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Abstract

Enzymes responsible for the digestion of food protein by juvenile green abalone(Haliotis fulgens) were studied when
fed algae or a sea grass(Phyllospadix torreyi) naturally occurring in the habitat. The effect of food on the composition
and activity of the enzymes was also evaluated. Acid, serine proteinases and aminopeptidases, as confirmed by pH
profile of activity, specific inhibition and synthetic substrate hydrolysis were found in the digestive organs of juvenile
green abalone. Algae and sea grass differentially affected the digestive system in abalone.
� 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Abalone, coastal marine herbivorous mollusks,
feed chiefly on macroalgae after they have reached
a size)10 mm (Cox, 1962; Kawamura et al.,
1998). Their digestive system is anatomically and
biochemically suited to feed on such food. Their
digestive system uses enzymes to break down
structural polysaccharides of algae and to hydro-
lyze algal proteins. To increase the understanding
of digestion, enzymes with proteolytic activity
have been studied and some of their properties
described in several abalone species including
Haliotis rufescens (McLean, 1970; Groppe and
Morse, 1993), H. discus hannai (Cho et al., 1983),
H. midae (Knauer et al., 1996), H. fulgens (Ser-
viere-Zaragoza et al., 1997; Hernandez-Santoyo et´
al., 1998; Picos-Garcıa et al., 2000) andH. rubra´
(Edwards and Condom, 2001). Using in vitro and
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electrophoretic(SDS-PAGE) techniques, Serviere-
Zaragoza et al.(1997) studied some proteases
related to protein digestion in Mexican populations
of adult green abalone,H. fulgens. Trypsin and
chymotrypsin were found in the intestine, with
chymotrypsin the predominant proteinase. Extracts
from juvenile green abalone hydrolyzed trypsin,
chymotrypsin and acid phosphatase-specific sub-
strates(Picos-Garcıa et al., 2000).´
Research on green abalone nourished with sea-

weed species has shown that good growth rates in
juveniles and young adults was achieved when fed
alariacean brown algaeEgregia menziesii (Leigh-
ton and Peterson, 1998). E. menziesii is part of
algae populations along the northern and central
Pacific coasts of the Peninsula of Baja California,
but is not present in the habitats of abalone species
along the southern third part of the peninsula,
where the best growth has been observed when
fedMacrocystis pyrifera (Serviere-Zaragoza et al.,
2001).
The objective of this study was to compare the

effects of macroalgae and sea grass diets on acid
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proteinases, trypsin, chymotrypsin and aminopep-
tidase activities, using crude enzyme extracts of
juvenile, H. fulgens. Particularly, our goal was to
deepen the understanding of protein digestion, and
to know how enzyme activities are affected by
exogenous factors, such as food, and to get some
clues about the regulation of digestive enzyme
activity. Data about the growth of abalone juveniles
used to analyze enzyme activities are included.

2. Materials and methods

2.1. Feeding trials

The experiment to compare digestive enzymes
in abalone fed natural diets was conducted at the
Northwest Biological Research Center laboratory
(CIBNOR) on Bahia de La Paz, Baja California
Sur, Mexico (24 8N, 110 8W). Eight-month-old
green abalone(H. fulgens) were supplied by a
commercial hatchery near Ensenada, Baja Califor-
nia, Mexico and transferred to the CIBNOR lab-´
oratory. Specimens were acclimatized in tanks
supplied with running, aerated seawater and fed
with brown algae(Eisenia arborea).
After 6 months on this regime, animals were

