1.2b 2.56 ± 0.10b

P45 24.9 ± 1.0ab 2.84 ± 0.07ab

P50 27.8 ± 1.2a 3.03 ± 0.07a

P55 24.5 ± 1.6ab 2.81 ± 0.11ab

P59 25.1 ± 1.2ab 2.84 ± 0.10ab

According to these data, the optimal dietary protein content was established as around 50 to

55% and a second trial to determine the best protein-to-energy ratio was carried out.
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3.2. Protein-to-energy ratio study

Five isoproteic diets (52%) named 12L, 14L, 16L, 18L and 20L according to lipid inclusion in the

diet were used to study the effect of protein-to-energy ratio on digestive enzymes activities

(Figure 4 and 5) and nutrient absorption capacity (Figure 6). The diets’ digestible energy was 14,

20, 21.5, 22 and 22.5 MJ/Kg, respectively.

The pH of the stomach, PC and PI contents was measured (7.06 ± 0.01, 6.97 ± 0.01 and 7.09 ±

0.01, respectively) and no differences were found between animals fed different diets for any

of the digestive segments studied although pH was significantly higher in the PI than in the PC.

Alkaline protease, lipase and α-amylase activities measured in the PC and PI are shown in Figure

4.

Figure 4. A) Dietary composition (%) of protein (white bars), lipid (striped bars) and carbohydrate
(black bars), and pancreatic enzyme activities B) in the PC (dark grey bars) and C) in the PI (light
grey bars). Values expressed as mean ± SEM (n = 10). Significant differences (P<0.05) between
dietary treatments are shown by letters or by an * between grouped experimental conditions.
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In the PC, animals fed the lower lipid diets showed higher alkaline protease (25.9% in 12L, 14L

and 16L fish) and lipase (32.7% in 12L and 14L animals) activities than in the other diets,

indicating up-regulation of protease and lipase pancreatic synthesis when the digestible energy

of the diet was less than 21.5 and 20 MJ/Kg, respectively. No changes in α-amylase synthesis

were found due to dietary lipid content (Figure 4B).

There was no evidence of adaptation of food-anticipatory TPA and α-amylase activities in the PI

as the protein-to-energy ratio increased (Figure 4C); however, 12L sea bass showed a significant

increase in PI lipase activity (47.25%) versus animals fed diets containing more energy. 12L and

14L sea bass showed similar individual protease activities, presenting lower activity for 17 and

18 KDa proteases and higher activity for 22 KDa proteases versus 16L sea bass. Animals fed diets

containing higher levels of energy (18L and 20L) showed lower protease activity than 16L fish,

23, 22, 18 and 17 KDa alkaline proteases were affected. Moreover, the alkaline protease activity

PC/PI ratio was significantly higher in 18L versus 12L sea bass (Table 4); however, no differences

were found in the α-amylase and lipase PC/PI ratio (2.86 ± 0.52 and 5.94 ±1.04, respectively).

Figure 5. Model zymogram of alkaline protease activity in PC extracts. Figure shows the
molecular weight of each band with proteolytic activity. All samples were analysed
individually; the figure shows a representative result.

Table 4. Alkaline protease and a-amylase PC/PI ratio from the second trial. Significant
differences (P<0.05) between dietary treatments are shown by letters.

PC/PI Ratio Alkaline protease α-Amylase

12L 6.6 ± 0.95b 1.98 ± 0.26

14L 15.3 ± 3.48ab 2.37 ± 0.12

16L 18.29 ± 3.69ab 4.86 ± 2.34

18L 29.43 ± 10.14a 1.9 ± 0.14

20L 18.5 ± 4.24b 3.34 ± 0.91
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Figure 6. L-Lys (A), L-Met (B) and D-Glc (C) absorption capacities in BBMVs of the DI. Values
are represented as mean ± SEM (n = 4). Significant differences (P<0.05) between dietary
treatments are shown by letters.

