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Abstract

Juvenile piracanjuba,Brycon orbignyanus, in the wild consume protein from both plant and animal sources. Digestion
of protein in piracanjuba begins in the stomach with pepsin, at low pH, and is followed by hydrolysis at alkaline pH in
the lumen of the intestine. The digestive system in piracanjuba was evaluated to characterize the enzymes responsible
for the digestion of feed protein and their composition. The gastric tissue synthesizes pepsin and the intestine tissues
trypsin and chymotrypsin. Operational variables were evaluated and defined for future studies of the digestive system
physiology. The enzymatic activity in the intestine and the relative concentration of enzymes were heavily influenced by
the composition of the feed and the feeding regime, as detected by substrate-SDS-PAGE. Piracanjuba possess a
mechanism of enzyme adaptation responding to food quality and regime, by varying the amount and composition of
digestive proteases. This is a requisite study to determine the enzymes digesting protein in food and their characteristics
and to gain some clues about the possible regulation mechanisms of enzyme synthesis in piracanjuba.� 2002 Elsevier
Science Inc. All rights reserved.
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1. Introduction

The Characidae are one of the largest families
of Neotropical fresh water fish. There are approx-
imately 142 genera with 400 species belonging to
this family in Brazil. The body length of adults
from this family ranges from 2 cm to approxi-
mately 1.4 m. They have different feeding habits
and digestive system anatomies. One genus encom-
passing fish found in the Amazon, Parana, Para-´
guai, and Uruguai river basins isBrycon.
Piracanjuba,Brycon orbignyanus (Valenciennes in
Cuvier and Valenciennes, 1849) is a migratory
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fish that lives in temperate fresh water rivers
(Nelson, 1984).
The interest in the species is two-fold; to rapidly

gain knowledge of the biology of the species
because it is endangered by the construction of
dams along the Brazilian rivers, and its rapid and
homogeneous growth in captivity, omnivorousness,
and easy adaptation to artificial feeds, which
makes the species a candidate for aquafarming.
The morphology of the digestive system of this
organism is described(Menin, 1988). Most studies
have dealt with different aspects, such as fry
survival during feeding(Albuquerque-Cavalcanti,
1998) and growth trials(Esquivel, 1999), ecology
(Goulding, 1980; Zaniboni-Filho and Resende,
1988), and hormone-induced breeding(Albuquer-
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Table 1
Commercial feed composition

Corn flour
Wheat bran
Corn gluten bran
Corn gluten flour
Fish meal
Meat and bone meal
Sugar cane yeast
Soy oil
Salt
Calcium carbonate
Vitamin and mineral supplement

Table 2
Composition of feed fed Group II

Feed ingredient Percentage

Wheat flour 7.1
Fish meal 7.1
Soy flour 30.5
Corn flour 23.4
Dicalcium phosphate 0.7
Soy oil 3.6
Mineral premix 0.4
Vitamin premix 0.4
Fish oil 1.8
Water 25.0

que-Cavalcanti, 1998). Such characteristics make
this species interesting for the study of biochemical
physiology specialization for the digestion of pro-
teins. Further studies are needed to fully under-
stand the nutritional needs during development,
and the qualitative and quantitative effects of
feeding on variables such as digestive enzyme
synthesis, growth, and survival.
An approach to studying the ability of an organ-

ism to use dietary protein is the characterization
of the enzymes responsible for digestion, along
with the study of the influence of feed ingredients
on biochemical regulation of the digestive system.
This approach is supported by the development of
enzyme-based techniques to evaluate protein
digestibility in vitro (Dimes et al., 1994; Garcıa-´
Carreno et al., 1997), which allowed deeper phys-˜
iological and biochemical studies of the digestion
of protein in fish.
Piracanjuba fry is carnivorous, shifting to

omnivorous during development from fingerling to
juvenile. The same transition was found in other
fish from theBrycon genus;B. moorei sinuensis
(Otero, 1988), B. cephalus (Bernardino et al.,
1993), and B. lundii (Woynarovich and Sato,
1990). However, details on the biochemical ability
to digest either animal or plant proteins remain
unknown. The digestibility of protein in a food or
feed depends on the anatomy and biochemical
characteristic of the digestive system, the feed
history, including the processing techniques of
ingredients and feeds, and protein origin, plant or
animal. Because of the complex composition of a
food, the study of digestion of protein is not an
easy task. Also, the digestion of a feed ingredient
depends on the interaction between the food and
the regulatory mechanisms of the digestive system.
The first step in understanding the digestive system

and the goal of this work is to describe the
enzymes responsible for the digestion of protein,
the digestive proteinases, and to characterize the
operational variables needed to evaluate their
activity in the laboratory. Questions to solve in
this work are what are the characteristics of these
enzymes, and is their activity or amount affected
by the quality of the feed?

