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Abstract. In the field of fish nutrition, the preliminary evaluation of feedstuffs using in vitro techniques
may be an alternative to in vivo assays. Degradation of the protein fraction in feedstuffs by seabream
(Sparus aurata) digestive enzymes was studied under different conditions simulating either acid, alkaline, or acid + alkaline digestion using a modified pH-stat technique. In addition, a sequential sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) of the released products was used
both to visualise and to quantify the level of protein hydrolysis. Gels were analysed by optical densitometry and results were expressed as a Coefficient of Protein Degradation (CPD). Values of CPD
showed clear differences related to the type of protein digested or the steps followed in the digestion.
CDP index provides information based on the enzymatic breakdown of the proteins visualised in SDSPAGE gels. The pH-stat evaluation (Degree of Hydrolysis) supplies measurement of the total number of
peptide bonds broken down in a given protein. CDP index mainly focuses on the action of endoproteases, whereas degree of hydrolysis (DH) includes both endo- and exoproteases. CPD and DH are two
complementary indexes capable of measuring the protein hydrolysis by fish enzymes of a given feedstuffs or diet. Both methods were in agreement with respect to assessing the hydrolysis of protein. The
significance of the SDS-PAGE techniques in the assessment of aquafeeds by fish digestive enzymes is
discussed.

Introduction
The determination of digestibility of dietary protein is one of the main steps in the
evaluation of its bioavailability for a given species. Protein amino acid composition and digestibility govern the quantity and rate of absorption of each amino acid,
and hence, protein utilisation in the body (Alpers 1994). The determination of digestibility by in vivo methods requires large quantities of feed, a number of animals and considerable expenditure on equipment and manpower. In recent years,
different in vitro methods have been proposed as alternative to in vivo assays
(Dimes and Haard 1994; Savoie 1994). The increasing awareness of animal health
and welfare issues and ethical dilemmas underlying animal experiences has spurred
the development of in vitro systems (Hardy 1991). In vitro assays are more and
more used either in the evaluation of feeds quality or in the assessment of the digestive processes of fish (Dimes et al. 1994; Alarcón et al. 1999). Some of the re-
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ported advantages are cost effectiveness, ease of performance and quick results
(Tacon 1995; Rozan et al. 1997). In addition, in vitro assays make possible a detailed study of the different products released during the course of digestion performed under different conditions (Messman and Weiss 1994). In fact, some authors have used SDS-PAGE as a means to evaluate and quantify digestion products,
being a widely utilised technique in the study of protein digestion in terrestrial animals (Lynch et al. 1988; Rogmanolo et al. 1994; Savoie 1994; Van der Aar et al.
1983; Nugent et al. 1983). By contrast this technique has only been used recently
in the assessment of protein digestion by fish proteases under controlled conditions
(Alarcón et al. 1999). This approach gives insight into the degradation pattern of
individual proteins from a wide range of raw materials by digestive enzymes and it
may also be useful for the assessment of the role of individual enzymes in protein
breakdown.
The present study was designed with a double objective. First, SDS-PAGE was
used to evaluate the products released from in vitro digestion of several plant and
animal proteins using the enzymes of a marine fish, the seabream (Sparus aurata),
an omnivorous fish whose culture is well developed in the Mediterranean basin.
Second, the information obtained from electrophoresis was expressed in the form
of a numerical value, the Coefficient of Protein Degradation (CPD), which allowed
comparison of results obtained under different enzymatic conditions.

Material and methods
Preparation of active extracts
Live specimens of seabream ranging from 25 to 40 g were provided by a local fish
farmer (FRAMAR S.L.; Almería, Spain). Fish had routinely been fed a commercial
diet (45% protein) three times a day to reach a total amount of feed representing
3.5% of its body weight. After sacrifying specimens, previously starved for 6 hours,
by submersion in cold water (4 °C), the digestive tract was removed, separately
dissected into stomach and a portion of the proximal gut including the pyloric
caeca, and homogenised in distilled water (500 mg ml −1) at 4 °C. Supernatants obtained after centrifugation (16,000 g × 30 min at 4 °C) were stored at −20 °C for
enzyme analysis. The concentration of soluble protein in pooled samples was determined by the Bradford method using bovine serum albumin (1 mg ml −1) as a
standard (Bradford 1976).
Determination of protease activity in fish digestive extracts
Alkaline protease activity of extracts was measured using the Kunitz (1947) method
as modified by Walter (1984), using casein (0.5%) as substrate in 50 mM Tris-HCl
buffer at pH 8.5. Acid protease activity was assayed according to Anson (1938)
using 0.5% haemoglobin in 0.1 M Glycine-HCl, pH 2.0. The mixtures were incu-
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Table 1. Nutrient composition of raw protein sources (% of dry weight).
Protein Sources