transferred to 16-l fiberglass rearing containers
with a concave bottom (50=30=35 cm,
L=W=H). Each rearing container(experimental
unit, EU) was stocked with 40 abalone juveniles,
shell length 17.3"2.2 mm (S.D.) and body mass
0.44"0.2 g (S.D.). Animals were marked with
plastic tags glued to the shell. Triplicates of the
four food groups were included. EUs were supplied
with temperature-controlled(20"1 8C), filtered
(10-mm filter) seawater at a flow rate of 73 mly
min. The water was vigorously aerated. During the
following experimental period, water quality was
monitored every 8 days. Analyses showed the
following averages(" s): pH 8.03 ("0.06),
oxygen 6.52("0.74) mgyl, salinity 40 ("1.29)
ppm, nitrites 0.0052("0.0004) mmolyl, nitrates
0.1253 ("0.0029) mmolyl, ammonium 0.0226
("0.00001) mgyl and phosphate 0.00552
("0.000017) mmolyl.
The feeding trials ran for 226 days. Food was

supplied ad libitum at intervals of 2 days in the
afternoon. Every second morning, uneaten food
and feces were removed. Micro algae growing on
the inner walls of the EUs were removed twice a
week with a soft brush. Shell length was measured
with calipers, and body mass measured with an

electronic balance(to 0.001 g) at 0, 34, 65, 106,
135, 191 and 226 days. Dead animals were
removed and replaced to maintain the standard
density.
Organisms were fed with one of four foods, the

macroalgaeMacrocystis pyrifera, Eisenia arborea,
Gelidium robustum and the sea grassPhyllospadix
torreyi. The kelp M. pyrifera is the dominant
species in southern part of the Pacific shore of
California (Dawson et al., 1960). Other species
are thought to be important in abalone communi-
ties and have potential as food along the Pacific
coast of Baja California(Guzman del Proo et al.,´ ´
1972, 1991; Serviere-Zaragoza et al., 1998).
Macroalgae and sea grass used in the feeding
experiment were harvested near abalone commu-
nities of Baja California(27 8N) the same day to
reduce chemical composition variation due to sea-
sonal changes. The material was immediately air-
dried, due to the difficulty of maintaining fresh
material in the laboratory. Foods were stored in
cardboard boxes. To detect changes in the chemical
composition from extended storage, proximate
analyses(crude protein, ether extractables, crude
fiber and ash) were run at the beginning and end
of the feeding experiment with the methods
described by the Association of Official Agricul-
tural Chemists(1995).

2.2. Enzyme analysis

At the completion of the feeding trials(226
days), 10 abalone from each replicate(30 per diet)
were randomly sampled and shell length and body
mass recorded. The digestive organs, comprising
the esophagus, stomach, hepatopancreas, intestine
and rectum were removed, weighed and kept in
an ice bath until all animals were sampled. Pooled
viscera were stored aty30 8C. Enzymatic extracts
were obtained by adding cold, double-distilled
(dd) water(1:3 wyv) to the thawed viscera, which
were then homogenized in a glass Potter homog-
enizer in an ice bath. The homogenates were
centrifuged for 30 min and 10 000=g at 4 8C in
a refrigerated microcentrifuge. Supernatants con-
taining the enzyme extracts were stored aty30
8C. Soluble protein content in the enzymatic
extracts was evaluated by the method described
by Bradford(1976) using BSA as a standard.

2.3. Acid proteinase activity

Assays to find the pH optimum of enzymes
active at acid pH and to evaluate the activity of
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such enzymes were made following the method of
Dıaz-Lopez et al.(1998). Ten microlitre of each´ ´
enzyme preparation was mixed with 1 ml of 0.5%
hemoglobin in 0.1 M Gly–HCl buffer at pH 2.0,
3.0 and 4.0 and incubated for 10 min at 258C.
The reaction was stopped by adding 500ml of
20% trichloroacetic acid(TCA), left for 10 min at
0 8C to precipitate undigested substrate, then cen-
trifuged for 5 min and 10 000=g. Absorbance of
the supernatant was recorded at 280 nm against dd
water as the blank. Negative controls received
TCA solution before the substrate. Activity units
were calculated by the equation:

wActivity unitss (Abs ymin)280

x=ml of reaction mixture) y0.051
=min of reaction=mg of protein

where 0.051 is the extinction coefficient of 1 mgy
ml of tyrosine and min is the duration of the
reaction.
For the inhibition of acid proteinases, 10ml of

enzyme preparation were incubated for 60 min
with 10ml of 100mgyml of pepstatin A in DMSO,
as described by Garcıa-Carreno(1992). The´ ˜
remaining enzymatic activity was assayed with
hemoglobin as noted above, including a solvent
control. The remaining activity was evaluated as
percentage of the activity of the enzyme prepara-
tion without the inhibitor. DMSO did not affect
the enzyme activity. The linearity of the enzyme
extracts with time was confirmed.

