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Abstract

To determine the status of development of the intestine, the activities of intestinal leucine-
alanine peptidase (Leu-ala), brush border membrane (bbm)-bound akaline phosphatase (AP)
and bbm-bound leucine aminopeptidase N (LAP) were analysed from first feeding to passed

weaning in Atlantic halibut (Hippoglossus hippoglossus; 1-78 days post first feeding; dpff)

and Atlantic cod (Gadus morhua; 0-72 dpff). Before conducting the ontogenetic studies, the

enzyme assays used were optimised in relation to temperature and pH (only AP and LAP),
and the Michaelis constant (Ky; All enzymes) determined, in order to ensure valid data and to
maximise the activity potentials. Leu-alawas used as an indicator of pinocytotic activity
which was expected to decrease during the experimental periods. AP and LAP were used as
indicators of development of the bbm and achievement of an adult mode of digestion. In
halibut, Leu-alaincreased 11 folds (P=0.0002) in specific activity (mU (mg protein)™) from
first feeding to 34 dpff and thereafter a small decrease (0.65-fold; P= 0.006) in activity was
observed. In cod, the specific activity of Leu-alavaried randomly during the experiment.
Distinct increases in specific activities of AP and LAP were observed from 29 to 52 dpff in
halibut (fivefold; P<0.002) and from 29 to 37 dpff in cod (two-threefold; P<0.02). The bbm-
bound activities of AP and LAP in percent of total intestinal activity of the respective enzyme
increased from approximately 2 to 15% between 34 and 43 dpff in halibut (P<0.0003),
confirming the results of specific activities. In cod, asimilar result with AP was found
between 29 and 51 dpff (P=0.0003). The increase in percentage of bbm-bound activity of
LAP was later, increasing exponentially from constituting 5 to 31 % of total individual
activity between 37 and 72 dpff (P=0.0003). The experiments indicated that the digestion in
halibut had advanced towards the adult mode at 40 to 50 dpff, while time of reaching the

same maturational level in cod was less certain due to the different activity profiles of AP and



43

45

46

47

48

49

50

51

52

53

55

56

57

58

59

60

61

62

63

64

65

66

LAP. As AP iswell recognised as a bbm differentiation marker, it can be assumed that the
intestine in cod matured when AP activity had reached an elevated level at approximately 40
to 50 dpff, wheras LAP possibly was induced later. Ceasing of the larval mode of digestion,

expected to be indicated by reduced activity of Leu-ala, was not detected.

Keywords: Alkaline phosphatase; Aminopeptidase; Atlantic cod; Atlantic halibut; Intestine;

Larvae

1. Introduction

A characteristic pattern of development of the digestive tract has been described in marine
fish larvae which do not have afunctional stomach at first feeding (Zambonino Infante and
Cahu, 2001). Before the stomach is devel oped, luminal protein digestion depends on action of
secreted pancreatic enzymes. In addition, endogenous enzymes or other digestive stimulators
from the live prey might promote larval digestion (Kolkovski, 2000). Furthermore,
intracellular digestion of pinocytotically absorbed protein might be of nutritional importance
in this pre-gastric period (Watanabe, 1982). By pinocytosis, proteins and larger peptides are
absorbed by the enterocytes in the hindgut, and then assumed degraded by lysosomal
cathepsins (Davies and Messer, 1984; Sire and Vernier, 1992). Due to their similar
ontogenetic development as cathepsinsin the distal intestine in suckling rat, some cytosolic
dipeptidases have been proposed to be involved in the terminal process of intracellular
digestion when lysosomal peptides are released into the cytosol (Vaeth and Henning, 1982;
Henning, 1987). In marine fish larvae, declinein the activity of leucine-alanine peptidase

(Leu-ala) isfound during the pre-gastric period (Ribeiro et al., 1999; Zambonino Infante and
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Cahu, 2001), suggesting similar processes in marine fish larvae as has been described to take

place in the suckling rats.

At the end of the larval period, pinocytosis diminishes, digestive capacity in the gut lumen
and nutrient absorption improves and gastric digestion becomes established (Pedersen and
Falk-Petersen, 1992; Luizi et al., 1999; Ribeiro et a., 1999; Zambonino Infante and Cahu,
2001). The brush border membrane (bbm) enzymes leucine aminopeptidase N (LAP) and
alkaline phosphatase (AP) abruptly increase in activity during the course of the larval stage
and indicate the time when the intestine matures and attains a more adult character with
improved luminal digestive capacity (Ribeiro et al., 1999; Zambonino Infante and Cahu,

2001).

The morphological and histological development of the digestive tract in larval halibut

(Hippoglossus hippoglossus) and cod (Gadus morhua) have been described (Kjersvik et al.,

1991; Pedersen and Falk-Petersen, 1992; Kjarsvik and Reiersen, 1992; Luizi et al., 1999),
whereas their digestive capacities are less clear, especially in halibut, although some studies
have dealt with thisissue (Hjelmeland et al., 1984; Gawlickaet al., 2000; Rojas-Garciaet .,

2002; Perez-Casanova et al., 2006).

The primary aim of the present study was to describe the development of the three intestinal
enzymes AP, LAP and Leu-ala from first feeding until passed weaning in larval halibut and
cod. These enzymes were selected because they in other species have indicated a significant
step in intestinal maturation that might be important for readiness of formulated diet

introduction (Ribeiro et al., 1999; Zambonino Infante and Cahu, 2001). The two former
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enzymes were expected to have a sudden increase at a specific time during the experimental

period, while the latter one was expected to decrease progressively.