2. Materials and methods

Sixteen, nine-month-old maleBrycon orbigny-
anus, reared at Companhia Energetica de Minas´
Gerais, Brazil were sampled. Feeding trials were
done at Conceicao das Alagoas(19:54:53 S;˜¸
48:23:17 W), Minas Gerais, Brazil. Organisms
were separated into three groups to evaluate the
influence of feed with different protein quality. Six
fish were fed with a commercial feed containing
42% protein for 21 days(group I), six fish were
fed with an experimental feed containing 32%
protein for 21 days(group II), and four fish were
fed with the same feed from experiment group II
for 17 days and then starved for four days(group
III ). Each organism was considered a replicate.
Fish were fed ad libitum. During the 21 days of
the experiment, organisms were kept in concrete
tanks, average water temperature of 27"2 8C,
200% daily water replacement, and the natural
photoperiod of September at the experimental site
in Brazil. Composition of feed ingredients of
commercial and experimental feeds is in Tables 1
and 2. The percentage composition of the com-
mercial feed is not available.
At the end of the experiment, organisms were

anesthetized in chilled water and dissected over
ice. Stomach, anterior, median, and posterior intes-
tine, and diffuse pancreas–liver were separated
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Table 3
Length of fish and intestine in piracanjuba

Group Body Intestine ILRb

Commercial feed(I) 30"6 34"0.6 1:1.1
Experimental feed(II) 32"2 37"3 1:1.1
Experimental feed and 31"4 34"4 1:1.1
starvation(III )

Length in cm"s after the 21 day trial.a

Intestine to body length ratiob

and weighed. The stomach and intestinal contents
were washed with 0.15 M NaCl solution at 48C.
Tissue samples were immediately frozen in liquid
nitrogen and then freeze-dried for transportation to
the lab.
Tissue preparations were prepared from each

tissue sample according to Garcıa-Carreno et al.´ ˜
(1994). In brief, freeze-dried tissues were homog-
enized in water at a ratio of 2:1 of the wet weight,
and then centrifuged for 15 min at 48C and
20 000=g to remove the tissue debris, with the
water-soluble supernatant kept for analysis. Stom-
achs were homogenized in water in a ratio of 3:1
of wet weight. The protein content of tissue prep-
arations was evaluated according to Bradford
(1976). The enzyme activity in stomach prepara-
tions was measured according to Anson(1932) as
modified by Alarcon-Lopez et al.(1998). Evalua-´ ´
tion was done at pH 2, which was the optimum
pH. The enzyme activity in intestine and other
tissues was measured according to Garcıa-Carreno´ ˜
and Haard(1993).

2.1. Characterization of the operational variables

The effect of pH and temperature on the activity
and stability of digestive proteinolytic enzymes
was done according to Alarcon-Lopez(1997). The´ ´
characterization of the class and the specificity of
digestive alkaline enzymes were evaluated accord-
ing to Garcıa-Carreno et al.(1993), as modified´ ˜
by Alarcon-Lopez(1997).´ ´
The composition of alkaline proteases and their

molecular mass were evaluated following a sub-
strate-SDS-PAGE technique according to Garcıa-´
Carreno et al. (1993). Zymograms of acid˜
proteases with activity at acid pH were done
following a substrate-SDS-PAGE according to
Dıaz-Lopez et al.(1998).´ ´

2.2. Statistical analysis

Data were analyzed through ANOVA atPs
0.05 and Student’st-test.

3. Results

3.1. Macroscopic analysis

The species studied has a short esophagus and
a well-developed Y-shaped stomach. On average,

the intestineybody length ratio (LIR) was 1:1
regardless of the treatment(Table 3).

