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Abstract Changes in digestive enzyme activity and
histology were studied in Atractosteus tropicus em-
bryos, larvae and juvenile periods. Alkaline protease,
chymotrypsin, carboxypeptidase A, lipase and o-
amylase were detected in all periods and gradually
increased until reaching the maximum peak in juve-
niles; meanwhile, acid protease was first detected at
5 days after hatching (dah) when first feeding started
and trypsin and leucine aminopeptidase activities were
detected from 19 dah, their values being increased
gradually until reaching a maximum value at 31 dah.
Acid and alkaline phosphatase activities increased
from yolk-sac absorption (3 dah) until day 31 after
hatching. Zymogram for acid protease showed two
bands in active forms (0.4 and 0.5 Rfs) from day 5 after
hatching and a third protease form (0.3 Rf) that
appears at 31 dah. Two active forms (26.3 and
24.9 kDa) were detected using SDS-PAGE alkaline
proteases zymogram at 5 dah, and an additional active
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form (44.1 kDa) was detected at 7 dah. Regarding the
histological development of the digestive system, the
exocrine pancreas containing zymogen granules was
already visible at 3 dah, whereas at 5 dah first gastric
glands were already detected in the stomach. Between
7 and 9 dah, the digestive tract of A. tropicus
resembled that of a juvenile specimen with a well-
developed and short oesophagus, stomach divided into
a glandular and non-glandular (pyloric) stomach,
folded intestine with pyloric caeca and a well-devel-
oped spiral valve (posterior intestine). Considering
this, larvae of A. tropicus are capable of digesting
several foods from yolk absorption (3 dah), maximiz-
ing its activities at 15 dah, age at which the organisms
maximize its capability to absorb nutrients from diets
provided.
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Introduction

Tropical gar Atractosteus tropicus is a highly appre-
ciated species in the south-eastern region of Mexico.
As such, there is progressive and dramatic decrease in
wild populations due to overfishing and habitat loss.
Consequently, this species has received a lot of
attention during the last 20 years, achieving important
goals in its captive culture, such as reproduction,
larviculture using live preys and balanced feeds.
Additionally, studies on establishment of the nutri-
tional requirements in protein, energy and lipids for
juveniles have been conducted (Marquez-Couturier
et al. 2006). The important research effort focused on
this species has allowed creating commercial farms for
seed production and their grow-out in diverse aqua-
cultural systems (Alvarez-Gonzalez et al. 2007).
Nevertheless, during larviculture mortalities have
been observed which might be attributed to two main
factors: firstly, when larvae are fed with live preys
(Artemia nauplii) and secondly, when they are weaned
on to compound diets (commercial trout feed, Silver
Cup, Pedregal, Edo. Mex.). In addition, it has been
considered that the feeds not necessarily possess the
adequate nutrients for this species, which can cause an
increase in the aggression between them and conse-
quently the appearance of cannibalism. In this way, if
we want to improve the survival during the larval
stage, it is necessary to conduct specific studies, based
on in digestive physiology of species, that allow for
evaluation of the digestive enzymatic capacity of the
larvae. Also this information let us to understand the
basic aspects of the digestive physiology to improve
their feeding, to develop suitable balanced feed and to
determine the moment to carry out the substitution of
the live preys with artificial diet (Moyano et al. 2005).
In this aspect, some of the most important studies in
relation to the development of different digestive
enzymes during early ontogeny are separated in
freshwater and marine studies such as Senegalese sole
(Solea senegalensis), blue disc (Symphysodon ae-
quifasciatus), white seabream (Diplodus sargus), Nile
tilapia (Oreochromis niloticus), European perch (Per-
ca fluviatilis), Japanese eel (Anguilla japonica), grass
carp (Hypophthalmichthys molitrix), Atlantic salmon
(Salmo salar) (Sciaenops ocellatus), spotted sand bass
(Paralabrax maculatofasciatus) and red drum (Atrac-
toscion nobilis) (Fernandez-Diaz et al. 2001; Chong
et al. 2002; Tengjaroenkul et al. 2002; Cuvier-Pérez
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and Kestemont 2002; Cara et al. 2003; Pedersen et al.
2003; Rina et al. 2005; Rungruangsak-Torrissen et al.
2006; Lazo et al. 2007, Alvarez-Gonzalez et al. 2008,
2010; Galaviz et al. 2011). Most of these studies have
shown the dependency of the digestive activity with
the digestive tract maturation (relation between
cytosolic and parental digestive enzymes) using
diverse techniques that allow the identification of
several isoforms which are related to the feeding
habits, also to define the adequate weaning when
larvae change to juvenile stage (Moyano et al. 1996).
For Lepisosteidae family, these kinds of studies have
been performed by Aguilera (1999), with alligator gar
Atractosteus spatula, and Comabella et al. (2006),
with Cuban gar Atractosteus tristoechus. The former
authors determined that these species were capable of
digesting many varieties of feed items from mouth
opening (endo—exotrophic stage) when the digestive
enzyme activities were completed. In this sense, the
objective of the present study was to determine the
digestive enzymatic activity development and mor-
phological changes in the digestive system during the
larval period of A. tropicus.