Secondly, the current study also aimed to determine the optimum temperatures and pH-values
and the Michaelis constants (Ky) to the enzymes studied in order to optimise the assay
conditions prior to the enzymatic studies. Optimisation of the assayswill ensure alinear
product release during the assay-course, which is demanded for producing valid quantitative
data, and maximise the enzyme activity determined and thus give clearer differences between

experimental groups.

2. Materialsand Methods

2.1. Biological material for the enzyme optimisation study

Juvenile halibut and cod were collected at the Institute of Marine Research, Storebg, Norway,
where they had been fed a heat-coagulated, protein-bound microdiet (Hamre et a. 2001). The
wet weight of the halibut at the sampling day was 10.6+0.4 g and the age was approximately 6
month after first feeding. The same data for cod were 0.31+0.06 g and 82 days post hatch
(dph), respectively. At sampling, the fish were immediately frozen on dry ice and kept at -
80°C until dissection. The intestines (from the pyloric sphincter to the anus) were dissected

from semi-thawed individuals for use in preparation of enzyme extract.

2.2. Sample preparation for enzyme assays
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The sample preparation and enzyme assay methods were in accordance to Cahu et a., (1999).
The samples were homogenised (Polytron PT2100, Kinematica AG, Lucerne, Switzerland) in
30 v/w fractions of Tris(2 mM)-Mannitol(50 mM), pH 7 for 30 sec at 22 000 rpm. To prepare
the bbm extracts as described by Crane et al., (1979), the homogenates were centrifuged at 9
000g for 10 min after addition of 0.1 M CaCl,. The supernatants were transferred to new vials
and further centrifuged at 34 000g for 20 min. The precipitated bbm were dissolved in Tris(5
mM)-HEPES(5 mM)-KCI(10 mM)-DTT(1 mM), pH 7.5. All steps in the sample preparations
described above were conducted at low temperature by working on ice. The enzyme extracts

were stored frozen (-80°C) until analysis of enzyme activity or protein content.

2.3. Enzyme and protein assays

AP (EC 3.1.3.1) and LAP (EC 3.4.11.1) activities were determined in the bbm extracts and in

the homogenates, while the activity of Leu-alawas determined only in the homogenates.

The method for analysing activity of AP is based on the method described by Bessey et al.,
(1946). The substrate used was p-nitro-phenyl-phosphate (7 mM; Sigma-Aldrich Corp.,
St.Louis, Mo, USA) dissolved in 30 mM Na,CO3/NaHCO; added 1 mM MgCl.,. The buffer
pH was 9.8 when determining temperature optimum and 10.3 and 10.1 for halibut and cod,
respectively, when determining Ky. Enzyme activity was monitored spectrophotometrically
(Shimatzu Hyperuv-1601PC, ver 1.5, Shimatzu Deutchland GmbH, Duisburg, Germany) for 2
min at 407 nm (30£1°C and 37+1°C for halibut and cod, respectively) from the time of
addition of enzyme extract. Linear product release during the assay-course was checked by
automatic registration of absorbance every 20 seconds. When departure from linearity

sometimes was observed, the deviating 20 second interval was not included in the calculation
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of activity, or the sample was reanalysed. The molar extinction coefficient of 18 300 M*cm™*

was used in calculation of the enzyme activity.

The substrate for analysing the amidolytic activity of LAP was 2 mM leucine-p-nitroanilide
(Sigma-Aldrich Corp., St.Louis, Mo, USA; Maroux et a., 1973). The activity was measured
in 80 mM NaH,PO4/NaHPO,, pH 7.0 when determining temperature optimum and 8.1 and
7.2 for halibut and cod, respectively, when determining Ky . Product release was monitored
for 2 minutes at 410 nm and 37+1°C from the time of addition of enzyme extract. Linear
product release was ensured as for AP. Enzyme activity was calculated using the molar

extinction coefficient of 8 200 Mcm™.

Leu-alaactivity was determined in a coupled assay with L-amino acid oxidase (EC 1.4.3.2;
Sigma-Aldrich Corp., St.Louis, Mo, USA) and horseradish peroxidase (EC 1.11.1.7; Sigma-
Aldrich Corp., St.Louis, Mo, USA) as auxiliary enzymes and o-dianisidine as the
chromophore, all added in excess (Nicholson and Kim, 1975). Substrate and buffer used was
L-leucyl-L-alanine (3.125 mM; Sigma-Aldrich Corp., St.Louis, Mo, USA) and 50 mM Tris-
HCI, (pH 8), respectively. Activity wasinitiated by addition of substrate in the cuvette and
terminated by addition of 1.74 ml 50% H,SO, after 20 minutes incubation at 25+1°C.
Concentration of product (oxidised o-dianisidine) was measured at 530 nm. Leucine (Sigma-

Aldrich Corp., St.Louis, Mo, USA) was used as standard.

Protein content of homogenates and bbm extracts was determined by Bio-Rad Protein

microassay (Bio-Rad Laboratories, Hercules, CA, USA) using BSA as standard.