3.2. Biochemical analysis and enzyme
characterization

Enzymes with proteolytic activity in stomach
and intestine of piracanjuba were characterized for
the operational variables pH and temperature. The
optimum pH for stomach enzymes was 2.5, where-
as the optimum pH for intestinal enzymes was 10
(Fig. 1). The pH in the stomach was 2.7 and 7.8
in the intestine.
The effect of pH for a certain period on stomach

and intestine enzyme activities is shown in Figs.
2 and 3. Gastric enzymes kept 70% of the activity
between pH 2 and 3 for 60 min, under the
conditions of the assay. Above pH 3, gastric
enzymes were unstable, losing total activity in 15
min. Intestinal enzymes kept 90% of activity for
60 min at pH 7, 75% between 9 and 10, and 55%
at pH 12. Approximately 80% of the activity was
lost between pH 2 and 5 in 15 min.
Under the conditions of assay used in this

investigation, piracanjuba intestinal proteases
showed a maximum activity at 608C, 108C higher
than for gastric proteinases(Fig. 4). In Figs. 5 and
6, the stability of piracanjuba proteases is shown.
Gastric protease keeps up to 75% of the activity
at 408C for 60 min and 90% at 508C for 15 min.
Alkaline proteases from the intestine are more
stable. Up to 80% of the activity remains at 508C
for 60 min, but decreases significantly at 608C.
The fish digestive system has the ability to

respond to feed variables of quality and quantity
(Table 4). By varying the amount of proteinase
activity, each tissue and organ responsible for the
synthesis of alkaline proteinases responded to the
quality and quantity of protein in the feed provid-
ed. The stomach, responsible for the synthesis of
acid proteinases, did not show the ability to
respond to different feeds, except for starvation.
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Fig. 1. The effect of pH on proteolytic activity of gastric and intestinal enzymes(Uymg of protein).

Fig. 2. Stability of gastric proteolytic enzyme to pH.

Further characterization of the digestive proteo-
lytic enzymes was done to determine the class of
protease involved in the gastric and intestinal
digestion and to determine the specificity of indi-
vidual enzymes. Enzyme preparations were incu-
bated with class- and enzyme-specific inhibitors
and then evaluated for residual activity. Gastric

enzymes were challenged with several inhibitors
and inactivators(Table 5). Phenylmethylsulfonyl
fluoride (PMSF), soybean trypsin inhibitor
(SBTI), and ethylenediaminetetraacetic acid
(EDTA) did not reduce the enzyme activity of the
gastric preparation. Pepstatin A reduced the pro-
teolytic activity of the gastric preparation by 90%.
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Fig. 3. Stability of intestinal proteolytical enzymes to pH.

Fig. 4. Effect of temperature on digestive proteases activity.

In Table 6 the inhibition of the enzyme activity in
the intestine preparation by class- and type-specific
inhibitors is shown. SBTI inhibited the enzyme
activity by 86%, whereas TPCK negligibly inhib-
ited the intestine preparation. Table 6 shows that
some ingredient in the commercial and the exper-
imental feed inhibited the activity in the intestinal
enzyme preparation by 20% and 15%.

3.3. Characterization of enzymes by substrate-
SDS-PAGE

To evaluate the composition of proteases in the
enzyme preparations, substrate-SDS-PAGE tech-
niques were used. Electrophoresis for enzymes
with activity at alkaline pH was used to evaluate
the intestinal enzymatic preparation(Garcıa-Car-´
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Fig. 5. Thermostability of intestinal enzymes.

Fig. 6. Thermostability of gastric enzyme.

Table 4
Proteolytic activitya

Group Stomachc Liver– Pyloric Middle Distal
Pancreasb cecab intestineb intestineb

I 152"20a 4.5"0.8a 14.4"0.8a 8.1"3.4a 1.2"0.2a

II 203"40a 5.1"2.1a 10.4"1.1b 5.5"1.6a 0.8"0.2b

III 96"7b 2.6"0.6b 2.6"0.6c 1.5"0.8b 0.2"0.0c

Means followed by different superscripts are significantly different(P-0.05), values in unitsymg of soluble protein of the sampleda

organs or tissues.
Alkaline proteolytic activity.b

Acid proteolytic activity.c



349F.L. Garcıa-Carreno et al. / Comparative Biochemistry and Physiology Part B 132 (2002) 343–352´ ˜

Table 5
Characterization of stomach enzymes in piracanjuba.

Effectors Protease class Inhibition
affected percentage

PMSF Serine 13"0.3
SBTI Serine 8"0.2
Pepstatin A Acid 90"1.3
EDTA Metal 0
Soybean 12"0.4
Commercial feed(I) 3"0.1
Experimental feed(II) 3"0.1

Fig. 7. Zymogram of gastric enzymes. Gastric enzyme extracts
from groups:(a) I; (b) II; (c) III; and (d) group I plus pep-
statin A.