Materials and methods
Larviculture and sampling

For this study, a total of 450 embryos of A. tropicus
were obtained from one induced spawn of a brood-
stock (one female of 3.5 kg and three males of 1.5 kg
mean weight) using LHRHa (35 pg kg of fish™"),
which were maintained in a 2000-L circular plastic
tank (2 m diameter) in the Laboratorio de Acuicultura
Tropical (DACBIOL-UJAT). After spawn (16 h post-
hormonal induction), fish were retired from tank,
maintaining the adhesive eggs inside the tank until
their hatching (3 days post-fertilization at 29 °C;
0 days after spawning). Yolk-sac larvae were trans-
ferred into three 70-L plastic tanks (150 larvae per
tank) connected to a recirculating system which has a
1500-L reservoir using as biological filter, also 3/4 HP
centrifuge pump (Jacuzzi, JIWPAS5D-230A, Delavan
WI, USA), one sand filter (STA-RITE, S166T, Dela-
van WI, USA) and two titanium heathers (PSA,
RI9CE371, Delavan WI, USA). System’s water quality
was monitored daily during the 31 days of larviculture
registering the temperature (29.0 £ 1.0 °C), dissolved
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oxygen (6.4 + 0.5 mg L") and pH (6.7 £ 0.2) with
an oxymeter (YSI 85, Ohio, USA) and a pH meter,
respectively (HANNA HI 991001, Romania, Europe).
After yolk absorption (2 days after hatching, dah), the
larvae were transferred to a recirculating system to
initiate the feeding phase, which was made five times
per day (8:00, 11:00, 13:00, 15:00 and 18:00 h)
initiating with Artemia nauplii (AN, 2-5 nau-
plii mL™") from mouth opening until 17 dah, after-
wards with trout feed (TD, Silver Cup, 45 % protein
and 15 % lipid) until 31 dah. Food particle size was
provided at apparent satiation according to larval
growth (250-500, 500-750 and >750 pm).

During the larviculture, sampling was conducted at
different days after hatching (dah) 0, 3 and 5 dah with
48 organisms (16 per tank) and at 7, 9, 15, 20, 25 and
31 dah with 30 larvae (10 per tank). Larvae were
obtained before the first feeding and were killed with
an overdose of tricaine metasulphonate (MS-222,
Argent, Redmond, WA, USA), freezed with liquid
nitrogen and stored at —80 °C until biochemical
analysis. For the histological description of the
development of the digestive tract, 10 larvae per tank
were sampled at 0, 1,2, 3,4,5,7,9 11, 13 and 15 dah
and fixed in Bouin for 24 h. Larvae were then washed
in fresh water (four times), dehydrated in a graded
series of ethanol (30, 40 and 50 %) to eliminate any
remainder of fixing liquids and finally preserved in
ethanol 70 % until their use for histological studies.