As in the previous trial, L-Lys, L-Met, L-Trp and D-Glc absorption capacities in the DI were studied.

No differences were found in L-Lys uptake due to dietary lipid inclusion (Figure 6A). Moreover,

L-Met and D-Glc absorption capacities were significantly up-regulated as dietary lipid content
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increased (Figure 6B and C); however, L-Met increased gradually and significant differences were

found between 12L and 20L sea bass, whereas D-Glc reached the maximum uptake for 16L sea

bream and was at a similar level in 18L and 20L fish. Regarding L-Trp absorption capacity, no

differences were found between dietary treatments (106.6 ± 5.1 pmols·µl-1·s-1).

No differences in final weight (24.0 ± 0.6g) nor SGR (2.75 ± 0.05) were found between dietary

treatments.

3.3. Effect of seasonal variation

pH, pancreatic enzyme activities and nutrient absorption capacity were compared between P50

and 18L sea bass; in the first trial, animals were fed in spring and in the second in autumn-winter.

The two diets were isoenergetic, had a similar principal composition (Figure 7A) and only

differed in one of their ingredients: soybean concentrate for P50 and SPC60% for 18L.

There were no differences in the pH of the stomach, PC and PI (7.08 ± 0.01, 7.02 ± 0.01 and 7.11

± 0.02, respectively) during spring and autumn-winter.

Figure 7. A) Dietary composition (%) of protein (white bars), lipid (striped bars) and carbohydrate
(black bars) and pancreatic enzyme activities B) in the PC (dark grey bars) and C) in the PI (light
grey bars), comparing seasonality between spring (S) and autumn-winter (AW). Values expressed
as mean ± SEM. Significant differences (P<0.05) between seasons are shown by an asterisk.
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Pancreatic enzyme activities from the PC and PI are shown in Figure 7. In the PC, alkaline

protease activity was significantly higher in spring (52.7%), whereas no differences were found

in lipase and α-amylase activities between seasons (Figure 7B). Digestive enzyme activities in

the PI were higher in autumn-winter than in spring, being significantly higher for alkaline

protease and α-amylase (Figure 7C). The PC/PI ratio for alkaline protease activity was

significantly higher in spring-grown sea bass (Table 2 and 4), but no differences were found in

the lipase or α-amylase PC/PI ratio. There were no differences in L-Lys, L-Met, L-Trp or D-Glc

absorption capacities between fish grown in spring or autumn-winter (37.7 ± 3.3, 19.3 ± 2.2,

80.4 ± 10.1 and 3.9 ± 0.4 pmols·µl-1·s-1, respectively).

SGR was significantly higher in spring (3.03 ± 0.07) than in autumn-winter sea bass (2.66 ± 0.11).

4. Discussion

The need to save protein and replace fish meal and fish oil to make the aquaculture industry

more sustainable (SOFIA, 2014) and the limited information regarding digestive and absorptive

processes in sea bass fingerlings, one of the main Mediterranean carnivorous fish currently

being cultured, led us to undertake a study on the sparing effect of lipids and carbohydrates and

the best protein-to-energy ratio in sea bass fingerlings fed diets in which 38% of fish meal had

been replaced. Moreover, as there is a seasonal shift in the demand-feeding pattern and food

anticipatory activity in sea bass (Azzaydi et al., 2007; Sánchez-Vázquez et al., 1998), the effects

of seasonal variation were also studied.

The stomach pH of most teleosts is neutral when empty, being acidic after feeding (Yúfera et al.,

2004; 2012). Moreover, pepsin activity is linked to lower pH, which must be less than 4.0 for

pepsin activation with an optimum close to 2.0 or 3.0 (Cao et al., 2011; Nikolopoulou et al., 2011;

Yúfera et al., 2004, 2012). Thus, according to the literature and the neutral gastric pH measured

in the present study, which is expected at 24 h post-feeding, acid protease activity was not

measured. The pH of the PI was significantly higher than that in the PC, as previously described

by Nikolopoulou et al. (2011) for this species. Similar results were found for sea bream (Deguara

et al., 2003; García-Meilán et al., 2013, 2014). Moreover, this study found no evidence of any

effect of protein or lipid dietary percentage on intestinal pH, as also described by Nikolopoulou

et al. (2011); there was no seasonal effect either.