2.4. Assay optimisation
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For determination of temperature optimum, enzyme activity measurements were performed at
intervals of 1-3 °C in arange of approximately +10°C of the optimal valuesfound. To
determine the pH optimum, enzyme activity measurements were performed at intervals of
about 0.2 pH unitsin arange of about +0.5-1 pH units from the measured optimum. The
Michaelis constants (Ky) were determined by varying the substrate concentrations from 0.2 to
14.5 mM, from 0.02-0.1 to 2.4 mM and from 0.06 to 1.56-4.69 mM in the AP, LAP and Leu-
ala assays, respectively. These concentrations corresponded at aminimum to 0.8 Ky -10 Ky
(Tab 1). Ky was obtained by direct linear plots as described by Henderson (1992). In short,
for each pair of ([S], V) measured ([ S]=substrate concentration, V=specific enzyme activity),
-[S] is plotted on the horizontal Ky axis, V is plotted on the vertical Ve axisand alineis
drawn through these two points. Hence, n measurements give rise to n lines that will intersect.
Kw is defined by the coordinate of the median intersection (or the mean of two medians) of
these lines on the Ky axis. In all optimisation studies, measurements were made either
singular or in duplicates with atotal of 13-32 measurements. The exception was Leu—alain

halibut where 8 measurements were used.

2.5. Rearing conditions for halibut and cod in the ontogenetic study

For determining the development of enzyme activities in Atlantic halibut throughout the
larval period, larvae were obtained from a commercial hatchery (Nordic Seafarms, Askay,
Norway). The larvae were first fed at 253 daydegrees (43 days after hatch) in 11 000 L
rearing tanks at 11-12° C (gradual increase in temperature from 6°C within the first week).
They were fed Artemia (INV E Aquaculture nv, Dendermonde, Belgium) enriched with

Multigain (Danafeed, Horsens, Denmark) from O to 74 days post first feeding (dpff) and
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thereafter acommercial formulated diet (Danafeed, Horsens, Denmark) to the end of the study
(78 dpff). From first feeding to 45 dpff, turbidity in the rearing water was increased by
addition of clay (Waldm. Ellefsen AS, Oslo, Norway), a procedure with similar effect as

green water obtained by addition of algae.

For determination of the ontogeny of digestive enzymesin cod, cod larvae were reared at the
experimental facilities at the Institute of Marine Research, Storebg, Norway as described by
van der Meeren and Ivannikov (2006). Eggs, collected from one group of broodstock, were
purchased from acommercial hatchery. Larvae were first-fed 3 days after hatching and reared
in 500 L tanks at 11-12 °C (gradual increase from 8°C within the first days). They were fed

rotifers (Brachionus plicatilis) grown on baker’ s yeast (Idun Industri AS, Oslo, Norway) and

Rotimac (Biomarine Aquafauna Inc.,Hawthorne, CA, USA) from O to 40 dpff, Artemia
(Artemia Systems Inc., Gent, Belgium) enriched with DC DHA Selco (INVE Aquaculture
NV, Dendermonde, Belgium) from 35 to 50 dpff, and a commercia formulated diet
(Aglonorse, Ewos AS, Bergen, Norway) from 50 dpff to the end of the experiment (72 dpff).
Green water was used from first feeding to 35 dpff by adding Instant Algae®

(Nannochloropsis; Reed Mariculture, Campbell, CA, USA) to the rearing tanks to keep a

turbidity of approximately 1-2 NTU.

2.6. Sampling, sample preparation and enzyme assays in the ontogenetic studies

Sampl e collections were conducted before morning feed distribution in the study with halibut,
whereas cod was by a mistake collected after feeding. Halibut larvae were sampled at 1, 8, 14,
22, 29, 34, 43, 52, 58, 65, 71 and 78 dpff and cod larvae were sampled at O, 7, 14, 22, 29, 37,

43, 51, 59, 66 and 72 dpff. At the last sampling day of halibut, two samples were collected.
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One sample included the largest individual s that had juvenile pigmentation pattern and settled
behaviour, and one sample included the smallest individuals which behaved more pelagic and
had less mature pigmentation pattern. At sampling, the larvae were anaesthetised by metacain
(approximately 0.5-1 mg L) and then immediately frozen on dry ice and kept at -80°C until

preparation of enzyme extract or measurement of larval size.

For registration of standard length (SL; halibut and cod) and wet weight (halibut), 10-50
larvae were used. Estimates of specific growth rate (SGR; % day™) of halibut were based on
wet weights and cal culated as: SGR = (€” -1)* 100%, where g = (In(final weight)-In(initial

weight))/experimental days (Houde and Schekter, 1981).

For the enzyme activity determinations, 3 pooled samples of larvae were collected at each
sampling and the number of larvae in each sample varied from 10 to 300 depending on larval
size. In the experiment with halibut, the segment of the larvae containing the abdominal
cavity (i.e. from end of the operculum to the anus) was used in the enzyme extract
preparations. This segment isin the current study notes as the intestinal segment of the larvae,
and is a slight modification of the practice in other studies dealing with ontogenetic changes
inintestinal enzymes (Cahu and Zambonino Infante, 1994; Cahu et a., 1999; Ribeiro et .,
1999; Maet a., 2005). In the samples of halibut from 29 dpff and onwards, the dorsal part of
the segments were aso removed. In the experiment with cod, whole larvae were used in the
preparations of the five first samplings (0-29 dpff), while the intestinal segments of the larvae
were used in the remaining cod sample preparations. This change from using whole larvae to
the intestinal segment of the larvae coincided with marked changes in enzyme activities (See
results). For AP and LAP, reanalyses of homogenates of both whole larvae and intestinal

segments at the three sample dates after the shift in method (37-41 dpff) confirmed that the
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activities of these enzymes mainly were present in the intestinal segment of the larvae (results
not shown). Thus, AP and LAP activities are presented in the figures with unbroken lines,

whereas the Leu-ala activity profiles are given by the line broken between 29 and 37 dpff.