Biochemical analyses

Enzymatic extracts were obtained by homogenization
of the visceral bulk (dissecting tail, head, and the
dorsal part of the body on ice) in Tris—HCI
50 mmol L™!, CaCl, 20 mmol L™', pH 8 buffer
solution (30 mg mL™") using a tissue homogenizer
(Ultra Turrax® IKA T18 Basic, Staufen, Germany)
and centrifuged (16,000g for 5 min at 5 °C). The
supernatant was collected from three pooled samples
of larvae for each sampling day, placed in 500 pL
samples and frozen at —80 °C (Thermo Fisher Scien-
tific® 990, USA) for the enzymatic analysis. The
concentration of soluble protein was evaluated using
the Bradford (1976) technique and a standard curve of
bovine serum albumin. Additionally, 30 larvae were
collected and 5 days for biometry data was recorded
from each species to evaluate growth as individual wet
weight using an analytical balance (Sartorius AG,

Gottingen, Germany; precision 1 x 10~ g) and total
length using a digital calliper (Neiko-HKMUND473,
Homewood, IL, USA; precision 1 x 1072 mm).

Total alkaline protease activity was measured using
casein (0.5 %)in 50 mmol L~ ! Tris—=HCl buffer, pH9.0,
following the Kunitz method (1947), modified by Walter
(1984). Acid protease activity was evaluated according
to Anson (1938) using 0.5 % haemoglobin in 0.1 m-
mol L™ glycine—HCI, pH 2.0. One unit of enzyme
activity was defined as 1 pg tyrosine released per minute
using a coefficient of molar extinction of 0.005 at
280 nm. Trypsin activity was assayed using BAPNA (V-
a-benzoyl-pL-arginine 4-nitroanilide hydrochloride) as
substrate according to Erlanger et al. (1961). Chy-
motrypsin activity in extracts was determined using
SAAPNA (N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide)
according to Del Mar et al. (1979). Leucine aminopep-
tidase was determined using leucine p-nitroanilide
(0.1 mmol L™! in DMSO) as substrate, according to
Maraux et al. (1973). For trypsin, chymotrypsin and
leucine aminopeptidase activities, one unit of enzyme
activity was defined as 1 pmol L™' p-nitroanilide
released per minute using coefficients of molar extinc-
tion of 8.8 at 410 nm. Carboxypeptidase A activity was
measured using the protocol of Folk and Schirmer (1963)
using HPA (hippuryl-L-phenylalanine) as substrate dis-
solved in 25 mmol L™! Tris—=HCI, 10 mmol L~! CaCl,
buffer, pH 7.8. One unit of enzyme activity was defined
as 1 umol L™" of hippuryl hydrolysed per minute using
a coefficient of molar extinction of 0.36 at 254 nm.

Determination of o-amylase activity was carried
out following the Somogyi—Nelson procedure de-
scribed by Robyt and Whelan (1968). One unit of
activity was defined as the amount of enzyme to
produce 1 pg maltose per minute at 600 nm. Lipase
activity was quantified using B-naphthyl caprylate as
substrate according to Versaw et al. (1989). One unit
of activity was defined as 1 pg naphthol released per
minute using a coefficient of molar extinction of 0.02
at 540 nm. Acid and alkaline phosphatases were
assayed using 4-nitrophenyl phosphate in acid citrate
buffer (pH 5.5) or glycine-NaOH buffer (pH 10.1)
according to Bergmeyer (1974). One unit was defined
as 1 pg nitrophenyl released per minute using a
coefficient of molar extinction of 18.5 at 405 nm. All
assays were performed by triplicate at 37 °C. Diges-
tive enzyme activities were expressed as U mg
protein™' and U larvae™' using the number of
individuals in each pooled sample.
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Electrophoretic analyses