Regarding digestive enzyme activities, the present study showed that alkaline protease was

significantly higher than lipase or α-amylase activity, as described previously for carnivorous

species (Buddington et al., 1997). In yellowtail king fish lipase activity was higher than α-amylase

(Bowyer et al., 2012), as shown for sea bass in the present work; however in sea bream the levels
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of activity were variable, possibly due to differences in developmental stage, rearing conditions

or dietary composition (García-Meilán et al., 2013, 2014; Santigosa et al., 2008, 2011a).

In sea bass, digestive proenzymes that are released into the PC have their origin in the

hepatopancreas (Nejedli and Tlak Gajger, 2013) and the exocrine pancreatic tissue embedded

within fat surrounding the PC (Kamaci et al., 2010). In the present study adipose tissue was not

removed, therefore changes in enzyme activity detected at 24 h post-feeding in this intestinal

segment should mainly reflect synthesis in the pancreas, as reported by Murashita et al. (2005)

for yellowtail. In contrast, in the PI, the digestive food anticipatory activity that was detected

was the result of secretion and peristaltic movements. Such anticipatory activity confers an

adaptive advantage as food acquisition and utilization are improved (Comperatore and Stephan,

1987). Regarding nutrient absorption capacities, measurements were made in the distal

intestine as in carnivorous species it seems that 5–10% of total absorption occurs in this

intestinal region (Krogdahl et al., 1999); however, up-regulation of nutrient uptake was

observed, likely as a way of compensating for the relatively small intestinal length and low

transepithelial transport in the proximal intestine (Ferraris and Ahearn, 1984).

Dietary protein content affects pancreatic enzyme secretion (Bakke et al., 2011). Thus, an

increase in alkaline protease activity was found as dietary protein inclusion increased in

European sea bass (Péres et al., 1998), gilthead sea bream (García-Meilán et al., 2013), yellowtail

(Kofuji et al., 2005) and Atlantic salmon (Krogdahl et al., 2003), which also secreted high levels

of trypsin. Accordingly, the results of the current study showed an increase in alkaline protease

synthesis as dietary protein increased, due to the increase in trypsin-like activities. Moreover,

chymotrypsin was not detected in animals fed low protein diets. This changes the

trypsin/chymotrypsin ratio and affects the digestive process. However, Rodiles et al. (2012)

found no change in this ratio in Senegales sole when protein content was modified. Moreover,

an up-regulation of lipase release following an increase in dietary protein was found in yellowtail

(Murashita et al., 2008) and also in the present study. Meanwhile significantly higher α-amylase

synthesis was found only in sea bass fingerlings fed the diet with higher protein and lower starch

levels. In this sense, sea bass larvae were able to up-regulate α-amylase activity when fed diets

with a high starch content but seem to lose this ability as they grow (Cahu and Zambonino-

Infante, 1995; Peres et al., 1999). Moreover, Murashita et al. (2008) reported that α-amylase

activity was not affected by dietary protein, lipid or starch in yellowtail. Thus, α-amylase activity

seems more constitutive than trypsin activity in carnivorous species (Cahu and Zambonino-

Infante, 1995, Buddington et al., 1997; Krogdahl et al., 2005), as shown in the present study.

Regarding food anticipatory activity in the PI, alkaline protease, lipase and α-amylase activities

were up-regulated in extreme diets, showing the lowest values in P50 animals. Thus, animals
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fed both low protein and high lipid and starch diets or high protein and low lipid and starch diets

attempt to improve nutrient digestion and assimilation. In this sense, various authors (Krogdahl

et al., 1994; Olli et al., 1994; Haard et al., 1996; Francis et al., 2001; Sveier et al., 2001; Escaffe

et al., 2007; Romarheim et al., 2007; Santigosa et al., 2008) have described changes in the

intestinal distribution and activity of digestive enzymes as a compensatory mechanism for

digestive processes.