Table 6
Characterization of alkaline proteinases in piracanjuba

Effectors Enzyme class or type Percentage of
inhibited inhibition

PMSF Serine 26"2
SBTI Serine 85"5
TLCK Trypsin 52"2
TPCK Chymotrypsin 3"0.2
EDTA Metal 29"3
Commercial feed(I) ? 22"1
Experimental feed(II) ? 14"1

Solvent inhibition was-4%.

reno et al., 1993). A technique developed to˜
evaluate acid proteases with a high isoelectric
point, as in the fish digestive system, was used for
the gastric preparation(Dıaz-Lopez et al., 1998).´ ´
Enzyme preparations from the stomach of all three
groups of fish showed the same pattern(Fig. 7).
Regardless of the feed provided to the organisms,
there was only one band migrating at the same
speed. It is a low molecular weight protease with
activity at acid pH. As shown in the inhibition
assays and the amount of reduction of the activity
by pepstatin A, this fraction must be a pepsin,
which agrees with the results from inhibition
assays in vitro.
When assaying the enzyme preparations by S-

SDS-PAGE for enzymes catalyzing casein degra-
dation at pH 8.5, a different picture arose(Fig. 8).
Several proteases from approximately 7–70 kDa
were found in the enzyme preparations from the
three groups. Feed and regime influenced differ-
ently the composition of the alkaline digestive
proteases. Enzyme preparations from pyloric ceca,
pancreas–liver, and distal intestine had different
compositions of proteases. Pyloric ceca had the
larger number of fractions, with fewer in the
pancreas–liver, and only a few in the distal
intestine.

Organisms in all groups showed a good accep-
tance of the feeds supplied. Fish fed on the group
II had 20% greater weight gain than those in
groups I and III(Table 7). Fat content in viscera
from fish in group II was 152% and 33% higher
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Fig. 8. Zymogram of intestinal enzymes.(a) Molecular weight markers, pyloric ceca extracts from groups:(b) II; (c) III; (d) I.
Pancreas–liver extracts from groups:(e) I; (f) III; (g) II. Distal intestine extracts from groups:(h) II; (i) I; ( j) III.

Table 7
Weight of body, organs, and tissues in piracanjubaa

Group Initial body Final body Fatty Liver– Intestine Stomach Pyloric
weight weight tissue pancreas ceca

I 308.9"17a 346"52a 11"3a 1.8"0.5a 2"0.1a 2"0.6a 2"0.3a

II 341.7"32 a 428"20b 28"4b 3.0"0.3b 2"0.4a 2"0.3a 1"0.2b

III 300.2"53 a 339"49a 21"2c 1.7"0.2a 1"0.2b 2"0.2a 0.7"0.2b

Weight in g"s after the 21 day trial. Different letters mean significant differences atP-0.05a

than organisms in groups I and III. Even fish from
group III had higher fat content than fish from
group I.

4. Discussion

The existence of Piracanjuba is compromised
by the manipulation of Brazilian rivers to produce
electricity. This has launched a strategy to study
the biology of the organism for conservation and
aquafarming purposes. This work deals with the
study of the digestive enzymes responsible for
digestion of protein by using enzyme technology
methods. We are interested in knowing what
enzymes are involved, and if their activities are
affected by characteristics of food.

LIR values place piracanjuba at the limit of the
carnivorous and omnivorous organism classifica-
tion (Bryan, 1975). Gastric and intestine enzymat-
ic activity had maximum activity at acid and
alkaline pHs. Because the pH of the sampled
organs are slightly different from that of the
maximum obtained in test tube analysis, it is
shown that piracanjuba digestive enzymes hydro-
lyze food protein at lower activity than the poten-
tial optimum, which is a common characteristic of
most metabolic enzymes.
Temperature optimum is an operational rather

than a true characteristic of the enzyme, and deeply
depends on the duration of the assay(Whitaker,
1994). Pracanjuba intestinal proteases showed a
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maximum activity at 608C and gastric proteinases
at 50 8C. This is characteristic among temperate
to tropical fish groups. A comparison of 16 fish
species, from Mediterranean and temperate areas,
found no relation between temperature of the
habitat and maximum proteolytic activity(Alar-
con-Lopez, 1997). Because the rate of formation´ ´
of product in an enzyme-catalyzed reaction is
dependent on temperature, cold water fish enzymes
have evolved for low activation energy(Sabapathy
and Teo, 1995).
Stomach enzyme preparation activity was sig-

nificantly reduced by pepstatine A. No reduction
was observed when using inhibitors and inactiva-
tors for serine- and metalloproteinases. Results
indicate that enzymes in the stomach preparation
belong to the aspartic-proteinase class, shown
because pepstatin A has aK of 45 pM for pepsini