Protein

Lipids

Ash

Fibre

Moisture

Animal proteins
Squid meal, SM 1
Blood meal, BM 2

74.8
87.0

8.8
1.5

3.4
2.0

0.0
—

8.1
7.0

Plant proteins
Dehulled soybean meal, DSB 3
Lupin seed meal, LS 4
Fullfat soybean meal, FSB 5
Green pea meal, GP 6

49.9
42.9
24.5
22.0

2.6
15.3
1.2
2.6

6.4
3.5
—
5.5

13.9
20.2
—
—

10.5
9.1
9.6
8

1, 5, 6

Source: local supplier, Almería, Spain.
Source: APROCAT, SA, Spain
3,4,
Source: Grupo de Investigación en Acuicultura. Las Palmas de Gran Canaria, Spain.
2

bated for 30 min at 25 °C and the reaction was stopped by addition of 0.5 ml 20%
TCA. The absorbance of the soluble TCA peptides was recorded at 280 nm. One
unit (U) of enzyme activity was defined as 1 g of tyrosine released per min, using
the extinction coefficient for tyrosine of 0.005ml g −1 cm −1. All measurements
were carried out in triplicate.
Protein sources utilised
Six different protein sources were utilised in the study: fullfat soybean meal (FSB),
dehulled soybean meal (DSB), lupin seed meal (LS), green pea meal (GP), blood
meal (BM) and squid meal (SM). The source and protein contents of each feedstuff
are shown in Table 1. All meals were suspended in distilled water (8
mg protein ml −1) prior to use in the assays.
Acid and alkaline digestion
Acid digestion was carried out using stomach extracts having a total protease activity of 10000 U ml −1. Extracts (0.1 ml) were mixed with 10 ml of a specific protein source. The reaction mixture was maintained at pH 2.0, 37 °C for 30 min. Alkaline digestion was carried out using intestine extracts having a total protease
activity of 1000 U ml −1. Extracts (0.2 ml) were mixed with 10 ml of a specific
protein source. The reaction mixture was maintained at pH 8.5, 37 °C for 60 min.
During the course of the alkaline digestion, the degree of hydrolysis (DH) of the
proteins was assessed by the pH-stat method using an automated titrator (736 STAT
TITRINO; Methrom Ltd.) as described in Alarcón et al. (1999). Some assays were
carried out simulating only the alkaline phase of the digestion, whereas others were
performed simulating the acid phase followed by the alkaline one. In this latter case,
acid hydrolysis was stopped by the addition of a small volume of NaOH 1.0 N that
was sufficient to increase the pH to 8.5.
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Analysis of the protein fractions released during hydrolysis
Throughout the course of the acid, alkaline or combined hydrolysis of proteins, the
reaction mixtures were sampled at different time intervals. Samples were deep frozen at − 20 °C and further analysed by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to Laemmli (1970), using 12% polyacrylamide and 8 × 10 × 0.075 cm gels. Prior to assays, samples were diluted (1:1)
in sample buffer containing 2-mercaptoethanol and boiled for five minutes. An
amount of 35–40 g total protein was placed in each cell of the electrophoretic
plate. Electrophoresis was performed at a constant voltage of 100 volts per gel for
45 min. at 5 °C. Then gels were fixed in 12% TCA prior to staining overnight with
0.1% Coomassie brillant blue (BBC R-250) in a methanol-acetic acid solution
(50:20:50). Destaining was carried out in a methanol-acetic acid-water solution
(35:10:55). Protein standards employed were the Low Molecular Weight (LMW)
from Pharmacia-Biotech, including phosphorylase b (94), bovine serum albumin
(67), ovalbumin (43), carbonic anhydrase (30), soybean trypsin inhibitor (20.1) and
␤-lactalbumin (14.4 kDa). The molecular mass (Mr in kDa) of proteins was measured using a linear plot of log Mr of protein standards (LMW) vs relative mobility
(R f). Five microliters of molecular weight marker were loaded on each plate.
Changes in the relative amount of protein bands present in successive samples
were estimated by scanning the gels directly (Scanjet 4c; Hewlett Packard) and
treating the images by densitometry with a specific software (Diversity One™;
Huntington Station, New York). The rate of hydrolysis was expressed by a numerical value obtained considering both the percentage of reduction in optical density
for each band after the reaction time, and the relative proportion such band represented to total proteins. Only those bands representing at least 10% of total protein
in the sample at the beginning of the assay were considered for estimations. The
value obtained was named coefficient of protein degradation (CPD) and it was estimated using the following mathematical expression:
n