With regards to protein-to-energy ratio, an increase in the synthesis of protease and lipase was

detected as well as higher food anticipatory lipase activity with low lipid content diets, probably

as a way of compensating for the low energy content in relation to energy requirements at

fingerlings stage, as described by Kousoulaki et al. (2015). A negative effect of high dietary lipid

on alkaline protease activity has been described in sea bream (Fountoulaki et al., 2005) and

yellowtail (Murashita et al., 2007), and is thus another factor to consider. Despite this, Peres and

Oliva-Teles (1999b) reported that protein digestibility was not affected by dietary lipid level in

European sea bass. However more studies are needed to clarify this situation. On the other

hand, dietary lipids appeared to have no effect on α-amylase synthesis or food anticipatory

activity, as described previously for Japanese sea bass (Luo et al., 2010).

Amino acid and D-glucose transport capacities may be up-regulated to compensate for the

nutritional deficit caused by dietary composition in trout and sea bream (Santigosa et al., 2011a,

b) or short starvation periods (Golovanova, 1992; Santigosa et al., 2011b). In accordance with

this, up-regulation of D-Glc absorption capacity was found in the distal intestine when dietary

starch was low. Similar changes were found for α-amylase synthesis in sea bass fed high protein

diets, but not in the protein-to-energy ratio study. Similar patterns were described in sea bream

for α-amylase activity and L-Ala and D-Glc absorption capacities (García-Meilán et al., 2013,

2014; Santigosa et al., 2011b). L-Lys absorption capacity increases in the DI in animals fed high

protein diets, probably as the amount of dietary protein leads to digestion in more distal regions

(Santigosa et al., 2011b), despite the observed increase in synthesis and basal activity of

proteases.

The optimum dietary protein level for sea bass juveniles was estimated to be around 50% (Alliot

et al., 1979a; Hidalgo and Alliot, 1988; Peres and Oliva-Teles, 1999a). In sea bass fingerlings the

best growth was also achieved by animals fed with P50 diet and these animals presented the

lowest food anticipatory enzyme activities and intermediate L-Lys and D-glucose absorption

capacity. In contrast, P40, P45, P55 and P59 animals showed compensatory mechanisms

involving digestive pancreatic enzyme synthesis, food anticipatory protease, lipase and α-

amylase activities and nutrient absorption capacity; although P45, P55 and P59 fingerlings

showed a slightly lower final weight than P50 animals (-10.4, -11.9 and 9.7%, respectively), the
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reduction was only significant in P40 sea bass (-22.3%). However, an increase in dietary lipid

(from 12 to 20%) and energy levels (from 14 to 22.5 MJ.Kg-1) did not affect growth performance,

as previously described for this species (Metailler et al., 1981; Tibaldi et al., 1991; Morales and

Oliva-Teles, 1995; Peres and Oliva-Teles, 1999b; Boujard et al., 2004).

Finally, differences in digestive enzyme synthesis and food anticipatory enzyme activities were

found between spring and autumn-winter; with protease synthesis being higher in spring and

food anticipatory protease and α-amylase activities higher in autumn-winter. Similar seasonal

variations were found in trypsin and chymotrypsin activities in yellowtail, and might be a result

of a slower transit speed of digesta during colder water temperature months as suggested by

Kofuji et al. (2005). A reduction in digestive protease activities and subsequent low growth rates,

with a direct correlation to water temperature, has also been reported in roach (Hofer, 1979),

rainbow trout (McLeese and Stevens 1982), pike perch and bream (Gelman et al., 1984) and

Atlantic salmon (Einarsson et al., 1997). However, sea bass fingerlings in the present study had

the same rearing conditions in both seasons, and therefore these changes in digestive enzyme

activities could be explained by the existence of an endogenous pacemaker (Sánchez-Vázquez

al., 1995a, 1995b, 1998). Moreover, at the same growth temperature sea bass showed higher

food intake in spring, coinciding with the lengthening of photoperiod, and a reduction in autumn

associated with the shortening of photoperiod (Madrid, 2001), which could also explain the

differences in growth in the present study. Unfortunately, no data on feed intake was available

in this trial because the rearing tanks did not allow adequate collection of uneaten feed.