The analysis of the alkaline protease isoforms was
done using sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE; 10 % polyacry-
lamide) for each larval enzyme preparation in a Mini
Protean II chamber (Bio-Rad) according to Laemmli
(1970) using 8 x 10 x 0.075 cm gels. The samples
were prepared and the zymograms of alkaline protease
activities were obtained as described Garcia-Carrefio
et al. (1993). The electrophoresis was carried out for
60 min at a constant voltage of 100 V per gel at 5 °C.
After electrophoresis, the gels were washed and
incubated for 30 min at 5 °C in a 0.5 % casein
Hammerstein (Research Organics) solution at pH 9.0.
Gels were then incubated for 90 min in the same
solution at 25 °C without agitation. Finally, the gels
were washed and fixed in 12 % trichloroacetic acid
(Sigma-Aldrich) prior to staining with 0.1 % Coo-
massie brilliant blue R-250 (Research Organics) in a
solution of methanol-acetic acid (Sigma-Aldrich)-
water (50:20:50). Distaining was carried out in a
solution of methanol-acetic acid—water (35:10:55).
Clear zones, which indicated activity of alkaline
proteases, were visible after 24 h.

To analyse acid protease activity in larval extracts,
neutral native polyacrylamide electrophoresis was
performed according to Williams and Reisfeld
(1964). All electrophoresis procedures were per-
formed at a constant voltage and amperage (100 V
and 64 mA) per gel. After electrophoresis, gels were
treated to reveal acid protease isoforms according to
the procedure of Diaz et al. (1998). Same quantity of
protein (30 pg per well) was applied to carry out each
electrophoresis. Gels were removed from the cell and
soaked in 100 mmol L ™" HClI to lower the pH to 2.0 so
that the enzymes would become active. After 15 min,
the gel was soaked in solution containing 0.25 %
haemoglobin in 100 mmol L™" glycine-HCI, pH 2.0,
for 30 min at 4 °C and then transferred for 90 min in a
fresh haemoglobin solution at 37 °C. Gels were
washed in distilled water and fixed for 15 min in a
12 % trichloroacetic acid solution. When the areas of
enzyme activity appeared, gels were stained using
Coomassie brilliant blue R-250 solution. Distaining
was carried out as mentioned earlier. Clear zones
revealed the activity of acid proteases within a few
minutes, although well-defined zones were obtained
only after 2—4 h of staining. A low-range molecular
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weight marker (5 pL per well) containing phosphory-
lase b (97 kDa), bovine serum albumin (66 kDa), egg
albumin (45 kDa), carbonic anhydrase (29 kDa),
trypsinogen (24 kDa) and soybean trypsin inhibitor
(20 kDa) was applied to each SDS-PAGE. The
relative electromobility (Rf) was calculated for all
zymograms (Igbokwe and Downe 1978), and the
molecular weight (MW) of each band in the SDS-
zymograms (alkaline protease) was calculated by a
linearly adjusted model between the Rf and the
decimal logarithm of MW proteins in the marker
using the software program Quality One version 4.6.5
(Hercules, CA).

Histological analyses

For histological purposes, larvae per sampling date
were dehydrated with graded series of ethanol and
embedded in paraffin with an automatic tissue
processor Histolab ZX-60 Myr. Paraffin blocks were
then prepared in AP280-2 Myr station and cut into
serial sagittal sections (3 um thick) with an auto-
matic microtome Microm HM (Leica Microsystems
Nussloch GmbH, Germany). Paraffin larvae cuts
were kept at 40 °C overnight. Samples were then
deparaffined with graded series of xylene and
stained by means of haematoxylin and eosin
(H&E) for general histomorphological observations
and periodic acid—Schiff (PAS) for detecting neutral
mucosubstances. Histological preparations were ob-
served in a microscopy Leica DMLB equipped with
a digital camera Olympus DP70 (Leica Microsys-
tems Nussloch GmbH). Measurements on histo-
logical slides were taken with an image analysis
software package (Image Pro Plus).