Enzyme extracts were prepared as described in section 2.2 and enzyme assays were run as
described in section 2.3 with the following temperature and pH specifications during assay
run: AP activity was analysed at pH 10.3 and 10.1, and temperatures 30+1 and 37+1°C in the
assays of halibut and cod, respectively. LAP activity was analysed at pH 8.1 and 7.2, in the
assays of halibut and cod, respectively, and at 37+1°C for both species. Leu-ala activity was

analysed at pH 8 and 25+1°C.

2.6. Satistics

Statistical analyses were conducted by Statistica (version 6.1; StatSoft Inc., Tulsa, OK, USA).
Repeated measures ANOV A followed by Tukey HSD was used to evaluate statistical
differences between the enzyme activity at different developmental stages. The data on
individual activity and activity in bbm in percent of total activity were log transformed prior
to analysis. Regression equations for exponential or linear increases in growth or enzyme
activity were cal culated when such increases were found during more than two samplings.
The corresponding coefficient of determination (R?) and significance level of the slope are
given. The analyses are based on means + SD of three replicates, and the data were

considered significantly different when p < 0.05.
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3. Resaults

3.1. Enzyme characteristics

The optimum temperature and pH for the enzymatic activities of AP and LAP arelisted in
Table 1. Temperature optimum for AP activity was 30+1°C and 34+1°C in halibut and cod,
respectively, when assayed at pH 9.8+0.1. Rising the temperature to 37+1°C, reduced the
activity to 53 and 95% of the maximum in halibut and cod, respectively. LAP was more
resistant to heat denaturation in both species and showed temperature optimum of 42+1°C and
47+1°C in halibut and cod, respectively, when assayed at pH 7+0.1. The activity at 37+1°C
was 88 and 69% of the maximum in halibut and cod, respectively. The pH values giving the
highest activity of AP were 10.3+0.1 and 10.1+0.1 in halibut (temperature 30£1°C) and cod
(temperature 37+£1°C), respectively. At pH 9.8+0.1 the activity was reduced to 74 and 90% of
the maximum in halibut and cod, respectively. LAP differed more in optimal pH between the
two species, being 8.1+0.1 in halibut and 7.2+0.1 in cod when assayed at 37+1°C. At pH 7,

the activity was reduced to 86 and 99.5% of the maximum in halibut and cod respectively.

Kwm isthe substrate concentration at half maximum enzyme activity and an estimate of the
dissociation constant of the enzyme and the utilized substrate under the given condition. The
Kwm for APwas 0.92 and 1.45 mM in halibut and cod, respectively. Further, the Ky of LAP

and Leu-alawere approximately 0.2 and 0.1 mM, respectively, in both species (Table 1).

3.2. Growth
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The halibut larvae were 12.1+0.6 mm in length and 5.4+0.6 mg in wet weight at first feeding
and experimental start (Fig. 1a-b). At the last sampling, the larvae had been transferred to
weaning tanks and the sample was separated in two based on size and developmental stage
(See materials and methods). The most devel oped group had achieved juvenile pigmentation
pattern. The lengths of the larvae were 25.9+2.8 and 31.1+1.8 mm in the less and more

devel oped group, respectively, and the corresponding wet weights were 237.0+68.1 and
442.0+£74.7 mg. The growth was exponential and is approximately described by the models
SL=11.15* @M %M (R2=79 2: P<0.0001; 1-71 dpff) and Weight=3.35* ® %" %M (R?=94 3;
P<0.0001; 1-71 dpff). Calculated from wet weight and using both groups of halibut at the last

sampling, SGR were on average 5.0-5.9 % day ™.

The cod larvae were 4.0+0.7 mm at 7 dpff and 30.0+4.8 mm at 72 dpff (Fig. 1a). The growth
profile until 51 dpff is given by the model SL=3.39*e®%29" %" (R?=g1 8: P<0.0001).
Thereafter, the growth rate increased and was better expressed by the model:

SL=0.48*®057 %M (R2=88 9; P<0.0001).

3.3. Ontogenetic development of enzymes

Enzyme activities in halibut and cod, when expressed per larvae, increased gently from first
feeding to about 30 dpff (P<0.02; Fig. 2a-b). In the second half of the experimental period of
halibut, Leu-ala proceeded with a gradual eightfold increase in individual activity until the
end of the experiment (Leu-ala= -780.1+28.5* dpff (R*=95.5); 29-71 dpff; P<0.0001), while
AP and LAP increased sharply 19-23-fold from 34 to 52 dpff (AP=68.8+2.059* dpff
(R?=86.4); LAP=50.8+1.55*dpff (R*=94.3); P<0.0003). Thereafter the activities of AP and

LAP remained statistically unchanged, but varied greatly between replicates. The sharp
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increases in activities of AP and LAP in halibut corresponded to the period of highest SGR
during the experiment, being 10.6% day™ from 29 to 52 dpff. Before 29 dpff the growth rate
was 2.6% day™, while after 52 dpff it was 2.8 — 5.3% day ™ calculated on basis of the least and
most developed larval group at 78 dpff, respectively. A different picture was seen in cod,
where the individual activities of al three enzymes increased exponentially from 29 dpff and
onwards (AP=0.031*®12"®™ (R?=98 0): LAP=0.012* """ (R?=06.6); Leu-

ala=0.27* 0% ¥M (R2=96 9); 29-72 dpff; P<0.0001).