In conclusion, for sea bass fingerlings, the present study suggests that 52:16 is a good dietary

protein-to-lipid ratio. Both higher protein and lipid levels extend digestion to more distal regions

and lipid also interferes with proteolytic enzyme activities. In contrast, lower protein dietary

levels negatively affect growth and lower lipid levels, thus triggering digestive compensatory

mechanisms.
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Table 2. Essential and non-essential amino acid intravesicular concentration in BBMVs (pmols·mm-2·seg-1). Values are represented as mean ± SEM of 6
determinations. Different letters show significant differences (P < 0.05) between diets.

Table 3. Total intake (n=3), voluntary feed intake (n=3), SGR (n=3), FCR (n=3) and RIL (n=12) for each experimental condition. Values are represented as mean
± SEM. Different letters show significant differences (P < 0.05) between diets.

P35 P38 P41 P44 P47 P50 P53

Total Intake (Kg) 3.76 ± 0.10d 4.65 ± 0.10bc 4.37 ± 0.19c 4.82 ± 0.03abc 4.78 ± 0.08abc 5.24± 0.09a 4.93 ± 0.14ab

Voluntary Feed
Intake (g·kg-0.7·day-1)

5.65 ± 0.04a 5.11 ± 0.07b 5.28 ± 0.07b 5.16 ± 0.01b 5.24 ± 0.03b 5.08± 0.01b 5.15 ± 0.07b

SGR 0.94 ± 0.03c 1.14 ± 0.03b 1.10 ± 0.02b 1.20 ± 0.02ab 1.22 ± 0.03ab 1.30 ± 0.03a 1.26 ± 0.02a

FCR 1.38 ± 0.008a 1.25 ± 0.041abc 1.26 ± 0.050ab 1.16 ± 0.014bc 1.16 ± 0.026bc 1.14 ± 0.006bc 1.12 ± 0.015c

RIL
(mm·g fish-1)

17.11 ± 1.73 16.45 ± 1.44 15.62 ± 1.27 14.77 ± 1.02 14.91 ± 0.98 13.53 ± 1.02 13.43 ± 1.13

Essential P35 P38 P41 P44 P47 P50 P53

L-Phe 20.71 ± 3.65ab 18.25 ± 2.22ab 14.60 ± 0.48b 16.13 ± 1.07ab 15.39 ± 1.96ab 22.24 ± 1.72ab 24.61 ± 3.24a

L-Leu 10.12 ± 1.48 9.14 ± 1.53 13.24 ± 0.26 12.16 ± 0.94 10.70 ± 1.28 12.23 ± 1.46 9.16 ± 0.73

Non-essential

L-Pro 8.34 ± 0.41 8.86± 0.73 9.01 ± 1.26 9.05 ± 0.88 7.65 ± 0.46 8.32 ± 0.65 7.20 ± 0.24

L-Ala 4.45 ± 0.30d 5.13 ± 0.23d 5.40 ± 0.12cd 6.94 ± 0.37b 4.79 ± 0.21d 8.57 ± 0.41a 6.78 ± 0.54bc

L-Glu 2.36 ± 0.11b 3.50 ± 0.36ab 2.34 ± 0.10b 3.19 ± 0.32ab 2.29 ± 0.27b 3.12 ± 0.38ab 4.79 ± 0.94a




































































































  



































































Tabla 1. Resumen de Material y Métodos

F: fibra; S: almidón; L: lípido; P: proteína; C: dieta comercial; CH: dieta rica en carbohidratos altamente digeribles; FO: dieta con aceite de pescado; VO: dieta con aceite vegetal; E:
estómago; CP: ciegos pilóricos; IP: intestino proximal; ID: intestino distal; Entero: intestino íntegro.