2.4. Trypsin and chymotrypsin activity

Trypsin and chymotrypsin activity was evaluated
as described by Garcıa-Carreno et al.(1994), using´ ˜
synthetic substrates. For trypsin activity, 10ml of
enzyme preparation was mixed with 750ml of 0.1
mM BAPNA in 50 mM TRIS–HCl at pH 7.5 and
20 mM CaCl buffer. The reaction was monitored2

for 10 min at 308C at 410 nm. For chymotrypsin
activity, 10 ml of enzyme preparation was mixed
with 750ml of 0.1 mM SAPNA in TRIS–HCl at
pH 7.5 and 20 mM CaCl buffer. The reaction was2

monitored for 3 min at 308C at 410 nm. Trypsin
and chymotrypsin amidase activity units were cal-
culated by the equation:

wActivity unitss (Abs ymin)=1000410

x=ml of reaction mixturey8800
=mg

where 8800 is the molar extinction coefficient of

para-nitroaniline liberated from chromgens BAP-
NA and SAPNA and mg is the protein content in
the reaction mixture.

2.5. Aminopeptidase activity

Aminopeptidase activity was evaluated by the
method described by Ezquerra et al.(1999), assay-
ing the quantity ofp-nitroaniline produced from
each of nine substrates(Lys-p-NA, Val-p-NA, Ala-
p-NA, Leu-p-NA, Pro-p-NA, Gly-p-NA, Glu-p-
NA, Arg-p-NA and Met-p-NA). Each amino acid
derivative substrate at 1 mM was dissolved in 1
ml DMSO, then in the appropriate volume of 50
mM phosphate buffer at pH 7.2. In a disposable
spectrophotometer cuvette, 10ml of enzyme prep-
aration and 750ml of substrate were mixed. The
reaction was immediately monitored for 10 min at
30 8C at 410 nm. All assays were done in triplicate.
Distilled water was used as the blank. The activity
units for aminopeptidases were calculated using
the same equation for amidase activity noted
above.

2.6. Electrophoresis

Electrophoretic separation of proteins was per-
formed according to Laemmli(1970). Bands with
alkaline enzymatic activity and their molecular
masses were evaluated according to Garcıa-Car-´
reno et al.(1993). Acid proteinase activity was˜
evaluated following Dıaz-Lopez et al.(1998).´ ´

2.7. Statistical analysis

Data on growth, acid, trypsin, chymotrypsin and
aminopeptidase activities were analyzed by
ANOVA. Differences between the means were
analyzed by HSD Tukey test(Sokal and Rohlf,
1995). Differences were considered significant at
P-0.05. Statistical analysis was performed with
the STATISTICA software program(Tulsa, OK).

3. Results

3.1. Viscera analysis

Because of the small size of the specimens, the
viscera included all the digestive organs. The
visceral wet mass was approximately 0.25 g for
all groups, except for the group fed on algaM.
pyrifera, where it was 0.7 g. The protein content
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Fig. 1. Soluble protein content in crude enzymatic extract and viscera mass of juvenile green abalone("S.D.).

Fig. 2. The effect of pH on acid activity of juvenile green abalone.

of the viscera varied between 3.7"0.2 (S.D.) in
organisms fed onG. robustum and 7.1"0.5 (S.D.)
mgyml in organisms fed onM. pyrifera (Fig. 1).
In spite of the differences in average viscera mass,
there were no significant differences among
groups. In contrast, the protein content of viscera
was significantly different with the highest found
in organisms fedM. pyrifera, and the lowest those
fed G. robustum.