Statistical analyses

Growth of larvae was determined with an exponential
model Y = ae™™, with previous data transformation
using logarithm to the base 10, and the parameters of the
model were calculated by the use of the least squares
technique. As enzymatic activity values were not
normally distributed, data were compared with the
nonparametric Kruskal-Wallis test, and a nonparamet-
ric Nemenyi test was used when significant differences
were detected between treatments, with a significance
level of 0.05. All tests were performed with Statistica
software version 7.0. (StatSoft, Tulsa, OK, USA).
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Results
Larval growth

Individual weight growth rate during larviculture
followed an exponential model (R = 0.92, P < 0.05)
with a mean daily growth value of 0.152 g day ™" lar-
vae ™!, while the individual total length rate had a model
adjust (R? = 0.86, P < 0.05) showing a value of
0.078 mm day " larvae™' (Fig. 1a, b).

Histological development of the digestive system

At hatching, the larval digestive system of A. tropicus
was represented by two rudiments, a large endodermal
yolk sac and a primordial hindgut (Fig. 2a). The
endodermal yolk sac was filled with eosinophilic yolk
platelets and lined with a squamous epithelium
(Fig. 2b). The hindgut, containing a small amount of
yolk within enterocytes, as a resultant of the
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Fig. 1 Mean wet weight (a) (ng larvae™' + SD, n = 30
pooled larvae) and mean total length (b) (mm larvae™! + SD,
n = 30 pooled larvae) of A. tropicus larvae

meroblastic cleavage of eggs, appeared as an undif-
ferentiated straight and narrow tube, which would
differentiate into the hindgut and rectum (Fig. 2c).
The liver rudiment was already present at hatch-
ing (Fig. 2d). The histological differentiation of the
digestive system after hatching is described below.

The differentiation of the intestine started at 1 dah,
progressing in posteroanterior direction. The differen-
tiation of the intestinal mucosa was concomitant with
the disappearance of eosinophilic yolk in the supranu-
clear vacuoles from enterocytes (Fig. 3a). The intestine
was lined by a simple columnar epithelium with basal
nuclei, slightly basophilic cytoplasm and prominent
eosinophilic microvilli. The mucosa had generally
similar histological structure along the length of
intestine, with the exception of number and size of
intestinal folds which were less abundant and smaller in
the posterior region (Fig. 3b). Regarding the oe-
sophagus, its differentiation proceeded from the poste-
rior region to buccopharynx. Between 1 and 3 dah, the
oesophagus started to develop and an incipient folding
of the oesophageal mucosa at a longitudinal level
appeared. At 3 dah, the oesophagus wall consisted of a
pseudostratified columnar epithelium with numerous
cells containing yolk inclusions, which disappeared at
later stages of development between 4 and 6 dah.
Between hatching and 3 dah, the liver greatly developed
and occupied most part of the abdominal cavity
(Fig. 3c). Hepatic tissue was arranged along sinusoids
and consisted of polyhedral hepatocytes with centrally
located nuclei, reduced eosinophilic cytoplasm and few
and small lipid inclusions. Biliary ducts were already
visible at this age and were lined by short and ciliated
columnar epithelium with basal nuclei occupying most
part of the cytoplasm. At this age, the exocrine pancreas
was already differentiated and contained zymogen
acidophilic granules. This accessory digestive gland
was organized in polyhedral basophilic cells arranged
in acini grouped in rosette patterns, containing round-
shaped eosinophilic and PAS-positive zymogen gran-
ules (Fig. 3d). During this period, the intestine grew in
length and small mucosal folds were visible in the
posterior intestinal region, the future spiral valve, close
to the anal opening.