CPD ⫽

兺

i⫽1

冉

OD i共t兲 ⫺ OD i共t兲
OD i共t兲

冊兺

OD i共t兲

n

i⫽1

OD i共t兲

where
• i = major protein bands identified from 1 to n
• OD i = optical density of the protein band i
• t = time of reaction
Statistical analysis
All determinations were carried out in triplicate. Significant differences between
data were assessed after ANOVA using the Kruskal-Wallis test at a confidence level
of 95%. Percentage data were arcsin(x 1/2) transformed prior to the analysis
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Figure 1. SDS-PAGE profile of protein fractions obtained at different sampling times during hydrolysis
of green pea meal protein (GP) by seabream digestive extracts. Plots below pictures show changes in
optical density of main proteins during enzymatic reaction. Numbers of the curves (69, 49, 42, 33, 28
and 21) show the molecular weight of the main protein studied. DH values (%) showed in the X-axis
could be only measured under the alkaline phase of digestion. ip = start of acid digestion, fp = end of
acid digestion (after 3600 s).
1. A) Acid phase: lanes 1 to 7 are 0, 100, 250, 500, 1000, 2000 and 3000 s of acid digestion, respectively.
2. B) Alkaline phase: lanes 1 to 7 are 0, 100, 250, 500, 1000, 2000 and 3000 s of alkaline digestion,
respectively.
3. C) Acid + alkaline phase: lanes 1 to 7 are 0, 3600 s of acid digestion, 100, 250, 500, 1000 and 3000
s of alkaline digestion, respectively.
M is molecular weight marker (5 g): phosphorylase b (92 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), SBTI (20.1 kDa) and ␣-lactalbumin (14.4 kDa).

Results
Acid digestion
Plates and densitograms obtained after hydrolysis performed on GP and SM proteins using only acid proteases are detailed in Figs. 1a–2a. In the case of plant proteins, high hydrolysis of the main protein fractions was observed in GP and LS, as
evidenced by the quick and general decrease of optical density showed by all bands,
and the high CPD values of 90.6 and 96.8, respectively (Table 2). In contrast, protein fractions of DSB showed less sensitivity to hydrolysis by seabream acid proteases, thus resulting in a lower CPD value (31.7). A similar result was obtained for
BM, where proteins were resistant to the action of acid proteases and resulted in a
low CPD (29.7), while digestion of FSB and SM produced a better result with a
CPD value of 57.0 and 77.2, respectively.
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Figure 2. SDS-PAGE profile of protein fractions obtained at different sampling times during the hydrolysis of squid meal (SM) by seabream digestive extracts. Plots below pictures show changes in optical density of main proteins during enzymatic reaction. Numbers of the curves (237, 99–83, 44, 38,
30, 18) show the molecular weight of the main protein studied. DH values (%) showed in the X-axis
could be only measured under the alkaline phase of digestion. ip = start of acid digestion, fp = end of
acid digestion (after 3600 s). M is the same as Figure 1.
1. A) Acid phase: lanes 1 to 7 are 0, 100, 250, 500, 1000, 2000 and 3000 s of acid digestion, respectively.
2. B) Alkaline phase: lanes 1 to 7 are 0, 100, 250, 500, 1000, 2000 and 3000 s of alkaline digestion,
respectively.
3. C) Acid + alkaline phase: lanes 1 to 7 are 0, 3600 s of acid digestion, 100, 250, 500, 1000 and 3000
s of alkaline digestion, respectively.