3.2. Acid proteinase activity

In all groups, the pH for maximum acid protein-
ases activity was between 2 and 3, with-50% of
the maximum activity at pH 4. At pH 1, the
activity in all groups was negligible(Fig. 2).

Therefore, pH 2 was chosen for further studies.
Differences in the activity of acid proteinases
among the groups were found(P-0.05). The
proteinase acid activity was the lowest in organ-
isms fed onM. pyrifera. Higher activity was found
in organisms fed onE. arborea, P. torreyi andG.
robustum (Table 1). In all samples assayed with
the inhibitor pepstatin A, the acid enzyme activity
was fully eliminated(data not shown).

3.3. Trypsin and chymotrypsin activity

Trypsin activity showed significant differences
(P-0.05) among the groups. It was lowest in
specimens fed onP. torreyi andEisenia arborea,
and highest in specimens fed onG. robustum and
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Table 1
Acid proteinase, trypsin and chymotrypsin activity in juvenile
green abalone fed seaweeds

Diet Acid proteinase1 Trypsin2 Chymotrypsin3

E. arborea 3.0"0.4a,c 3.5"0.6a 3.2"0.4a

M. pyrifera 2.7"0.3c 5.2"1.7b 1.1"0.3b

G. robustum 3.6"0.5b 5.8"1.3b 6.8"1.4c

P. torreyi 3.3"0.2a,b 3.4"0.6a 1.5"0.2b

Substrate hemoglobin at pH 2,mmol tyr min mg1 y1 y1

protein.
Specific activity with BAPNA, unitsymg protein.2

Specific activity with SAPNA, unitsymg protein.3

Values are the average of three pooled samples in triplicate
"S.D. Values with different letters in each column are statis-
tically different (P-0.05).

Table 2
Aminopeptidase activity in juvenile green abalone fed seaweeds1

Substrate E. arborea M. pyrifera G. robustum P. torreyi

Lys-p-NA 0.139"0.020a 0.169"0.002a 0.325"0.011c 0.254"0.018b

Ala-p-NA 0.081"0.004a 0.097"0.005a 0.158"0.021b 0.142"0.004b

Leu-p-NA 0.042"0.002a 0.045"0.002a 0.124"0.010c 0.101"0.004b

Pro-p-NA 0.006"0.001a 2 0.136"0.002b 0.005"0.001a

Gly-p-NA 0.080"0.001a 0.040"0.001c 0.114"0.006b 0.122"0.006b

Arg-p-NA 0.340"0.013a 0.245"0.045d 0.774"0.025c 0.464"0.011b

Met-p-NA 0.178"0.010a 0.145"0.013d 0.266"0.000c 0.235"0.007b

Specific activity, unitsymg protein.1

Not evaluated.2

Values are the average of three pooled samples in triplicate"S.D. Values with different letters in each row are statistically different
(P-0.05).

M. pyrifera. Chymotrypsin activity was statistically
different among juveniles fed different seaweeds
(P-0.05). Specimens fed onM. pyrifera showed
the lowest activity, but not statistically different to
P. torreyi. The activity was higher in specimens
fed E. arborea, and the highest activity was found
in specimens fedG. robustum (Table 1).

3.4. Aminopeptidase activity

Activities of lysine-, alanine-, leucine-, glycine,
arginine- and methionine-aminopeptidase were
detected in the four groups. Proline aminopeptidase
activity was negligible in three groups. InM.
pyrifera, it was not evaluated. Valine- and gluta-
mate-NA aminopeptidase activity was not detect-
ed. There were significant differences in
aminopeptidase activities among the abalone fed
with the four diets. The highest values were in
specimens fed withG. robustum, except to glycine
aminopeptidase activity. Lower values of lysine-,
alanine-, leucine- and proline aminopeptidase were

detected in specimens fedE. arborea and M.
pyrifera. Specimens fedM. pyrifera showed the
lowest values of glycine, arginine and methionine
activity (Table 2).