The specific activities of AP and LAP in halibut changed almost similarly during the
experimental period (Fig. 3a-b). Their activities were low and unchanged from first-feeding
until 29 dpff and then increased approximately fivefold from 29 to 52 dpff (AP= -
1075.7+44.8* dpff (R°=85.9); LAP=-795.1+35.0* dpff (R°=92.9); P<0.0001). Thereafter the
activity of AP remained at the same level, except for an elevated level in the most developed
larvae at 78 dpff (P=0.0002). The specific activity of LAP was high and unchanged from 52
to 58 dpff, and thereafter it was reduced to about 50% (P=0.0002). Similarly asfor AP, the
activity of LAP was also elevated in the most developed larvae at 78 dpff compared to the
smaller larvae of the same age and the two previous samplings (P=0.005). The specific
activity of Leu-alain halibut increased 11-fold from first feeding to 34 dpff (Leu-

ala=51.6* 0 ¥M (R?=01 5); P<0.0001; Fig. 3c). At 52 dpff, the activity was reduced to
approximately 65% of the activity at 34 dpff (P=0.006) and then remained at a steady level

until the end of the experiment.

In cod, the specific activities of AP and LAP remained unchanged during the first 29 dpff
(Fig. 4a-b). From 29 to 37 dpff an approximately threefold increase in activity of AP (P=0.02)

was present. The activity remained unchanged until 59 dpff, and thereafter it declined to
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approximately half of its activity at 37-59 dpff, although not significantly (P=0.06). LAP
showed on average twofold higher activity at 37 dpff than at all other sample dates (P<0.03
except for P=0.15 at 43 dpff). The elevated activities of AP and LAP at 37 dpff corresponded
with achangein diet from rotifers to Artemia. Random variation in specific activity of Leu-
alain cod was found during the first 29 dpff (Fig. 4c). Similarly to AP and LAP, maximum
specific activity was present at 37 dpff (P<0.003). For AP and LAP, it was confirmed by
reanalyses of whole |larvae homogenates from 37 to 51 dpff that the changes in activities from
29 to 37 dpff were not due to the methodological change from analysis of whole larvae to

analysis of gut segments.

The activities of AP and LAP were determined both in the homogenates of whole larvae or
gut segments and in the bbm extracts. The activities in the bbm extracts in percent of the total
individual activity measured in the homogenates were calculated and are shown in figures 5a-
b. In halibut, these cal culations described a quite similar pattern as the specific activities,
while a different picture was seen in cod. In halibut, the activities of the bbm bound enzymes
increased from constituting 2% at 34 dpff and earlier, to approximately 15% of the total
individual activity at 43 dpff (P<0.0003). Thereafter the ratio of membrane bound to total
activity remained statistically unchanged. Low percentages of membrane bound activities of
AP and LAP were aso present in the beginning of the experiment with cod, before marked
increases occurred. In contrast to the result in halibut, increasing percentages of the bbm
bound activities of LAP and AP were found at different ages. Bbm bound activity of AP
increased from constituting 5% of total activity at 29 dpff to 22% at 51 dpff (AP= -
16.4+0.76* dpff (R?=81.1); P<0.0001), while bbm bound activity of LAP increased
exponentially from 5% at 37 dpff to 31% at 72 dpff (LAP=0.70* % %™ (R?=90.2):

P<0.0001).
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4. Discussion

4.1. Optimisation of the enzyme assay used

Prior to the ontogenetic study, the enzyme assays were optimised for substrate concentration,
temperature and pH. The two latter parameters were not determined for Leu-ala due the
complexity of the assay. Further optimisation could have included testing the effects of ionic
strength and the concentration of all componentsin the assay mixture since these likely also
will impact on enzyme activity (Tipton, 2002), but the specified optimisation was considered
sufficient for our purposes. The determination of optimal conditions during assay had two
purposes. Firstly, this ensures alinear increase in product release during the assay interval,
which is demanded for obtaining valid quantitative data (Tipton, 2002). In the present study,
the low temperature optimum of AP, especially in halibut, was important information for
avoiding enzyme denaturation during assay run. Assay temperature for AP in halibut was
therefore set to 30°C, in agreement with the optimum conditions determined. Assay
temperature for AP from cod was set to 37°C, athough alittle lower optimum temperature

was found.

The second purpose for assay optimisation was to maximise the enzyme activity potential. At
determined optimums of pH and temperature, the specific activities were up to twice as high
asthe activities at the conditions that would have been used if the optimisation study had not
been performed (37°C and pH 9.8 and 7 for AP and LAP, respectively). The optimum pH was
specified as assay condition for each enzyme and species in the ontogenetic study, whereas

this was not always the case with the optimum temperatures. The optimum temperature for
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LAP was very high and difficult to keep constant during assay. The assay temperature was

therefore set to 37°C for both species.

The analysed Ky values were fairly similar in the two species, although AP in halibut seems
to have higher affinity for the substrate than AP in cod. The recommended range of substrate
concentrations for estimating Ky isfrom 0.5 to 10 times the Ky (Henderson, 1992).This
substrate range was covered in the present study, except for in the Leu-ala assay where the
lowest substrate concentration was 0.6-0.8 times the K. The assay substrate concentrations
used were from 4.8 to 30 times higher than the estimated Ky values, ensuring that substrate

concentration was in access during assay.