(Zollner, 1993), and supporting that the enzyme
secreted by the piracanjuba stomach is pepsin.
This agrees with investigations of fish enzymes by
Reimer (1982) and Alarcon-Lopez et al.(1998).´ ´
Preparations of commercial and experimental feeds
did not reduce the activity of the enzyme prepa-
ration from stomach. Because the ingredients in
both feeds negligibly inhibited the enzyme prepa-
ration from the stomach, indicating that feeds had
no inhibitors or inactivators for gastric enzymes,
further studies are needed to determine to what
extent potential inhibitors in feed ingredients are
sensitive to acid conditions in stomach.
In this study we confirmed the participation of

serine-proteases in the digestion of protein in the
piracanjuba intestine, as the main activity. This
assertion is established by the reduction in activity
by 52% whenNa-p-tosyl-L-lysine chloromethyl
ketone (TLCK), a specific inhibitor for trypsin,
was used. According to our data, chelators affect
30% of the total activity in the fish. Hence, they
are cation-dependent enzymes. Enzymes responsi-
ble for proteolysis in the intestine are serine
proteases, mainly trypsin, and to a lower degree,
cation-dependent proteases. The class of cation-
dependent enzymes remains unknown.
All groups ingested the feed supplied. The group

fed on the experimental feed gained more weight
than those fed on the commercial feed(Group I)
and those fed on the experimental feed and starved
the last four days(Group III). The weight gained
correlated with the amount of fat in the viscera,
which is consequence of the quality of the tested
feeds and regimes(Zaniboni-Filho, 1985). The
poorest was the commercial feed, because growth

and fat accumulation were lowest, even when
compared to the group where fish were subjected
to four days of starvation. Fat accumulation is a
good indicator of the nutrition status of fish during
gonad maturation and migration, because fat in the
visceral cavity is an important energy source.
Sampled piracanjuba males were nine months old,
shifting to be sexually mature(Zaniboni-Filho,
1985), and preparing for the reproduction journey
upstream, where it is necessary to have body
deposits of energy.
When analyzing protease composition in stom-

ach and intestine enzyme preparations by S-SDS-
PAGE, we found only one fraction with activity
in the gastric extract. This fraction, according to
its mobility and supported by test tube analysis, is
pepsin, which agrees with information about most
stomached fish(Dıaz-Lopez et al., 1998). No´ ´
evidence of effect on the gastric enzyme activity
or composition by the feeding trials was found. In
contrast, different composition of enzymes in pylo-
ric ceca and pancreas was observed. It is possible
that both tissues are responsible for enzyme syn-
thesis, however this needs further confirmation.
Another possibility is that because the pancreas
accumulates zymogens, these showed no proteo-
lytic activity in the electrophoresis analysis.
Because the intestinal content was washed during
gut collection, one possibility for finding proteases
in the enteric tissue, other than aminopeptidase, is
the intestinal absorption of the pancreatic enzymes,
as reviewed by Diamond(1978). The enzyme in
the distal intestine from fish fed on the commercial
feed has the same migrating rate as an enzyme
found in the pancreas–liver of the three groups,
which points out that this enzyme remains active
even being far from the site of synthesis and
secretion. It is noteworthy that the enzyme remains
active in those organisms fed on the feed that
promoted the poorest growth, and highest alkaline
protease activity and inhibition rate(Table 7).
Regulation of the digestive system involves

transcriptional, translational, and post-translational
mechanisms such as zymogen activation and
enzyme inhibition. Such phenomena occur in the
nucleous, cytoplasm, and vesicle-like intracellular
organelles. The digestive system of piracanjuba
can be modulated by external factors, and shows
an interesting specialization, being able to digest
to the same extent plant and animal protein. These
characteristics make its digestive system suitable
for studies on protein digestion in vitro. This
characteristic eventually will allow us to model
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the protein hydrolysis in a pHstat technique includ-
ing both gastric and intestine enzymes in consec-
utive reaction vessels.
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