3.5. Protein composition

Electrophoregrams of enzyme preparations of
the abalone digestive system showed differences
in the composition of proteins present. Although
the samples came from the same species, the
molecular mass and amount of protein in the
enzyme preparations were distinctive for each
group, depending on diet. In the substrate SDS-
PAGE, several bands of proteinase activity
between 14.2 and 36 kDa were observed. Acid
proteinolytic activity was revealed by substrate-
neutral-PAGE. All groups showed the same com-
position of enzymes, withP. torreyi showing the
highest intensity(data not shown). E. arborea, P.
torreyi andM. pyrifera enzyme preparations shared
three similar bands, whereasG. robustum had an
intense band of activity near the anode.

3.6. Growth

Animals sampled for enzyme analysis showed
the highest growth rate when fed onM. pyrifera.
After 226 days, both mean shell length(data not
shown) and mean body wet mass 2.12"0.20 g
(S.E.) were statistically higher from the means of
juveniles fedE. arborea, 1.08"0.08 g (S.E.); G.
robustum, 1.12"0.11 g (S.E.); and P. torreyi,
1.21"0.06 g (S.E.) (P-0.05). There were no
statistical differences among juveniles fed the latter
three foods(Fig. 3). Table 3 shows the chemical
composition of the natural foods. Significant
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Fig. 3. Effect of macroalgae and sea grass food on growth of
green abalone.

Table 3
Analysis of macroalgae and sea grass used as food for juvenile
green abalone

Diet Crude Ash Crude Ether N-free
protein fiber extract extract

E. arborea 7.6 27.1 6.4 1.1 57.7
M. pyrifera 12.0 41.3 7.0 1.3 38.4
G. robustum 17.6 21.3 10.2 1.1 49.9
P. torreyi 15.9 31.9 13.5 1.3 37.4

% Dry weight.

changes in chemical composition because of stor-
age of seaweeds were not detected.

4. Discussion

According to this study and previous ones(Ser-
viere-Zaragoza et al., 1997; Picos-Garcıa et al.,´
2000), proteases in the digestive system of green
abalone seem to belong to two main proteinase
classes; aspartic proteinases(EC 3.4.23.x) and
serine proteinases(EC 3.4.21.x). In this study,
aspartic proteinase was identified according to the
pH of maximum activity and inhibition with highly
specific pepstatin A. Because theK of pepstatini

A for pepsin is 45 pM, this suggests the presence
of pepsin-like activity in the abalone. The fact that
some acid proteinases are present in the digestive
system of abalone is not exceptional. Serviere-
Zaragoza et al.(1997) found enzyme activity at
pHs as low as 2 in adult of green abalone, as
Edwards and Condom(2001) in blacklip abalone.
The precise identification of the enzyme responsi-
ble for the proteinase activity at acid pHs is to be
addressed. Evidence so far indicates that some
pepsin-like enzyme is present in the green abalone.
Serine proteases were identified as trypsin and
chymotrypsin. Both enzymes are found along the
intestine and rectum in several abalone species:
green abaloneH. fulgens (Serviere-Zaragoza et al.,
1997; Hernandez-Santoyo et al., 1998); red aba-´
loneH. rufescens (Groppe and Morse, 1993); and
blacklip abaloneH. rubra (Edwards and Condom,
2001). In a previous work, Picos-Garcıa et al.´
(2000) did not find A or B carboxypeptidase

activity. Now, aminopeptidase activities were
detected in the abalone digestive system.
Acid proteinases, serine proteinases(trypsin and