4.2. Ontogenetic devel opment

The growth of halibut appeared to be slow in periods (i.e. 1-29 and 52-71 dpff). However, the
size distribution of the larvae in the samples from 52 to 71 dpff was probably not
representative for the size distribution in the rearing tank. The gentle break in the growth
profile at 52 dpff, arising at approximately 22 mm SL, seems to coincide with the time of
metamorphic climax when the larvae begin to settle to the bottom (Sade et a., 2004). Since
samples were collected from the upper half of alarge rearing tank, the largest larvae were
likely not represented in the samples after 52 dpff. The significantly larger size of the larvae
in the sample at 78 dpff that included the largest individuals also supports this. In cod, the
growth appeared to be slow in the beginning of the experiment, as compared with other
studies (Baskerville-Bridges and Kling, 2000; Callan et al., 2003; van der Meeren and
Ivannikov, 2006), but the growth in body length markedly improved after 50-60 dpff. During

the experimental periods with both species, the rearing outcome was considered normal with
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no particular problem that altered the larval quality. Thus, the larvae used in the studies were

considered to be representative for their respective species.

The change in digestion from the larval to the adult mode was expected indicated by
concurrently occurring decrease in Leu-ala specific activity and increasein AP and LAP
specific activities (Zambonino Infante and Cahu, 2001). The background for using Leu-ala as
amarker for decreasing larval mode of digestion isits proposed involvement in the terminal
steps of intracellular digestion of pinocytically absorbed protein (Henning, 1987; Zambonino
Infante and Cahu, 2001). In halibut, a marked decrease in pinocytosisis found at the end of
metamorphosis (Luizi et al., 1999), which was passed at 78 dpff in the present study.
However, Leu-alafailed to show the expected decrease in both halibut and cod. Declining

specific activity of Leu-alaisfound in Senegal ese sole (Solea senegalensis) and sea bass

(Dicentrarchus labrax) between approximately 20 and 30 dph (Ribeiro et al., 1999;

Zambonino Infante and Cahu, 2001). Thus, the present study opposes with resultsin other

Species.

In cod, Leu-ala appears to show an overall decrease during the second part of the experiment,
but the large variance in the data makes it difficult to conclude on this point. Likely, the
sampling of cod after the morning feed distribution has had a major impact on the specific
activity of Leu-ala, and also the diet changes during the experiment may have atered the

results. Therefore, Leu-ala appears to give little information of the digestive processesin cod.

In halibut, the inclusion of more organs in the enzyme extract may have camouflaged a
potential decrease in cytosolic Leu-ala activity in the hindgut, which is the part of the intestine

where intracellular protein digestion takes place. Dipeptidases have ageneral rolein cellular
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metabolism of protein and are widely distributed in different body tissues (Kim et a., 1972).
Moreover, along with their cytosolic presence in the enterocytes, they are al'so anchored in the
bbm, although only a minor portion of Leu-alaisthought to be present in the bbm in the
intestine of the rat (10-30 %; Kim et al., 1972; Nicholson and Kim, 1975). This portion may,
however, be underestimated due to difficulties in separating the bbm and cytosolic fractions
(Ugolev and De Laey, 1973; Kim et a., 1972). Thus, besides its proposed role in larval mode
of digestion, Leu- alamay also participate in the adult mode, both by intracellular and surface
digestion. Accordingly, Leu-ala activity assayed in the intestinal segment of the larvae may

not be a suitable marker for larval mode of digestion.

Whereas Leu-alafailed to show the expected ontogenetic profile, abrupt increasesin AP and
LAP specific activities were noted between 30 and 40-50 dpff in both halibut and cod. In cod,
the increases concurred with the shift from analysing enzyme activities in whole larvae to
analysing the activitiesin the intestinal segment of the larvae, but reanalyses of homogenates
of whole larvae and intestinal segment of the larvae from 37 to 51 dpff confirmed that AP and
LAP were mainly situated in the intestinal segment of the larvae (Results not shown). Similar
increases in specific activities of AP and LAP are found in other species (Maet al., 2005;
Ribeiro et a., 1999; Zambonino Infante and Cahu, 2001). Thus, the results of AP and LAPin

halibut and cod agree with findings in other species.

In the present study, the activities of bbm-bound AP and LAP were expressed as specific
activity, asindividual activity and as activity in percent of total activity of the respective
enzyme in the intestinal segment of the larvae or whole larvae. By expressing the activity in
several ways, thereal trend of the enzyme might be better understood as the numerators

(soluble protein and total intestinal activity of the enzyme per larva) might change over time
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and hence influence the profiles. Thisis particularly true when more organs than the gut are

included in the enzyme extracts, asis the case in the present study.

With exception of LAP in cod, the expression of the activities of AP and LAP as percentage
of thetotal activity of the respective enzyme in the intestinal segment of the larvae supported
the ontogenetic profiles in specific activity. The fraction of the enzymes recovered in the bbm
increased from approximately 5% to 15-20% and coincided with the increases in specific
activities, indicating an increased importance of surface digestion from the time when the
increases had occurred. In other studies, a marked increase in the activity ratios of bbm-
enzymes to L eu-ala have been used to describe the change from larval to adult mode of
digestion (Cahu et a., 1999; Maet al., 2005). In the present study, such ratios showed
approximately similar profiles (Results not shown) as the activity ratios of bbm-bound AP
and LAP in the intestinal segment of the larvae, in both halibut and cod. Thus, the activity
ratio profiles showed in the present study seem to reflect a similar developmental process as

the ratios of bbm-enzymeto Leu-ala activity.