Alkaline digestion
Plates and densitograms obtained after hydrolysis performed only using seabream
alkaline proteases are illustrated in Figs. 1b–2b. Clear differences were also observed in the hydrolysis of plant proteins by fish enzymes. After 60 min incubation,
hydrolysis of the main protein fractions was not completed to a great extent in DSB
or GP, as indicated by low CPD values of 29.8 and 47.7, respectively (Table 2).
Hydrolysis of FSB soluble proteins yielded a CPD value of 57.2. In contrast, alkaline hydrolysis of LS protein was notably high (CPD = 76.0). A similar value was
obtained when testing the hydrolysis of animal protein SM (CPD = 75.4). BM was
not tested under those conditions since it was not possible to prepare a stable suspension of this protein source in an alkaline medium.
Acid-alkaline digestion
Plates and densitograms obtained after a two-step hydrolysis (acid followed by alkaline) of the previously mentioned proteins are shown in Figs. 1c–2c. Results in-
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Table 2. CPD and DH values of protein sources after enzymatic hydrolysis with seabream digestive
extracts. Values for each protein source sharing the same superscript are not significantly different with
p < 0.05. SM = squid meal, BM = blood meal, DSB = dehulled soybean meal, FSB = fullfat soybean
meal, LS = lupin seed meal, GP = green pea meal.
Protein Source

Digestion

CPD

DH

SM

Acid
Alkaline
Acid + alkaline
Acid
Alkaline
Acid + alkaline
Acid
Alkaline
Acid + alkaline
Acid
Alkaline
Acid + alkaline
Acid
Alkaline
Acid + alkaline
Acid
Alkaline
Acid + alkaline

77.18 a
75.40 a
86.75 b
29.69 a
—
75.79 b
31.72 a
29.83 a
75.85 b
57.01 a
57.23 a
77.45 b
96.81 a
75.96 b
99.19 a
90.60 a
47.67 b
97.61 c

—
13.88 a
13.80 a
—
4.05
10.35
—
6.06 a
8.56 b
—
7.65 a
10.01 b
—
6.38 a
7.00 b
—
7.72 a
7.73 a

BM

DSB

FSB

LS

GP

dicated that acid predigestion of GP and LS clearly influenced the further completion of hydrolysis taking place during the alkaline phase, as a final CPD of nearly
100 (total hydrolysis) was obtained for both proteins. Such an effect was not so
evident in DSB and FSB. Even in these cases, the combination of both types of
digestion resulted in a significant increase in final hydrolysis, this being evidenced
by a CPD value of 75.8 and 77.4, clearly higher than the CPD obtained when either acid or alkaline steps were assayed separately (Table 2). Results obtained with
BM closely resembled those obtained for DSB, where the two-step hydrolysis also
resulted in an increase in CPD value. The CPD value for SM resulting from a twostep hydrolysis was also greater than the CPD value, or the separate acid or alkaline hydrolysis.
The CPD values, as well as the degree of hydrolysis (DH) values measured using the pH-stat, are detailed in Table 2. The correlation between CPD and DH values measured at different sampling times during the alkaline phase of digestion (after a previous acid digestion) at different sampling times is presented in Figure 3.
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Figure 3. Correlation between values of protein hydrolysis of different protein sources estimated as DH
or CPD. Data were measured at different time intervals throughout the course of the reaction. SM =
squid meal, BM = blood meal, DSB = dehulled soybean meal, FSB = fullfat soybean meal, LS = lupin
seed meal, GP = green pea meal.