Tabla 2. Efectos de las dietas de sustitución sobre la actividad digestiva. Resumen de resultados.

Las cajas agrupan condiciones que no presentan diferencias significativas entre sí, y las cajas punteadas marcan tendencias. F: fibra; S: almidón; L: lípido; P: proteína; CP: ciegos
pilóricos; IP: intestino proximal; APT: actividad proteasa total; Relación T/Q: relación tripsina/quimotripsina; NS: ausencia de diferencias significativas.



Tabla 3. Efectos de las dietas de sustitución sobre la actividad de las enzimas de membrana y la capacidad de absorción. Resumen de resultados.

Las cajas agrupan condiciones que no presentan diferencias significativas entre sí, y las cajas punteadas marcan tendencias. F: fibra; S: almidón; L: lípido; P: proteína; IP: intestino
proximal; ID: intestino distal; Entero: intestino íntegro; AP: Fosfatasa alcalina; LAP: Leucina aminopeptidasa; NS: ausencia de diferencias significativas.



Tabla 4. Efectos de las dietas de sustitución sobre el crecimiento y la ingesta. Resumen de resultados

Las cajas agrupan condiciones que no presentan diferencias significativas entre sí, y las cajas punteadas marcan tendencias. F: fibra; S: almidón; L: lípido; P: proteína; SGR: tasa de
crecimiento específica; FCR: tasa de conversión del alimento; NS: ausencia de diferencias significativas.



Tabla 5. Efectos de los ritmos circadianos y el peso de los animales sobre la actividad enzimática digestiva. Resumen de resultados.

Las cajas agrupan condiciones que no presentan diferencias significativas entre sí, y las cajas punteadas marcan tendencias. Los valores en negrita representan las diferencias entre
los animales FO y VO, señalando en cada caso la condición que presenta mayor actividad. E: Estómago; CP: ciegos pilóricos; IP: intestino proximal; C: dieta comercial; CH-M:
carbohidratos por la mañana; CH-A: carbohidratos por la tarde; FO: dieta de aceite de pescado; VO: dieta con aceite vegetal; APT: actividad proteasa total; Relación T/Q: relación
tripsina/quimotripsina; NS: ausencia de diferencias significativas.



Tabla 6. Efecto de los ritmos circadianos y el peso de los animales sobre la capacidad de absorción. Resumen de resultados

Las cajas agrupan condiciones que no presentan diferencias significativas entre sí, y las cajas punteadas marcan tendencias. Los valores en negrita representan las diferencias entre
los animales FO y VO, señalando en cada caso la condición que presenta mayor actividad. Entero: intestino íntegro; ID: intestino distal; C: dieta comercial; CH-M: carbohidratos por la
mañana; CH-A: carbohidratos por la tarde; FO: dieta de aceite de pescado; VO: dieta con aceite vegetal; SGR: tasa de crecimiento especifico; NS: ausencia de diferencias significativas.



Tabla 7. Efecto del cambio de dieta a corto y largo plazo. Resumen de resultados

En rojo se presentan las regulaciones al alza, en azul a la baja y en gris la ausencia de cambios significativos. FO: dieta de aceite de pescado; VO: dieta con aceite vegetal; CP: ciegos
pilóricos; IP: intestino proximal; ID: intestino distal.









































                 



 

    

               



   







 

 







 






























 

 





 



















































 









 























 

































 

































 

 



  

 

 



















 











 






























 









 



 









 



 



 



 



                 

 

    

             



   













 

 





























  
 


 

 
 

  















  
  

 
 























 




 





































































 

 





 

     

  


  

 





 






































  
 


 

 
 



















 













 













           
            
      

           
             
           

           
          
   

 