The specific activity of LAP decreased significantly after 50 dpff in both species. In the

profiles of the activity ratio of bbm-bound LAP activity to total LAP activity in the intestinal
segment of the larvae, this decrease was less marked in halibut and not present in cod. Thus,
the decreases in LAP specific activity were probably related to physiological changesin the

soluble protein in the enzyme extract.

The abrupt elevations in bbm-enzymes may relate to structural changes of the intestinal
mucosa. Coincident with increased specific activities of bbm enzymes, increased folding of

the intestinal mucosaisindicated in other species (Zambonino Infante and Cahu, 2001). The
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achievement of this highly folded mucosa, which characterises a mature and healthy intestine,
both increase the intestinal surface and may also indicate that the process of cell proliferation
and differentiation in the bases and tips of the folds, respectively, become more efficient.
These points may explain the abrupt increase in specific activities of bbm-bound enzymes,
which thus can be noted as maturational increases. In cod, increased folding of the intestinal
mucosawas found in 0.17 mg dry weight larvae (Kj@arsvik et a., 1991). When carrying out a
weight to SL conversion based on the datato Finn et a. (2002), thislarval size correspondsto
approximately 7 mm SL, which was about the size of the larvae when AP and LAP specific
activities increased in the present study. In halibut, increased folding of the intestinal mucosa
is found during the course of metamorphosis (Luizi et a., 1999), defined to be from
approximately 22 to 25 mm SL (Sedeet a., 2004). Thus, folding of the mucosa appears to
occur after the elevated bbm enzyme activities at 18-22 mm SL found in the present study.
The lack of coincidental occurrence of these two eventsin halibut might be real or dueto
difficulties in matching the data from two different studies that used quite different methods
to study developmental progress. Furthermore, different rearing conditions may have caused
slight variations in development. Even though the coincidences between the increases in bbm-
enzymes and the achievement of increased folding of the intestinal mucosa may be uncertain,
theincreasesin AP and LAP specific activitiesin halibut and cod can be considered to
represent maturational increases, in agreement with the ontogenetic profilesin other species

(Ribeiro et al, 1999; Zambonino Infante and Cahu, 2001; Henning et al., 1994).

As compared to AP, LAP in cod showed aless marked increase in specific activity and a
delayed increasein ratio of bbm-bound activity to total activity in the intestinal segment of
the larvae. This pattern differed from the results in halibut where the enzymes showed similar

ontogenetic profiles. The deviating LAP profilesin cod may relate to the diet change from
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rotifersto Artemia between 35 and 40 dpff. However, the 5 days co-feeding with both feed
organisms means that the diet change was gradual. Alternatively, the deviating LAP profiles
can be due to the feeding state of cod at sampling, although LAP activity was noted not to be
affected by feeding in a semi-quantitative study (Cousin et al., 1987). As athird possibility,
LAP may reach amaturational activity level at alater stage than AP in cod. Also in other

Species, aless steep increase in the activity of LAP than of AP is described (Pseudoscriaena

crocea; Maet al., 2005). For attaining a mature activity level, LAP may depend on surplus
availability of oligopeptides as substrate in the gut lumen and thus on the diet composition
and on the activities of gastric and pancreatic enzymes which act on the dietary protein prior
to LAP (Reisenauer and Castillo, 1994). In cod, the development of the stomach appearsto be
delayed as compared to in some other fish species (Pedersen and Falk-Petersen, 1992).
Pedersen and Falk-Petersen (1992) found that the stomach started to develop at 15 mm SL in
cod, which in the present study correspond to the size of the larvae at 60-65 dpff and to the
time when the activity ratio of bbm-bound LAP to total LAP in the intestinal segment of the
larvae increased. Thus, the less clear achievement of mature activity of LAP than of AP in

cod may relate to the developmental process of the stomach.

The significantly higher specific activities of AP and LAP in the most developed halibut
larvae at 78 dpff, compared to the other larvae group of same age, may relate to amore
completely established gastric digestion in the former group. The higher enzyme activitiesin
these larvae suggest that they were able to more efficiently digest the formulated diet that was
offered from 74 dpff and onwards. Luizi et al. (1999) found that the stomach was developed
by the end of metamorphosis, and Stoss et a. (2004) report that gastric digestion is considered

developed at 80 dpff in halibut. Thus, the stomach was probably developed in both groups
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sampled at 78 dpff, but the stomach in those individuals that had achieved a juvenile

appearance was likely more fully functional.

Marked increases in activities of bbm enzymes are supposed to indicate the time when the
larvae have acquired a more adult-like intestinal functionality and, thus, improved ability to
digest formulated diets. Comparing with feeding experiments, successful weaning of halibut
has been reported from 70 to 120 mg wet weight when Artemia supplementation was given
during the first week of weaning (Nasss et al., 2001; Kvale et al., 2002). This agrees with the
time of intestinal maturation found in the present study. After 1-2 weeks co-feeding with
rotifers, cod has been completely weaned at 22 dah and 8-8.5 mm SL with good results
(Baskerville-Bridges and Kling, 2000; Callan et a., 2003). Thisis earlier than the time of
intestinal maturation found in the present study, according to age, but fairly concomitant
according the larval size. In all these studies (Baskerville-Bridges and Kling, 2000; Naess et
al., 2001; Kvaeet al., 2002; Callan et al., 2003), weaning was considered early as compared
to what possible with the diet used. Thus, the comparisons indicate that intestinal maturation
might be a significant factor for success in weaning. However, good weaning results depend
on adiet that fulfils the larval requirement. Thus, using diet that takes into account the
digestive features of the fish larvae before acquisition of a mature intestine, weaning may

succeed at an earlier developmental stage.