Discussion
In vitro digestibility techniques may be applied not only to obtain a more or less
accurate indication of the fraction of protein available for an organism, but also to
obtain a more detailed information on both the differences in the action mechanisms of enzymes and the products resulting from digestion. This point of view has
been well developed by several researchers working on in vitro systems which
simulate protein digestion in mammals (Savoie 1994), but to a lesser extent by those
working in fish nutrition. The only exceptions are the experiments performed by
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Grabner (1985); Grabner and Hofer (1985), who analysed the amino acid profile of
the peptides released after in vitro digestion of plant proteins by carp and trout enzymes.
The combination of pH-stat digestion followed by further analysis of protein
fractions by electrophoresis has been used to test nutritional value of different plant
proteins in human nutrition. Chobert et al. (1988) used this technique to assess hydrolysis of casein and wheat protein from a comparative point of view, and then
correlated the DH obtained with molecular mass of the obtained peptides. More
recently, Ikeda and Kishida (1993) used electrophoresis after in vitro digestion of
alforfon (Fagopyrum sculentum) and soybean proteins to analyse protein fractions
resulting from the digestion. Nevertheless, in such works the analysis of protein
fractions was only qualitative, not quantitative. Other authors have employed image analysis of protein bands present in a gel to quantify their progressive clearance after hydrolysis. Herbert and Dunnill (1988) thus analysed the changes in protein fractions of soybean protein when digested by subtilisin. Elkin et al. (1996)
also used such a technique to evaluate hydrolysis of proteins present in different
sorghum varieties, suggesting the convenience of using densitograms instead of gel
photographs due to the progressive decrease in quality of photographs.
The relationship between the protein fractions present in digesta and whole digestibility of proteins has been studied in terrestrial animals, either monogastrics
(Pedersen and Eggum 1983) or ruminants (Lynch et al. 1988; Rogmanolo et al.
1994). In ruminants, the use of SDS-PAGE allowed the identification of proteins
present in feeds as well as the products resulting from their degradation. This information was then used to assess which protein fractions were not affected by ruminal digestion. Van der Aar et al. (1983) demonstrated that SDS-PAGE could detect differences in ruminal degradability of differently treated soybeans. Messman
and Weiss (1994) found a high correlation between densitometry of protein bands
measured in scanned gels after SDS-PAGE of different feeds incubated in ruminal
fluid, and digestibility values listed by National Research, Council, (NCR) (1989).
Nevertheless, in none of those works was the information obtained after image
analysis quantified and then expressed numerically by a coefficient, which allowed
comparisons between results obtained under different enzymatic conditions. The
present work suggests the possibility of using a calculated numerical index taking
into account both the percentage of reduction in optical density for each protein
band after a given reaction time, and the relative proportion that such band represents to total protein in the sample. The technique was applied to assess hydrolysis
of different plant and animal proteins by acid and alkaline proteases of seabream.
The use of SDS-PAGE under the conditions described in the present paper allowed
the visualisation and quantification of polypeptides with a molecular mass ⭓ 14
kDa. Since it was not possible to detect smaller peptides, application of the technique is limited to those proteins not including a great amount of hydrolysed fractions. This is also the reason why total time of reaction was limited to one hour,
because a longer time of hydrolysis should result in peptides having a very low
molecular mass.
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Results demonstrated that the acid phase of digestion affects proteins to a different extent rather than either the alkaline phase or the alkaline + acid phase. A
quick and almost complete hydrolysis of the main protein fractions present in GP
and LS was noticed, while this effect was not evident in FSB, BM or SM. It is also
worth pointing out the very low degradation observed in DSB protein, which
showed a CPD value of 31.7. Although CDP values measured in raw soybeans (not
included) were higher (57.1), a low susceptibility to hydrolysis carried out by fish
pepsins can be deduced for this protein. In this sense, Lynch et al. (1988) showed
that proteolysis of soybean meal proteins by trypsin was faster than that by pepsin.
With respect to animal proteins, it is well accepted by fish nutritionist that these
proteins are better digested than plant proteins (Pusztai 1985; Begbie and Pusztai
1989). Our results, obtained when an acid digestion alone was realised, are not in
agreement with the last argument. This fact could be explained if we take into account that in vivo data are derived from a whole digestive process (stomach + intestine), and CPD values were calculated from a simulation of the acid phase. Thus,