chymotrypsin) and aminopeptidases gave varied
responses to the feeding regime. Organisms fedG.
robustum, the seaweed with the highest content of
protein, showed the highest activities in both acid
and serine protinases and six of the nine amino-
peptidases assayed. There was a significant reduc-
tion of acid proteinase and chymotrypsin activity
in specimens fed onM. pyrifera, the ones that
showed the highest growth. These results suggest
that synthesis and secretion of digestive enzymes
is somehow regulated, and indicates some kind of
rapid adaptation to the feeding regime, like that
observed in fish, as a response to poor protein
quality or the presence of inhibitors of digestive
enzymes in feed(Olli et al., 1994). In contrast to
the results presented in this work, Edwards and
Condom(2001) did not find variations in acid- or
serine-proteinase activity by effect of the compo-
sition of the food or feed supplied.
We noticed important differences in aminopep-

tidase activities in abalone fed with different food
sources. Proline-, leucine-, alanine-, lysine-, methi-
onine-, arginine- and glycine-aminopeptidases
were lower in specimens fedE. arborea and M.
pyrifera, and higher in organisms fedG. robustum
andP. torreyi. The biological function of amino-
peptidases in haliotids remains unknown. The
intestinal alanine aminopeptidase in the rat partic-
ipates in proteolytic reactions essential for cell
growth (Constam et al., 1995). The leucine ami-
nopeptidase ofSalmonella typhimurium hydrolyzes
peptides to promote protein turnover during star-
vation (Yen et al., 1980). The highest aminopep-
tidase activities in hepatopancreas of white shrimp
(Penaeus vannamei) were found in specimens fed
with fishmeal protein of poor nutritional quality
(Ezquerra et al., 1999). In P. vannamei, there
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seems to be a pattern indicating that the better the
food, the lower the amount of enzymes needed to
digest the food. Food quality depends on several
factors, such as the quantity of components, but
also, and more conspicuously, on the availability
of the components. WhyM. pyrifera provides the
highest growth in abalone remains to be discov-
ered. Mai et al.(1994) found that different feeding
strategies will significantly affect the free amino
acid profiles of two abalone species,Haliotis
tuberculata andH. discus hannai. They mentioned
that abalone, like other marine gastropods, have
high concentrations of free amino acids(FAA) in
tissues, especially taurine, alanine, glycine and
arginine. It could be possible to obtain better
growth of abalone by selecting well-balanced,
mixed algae species in which some algae are richer
in arginine, methionine and threonine.
Rehydrated seaweeds and sea grass used in this

experiment supported acceptable abalone growth.
After 226 days of feeding, the average growth rate
of organisms fed re-hydrated algaeM. pyrifera (43
mm day , data not shown) was satisfactory, iny1

comparison to those reported by other authors
(Viana et al., 1993, 1996). These authors reported
averages of 12mm day and 16mm day fory1 y1

green abalone juveniles fed fresh kelp,M. pyrifera.
Data for other seaweed species are not available.
The group fedM. pyrifera reached a significant

14–18% larger shell size and 43–49% higher body
mass than groups fed on other seaweed taken from
abalone habitat along the western coast of Baja
California. In the wild, different growth rates
between abalone populations may be related to
both differences in the locally available food
(nutrient composition, bioavailability and palata-
bility) and digestive capabilities. In Baja Califor-
nia, Mexico, flora of the benthic environments´
inhabited by abalone change from north to south.
Stands of the kelpM. pyrifera were found around
Punta San Roque, over 15 km northwest of Bahıa´
Asuncion(278N) (Serviere-Zaragoza et al., 1998).´
Macrocystis is not present in abalone banks from
Punta San Roque to Bahia Magdalena(248N), the
southern limit of the commercial abalone range,
although as drift,M. pyrifera occurs as far south
as Punta Abreojos(268N).
Because chemical assays for composition of

foodstuffs are usually harsher than those found in
biological systems, it is difficult to correlate results
from laboratory assays with assays in vivo. Further
studies are needed to determine if protein compo-

sition or availability of specific food is responsible
for the induction of enzyme synthesis in the
digestive system. Also, improved laboratory tech-
niques are needed to precisely evaluate the nutrient
ingredients of feed or food. This research is now
underway for shrimp(Ezquerra et al., 1997).
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