In conclusion, marked increasesin activities of bbm-bound AP and LAP were found in
halibut and cod, indicating that a mature intestine was reached at 40-50 dpff in both species,
corresponding to 50-114 mg wet weight in halibut and 7-9 mm SL in cod. However,
diverging activity profiles of LAP and AP made aless clear picture of intestinal maturation in

cod than in halibut, and demonstrate the complexity of the maturational processes of the
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intestines. Comparing with early weaning studies, intestinal maturation might be a significant
factor for successful weaning, but more studies are needed to confirm this. In the present
study, Leu-alafailed to indicate declinein the larval mode of digestion in both halibut and

cod.
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Caption to figures

Fig. 1. Growth measured as @) standard length (SL; mm) and b) wet weight (mg) of Atlantic
halibut (1-78 dpff) and Atlantic cod (0-72 dpff; only SL). Two samples of halibut were
collected at 78 dpff, differentiated on basis of size and development (See materials and
methods). The most developed group is plotted at 80 dpff for visualisation purposes. Data are
meanstsd (n=10-50), and different letters indicate statistically significant differences. Lower

case letters describe halibut and upper case letters cod.

Fig. 2. Enzyme activity per larva (mU(larva)™) in a) Atlantic halibut (1-78 dpff) and b)
Atlantic cod (0-72 dpff). Two samples of halibut were collected at 78 dpff differentiated on
size and development (See materials and methods). The most developed group is plotted on
80 dpff for visualisation purposes. The portions of larvae used in the enzyme extracts are
whole larvae (cod, 0-29 dpff) and the intestinal segment of the larvae (cod, 37-72 dpff;
halibut, 1-78 dpff). The enzymes are brush border membrane alkaline phosphatase (AP),
brush border membrane leucine aminopeptidase N (LAP) and the leucine-alanine peptidase
(Leu-ala). Data are meanstsd (n=3), and different letters indicate statistically significant
differences. Upper case letters describe AP, lower case letters LAP and italic letters Leu-ala.

In a) the left axis denotes AP and LAP and the right axis denotes L eu-ala.

Fig. 3. Specific enzyme activity (mU (mg protein™) of &) brush border membrane alkaline
phosphatase (AP), b) brush border membrane leucine aminopeptidase (LAP) and c) leucine-
alanine peptidase (Leu—ala) in Atlantic halibut from 1 to 78 dpff. Two samples were collected
at 78 dpff differentiated on basis of size and development (See materials and methods). The

most developed group is plotted on 80 dpff for visualisation purposes. The portion of larvae



706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

31

used in the enzyme extracts is the intestinal segment. Data are meanstsd (n=3), and different

letters indicate statistically significant differences.

Fig. 4. Specific enzyme activity (mU (mg protein)™) of &) brush border membrane alkaline
phosphatase (AP), b) brush border membrane leucine aminopeptidase (LAP) and c) leucine-
alanine peptidase (Leu—ala) in Atlantic cod from O to 72 dpff. The portions of larvae used in
the enzyme extracts are whole larvae (0-29 dpff) and the intestinal segment (37-72 dpff). Data

are meanstsd (n=3), and different letters indicate statistically significant differences.

Fig. 5. Activity of the brush border membrane bound alkaline phosphatase (AP) and leucine
aminopeptidase N (LAP) in percent of total activity of the respective enzyme in the
homogenate of whole larva or gut segment in a) Atlantic halibut (1-78 dpff) and b) Atlantic
cod (0-72 dpff). Two samples of halibut were collected at 78 dpff differentiated on basis of
size and development (See materials and methods). The most developed group is plotted on
80 dpff for visualisation purposes. The portions of larvae used in the enzyme extracts are
whole larvae (cod, 0-29 dpff) and the intestinal segment (cod, 37-72 dpff; halibut, 1-78 dpff).
Data are meanstsd (n=3), and different |etters indicate statistically significant differences.

Upper case letters describe AP and lower case letters LAP.
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Table

Table 1. Temperatures and pH optimum values and Michaelis constants (Ky) for intestinal
alkaline phosphatase (AP), leucine aminopeptidase N (LAP) and leucine-alanine peptidase
(Leu-ala) in Atlantic halibut and Atlantic cod larvae. Ky was determined by direct linear plots

and the analysed ranges of substrate concentrations compared to Ky are noted.

Enzyme Species Temperature pH Substrate Kwm

optimum?(°C) optimum® range (x Ky)  (mM)

AP Halibut 30 10.3 0.2-16 0.92
Cod 34 10.1 0.2-10 1.45
LAP®  Halibut 42 8.1 0.2-14 0.17
Cod 47 7.2 0.5-10 0.22
Leu-ala® Halibut nd" nd 0.6-14 0.11
Cod nd nd 0.8-32 0.08

a) Assay pH values were 9.8 for AP and 7.0 for LAP. b) Assay temperature was 30°C for AP
in halibut, elsewhere 37°C. c) Substrates are p-nitro phenyl phosphate for AP, Leucine-p-

nitroanilide for LAP and leucylaanine for Leu-ala. d) nd = not determined.
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