the low acid hydrolysis of animal protein could be related to its amino acid profile
and/or to peculiarities of its tertiary structure. First, pepsin cleaves peptide bonds at
the amino groups of aromatic and acidic amino acids. The quantitative level of these
amino acids in a given protein could determine the extent of acid hydrolysis. Second, the susceptibility of peptide bonds to proteases depends on their accessibility
and flexibility (Kato et al. 1985). The protein tertiary structure is sensitive to the
environment, and some conformational modifications like acidic pH could reduce
the accessibility of peptide bond to proteases (Sanogo et al. 1990). The differences
in the CPD values between FSB and DSB seem to be related to the heat processing
that could produce heat damage to the protein and unavailability of aromatic and
acidic amino acids. It has been reported that food processing, by cross-linking and
racemization affects individual amino acid digestibility (Friedman and Masters
1980).
When the alkaline phase of hydrolysis was carried out alone, greater differences
in the hydrolysis of proteins were observed. All CPD values were low and, again,
protein fractions present in DSB showed high resistance to the action of fish proteases (CPD = 29.8). The combination of the two phases of hydrolysis resulted in
important changes; yet CPD determined for DSB remained below those obtained
for the rest of the proteins, total hydrolysis increased to 75%, much higher than
that measured when acid and alkaline hydrolysis were tested separately.
SDS-PAGE obtained showed that the action of digestive proteases on protein
sources was not related to the size of substrate molecules, since protein fractions
having a high molecular mass were quickly hydrolysed, while others having a lower
size remained unaltered after the reaction time. Several factors may influence degradability of protein sources: 1) protein profile of feedtuffs, 2) amino acid composition and 3) protein conformation. The secondary and tertiary structures probably affect the rate and extent of protein hydrolysis produced by fish proteases. For
example, ovalbumin, a soluble protein with a high convoluted tertiary structure, is
relatively more resistant to protease degradation than soybean protein fractions,
which are extensively crosslinked by disulphide bonds (Romagnolo et al. 1990).
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Thus, the percentage of amino acids susceptible to cleavage by the different proteases also influences their degradability (Lan and Pan 1993).
Since both the DH (measured with pH-stat) and the CPD (measured with densitometry) are indicators of protein hydrolysis, it follows that it should be possible
to correlate both indexes. However, this correlation could be affected by the way in
which each index was calculated. As previously indicated, CPD is calculated by
measuring variation in optical density of protein fractions visualised in SDS-PAGE
(250 to 14 kDa), while the DH quantifies the breaking of peptide bonds, independently of the molecular mass of the peptide substrate (dipeptides to large proteins).
DH measurements estimate the number of peptide bonds hydrolysed in a given
protein, independently of the site of hydrolysis. Hydrolysis by endo- (peptide bond
breakdown within the protein chain) or exo-proteases (peptide bond breakdown at
the extreme of the protein chain) was not differentiated in this way. As previously
detailed, CDP measurements were estimated from the proteins visualised in SDSPAGE gels. CDP index chiefly focuses on the action of endo-proteases. For example, a solely peptide bond breakdown by an endo-protease in the middle of a
protein weighing 90 kDa could yield two polypeptides of 45 KDa. This fact could
be visualised and quantified with densitometry. However, the same hydrolytic action carried out by an exo-protease yield a big polypeptide (89,88 kDa) and an
amino acid (0.12 kDa). In this case, the technical limitations of SDS-PAGE do not
allow measuring the action of exo-proteases. Thus, proteins like DSB and BM,
which exhibited a similar CPD (75.8), may show quite different DH values (8.56
and 10.35, respectively). When correlation is established not between the single
values obtained at the end of the reaction time, but using the partial values obtained at different sampling times during the course of the reaction, a much better
agreement between both indices is found. This supports the fact that both indexes
are estimating the same parameter, that is, protein hydrolysis. In the light of the
data, CPD and DH are two complementary indices able to measure the protein hydrolysis by fish enzymes of a given feedstuffs or diet.
It can be concluded that the suggested index, the coefficient of protein degradation or CPD, may be used to quantify both the hydrolysis of protein fractions produced by a given fish protease, and the extent to which such hydrolysis occurs in
the stomach or intestine. Information obtained using this technique can improve
selection of protein ingredients for different fish species feeds. Nevertheless, further experiments are needed in order to correlate these results to those obtained in
vivo.
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