At 4 dah, first gastric glands were observed between
the posterior oesophagus and anterior intestine, where-
as between 5 and 7 dah, the cardiac and fundic regions
of the stomach greatly developed and a large number of
gastric glands were visible, as the multicellular tubular

@ Springer
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Fig. 2 Histological images of the digestive system in A.
tropicus larvae aged 1 day after hatching. Note the large yolk
sac with eosinophilic yolk platelets and the oesophagus in
differentiation (a), the undifferentiated rectilinear intestine

glands composed of a single-type secretory cells with
eosinophilic apical borders and the secretory products
containing  neutral  (PAS-positive)  mucosub-
stances (Fig. 4a). These glands were surrounded by
compact layers of connective tissue, smooth circular
musculature and a thin serosa. In addition, the pyloric
(non-glandular) stomach developed and was histo-
logically characterized by several mucosal folds sur-
rounded by a prominent tunica muscularis (Fig. 4b).
The epithelium lining the lumen of this region of the
stomach consisted of ciliated columnar cells with
supranuclear vacuoles containing eosinophilic and
neutral (PAS-positive) mucosubstances (Fig. 4c).
The wall of the pyloric stomach was composed of s
submucosa with connective fibres, some scattered
blood vessels, circular muscle fibres and a thin serosa
with basophilic squamous cells (Fig. 4d).

Between 7 and 9 dah, the digestive tract of A.
tropicus resembled that of a juvenile specimen (11-15
dah). In this sense, the oesophagus was composed of
simple columnar epithelium with numerous goblet
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(b) and details of the oesophagus with its lumen filled with
remnants of yolk platelets (c), and differentiating enterocytes
containing yolk inclusions. [ intestine, N notochord, OFE
oesophagus, Yp yolk platelets, YS yolk sac

cells, a thin mucosa with a lamina propria (loose
connective tissue and a layer of musculature), a
submucosa (connective tissue fibres with some blood
vessels) and a serosa lined by a thin layer of squamous
epithelium. No remarkable changes in the histological
organization of the oesophagus were observed after 9
dah other than its increase in length and folding with
age (Fig. 5a). Regarding the stomach, the gastric and
non-gastric regions greatly developed, especially the
number and size of gastric glands that occupied most
part of the anterior part of the abdominal cavity, as
well as the size and thickness of the muscular layer
that surrounded the pyloric region of the stomach
(non-gastric part). The most relevant histological
features at this stage were the presence of pyloric
caeca with a mucosa similar to that of its intestinal
counterpart, which were lined by a simple columnar
epithelium covered by prominent eosinophilic mi-
crovilli with scattered goblet cells, and the complete
development of the spiral valve (posterior intestine)
(Fig. 5b).
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Fig. 3 Histological images of different regions of the digestive
system in A. tropicus larvae aged 4 days after hatching. Note the
pseudostratified columnar epithelium of the oesophagus in
differentiation (a), the development of intestinal villi with large
goblet cells and prominent eosinophilic microvilli (b) and the

Activity of digestive enzymes

Changes in digestive enzyme activities were ob-
served during ontogeny (Figs. 6, 7; P < 0.05). The
specific activity (U mg protein™') of acid protease
was detectable from 5 dah (12.4 £+ 0.8 mm), remain-
ing constant since then until 25 dah
(32.4 &+ 2.6 mm), reaching its maximum activity at
31 dah (48.8 £ 3.9 mm) (Fig. 6a). The acid protease
individual activity displayed two main increases, the
first at 5 and the second at 31 dah, maintaining their
oscillating until the end of larval period (Fig. 6b).
Specific activity of alkaline protease followed the
same pattern, but pronounced from 0 dah (embryos,
1.0 = 0.0 mm), fluctuating slightly and increasing its
activity at 15 dah, reaching its maximum activity at
31 dah, appearing the same pattern in individual
activity (Fig. 6a, b). Specific and individual trypsin
activities were detected in minimum levels after
hatching during the early larval development, in-
creasing gradually from 19 dah (26.6 & 2.4 mm), to

liver with round-shaped hepatocytes with lipid deposits
(asterisk) in the hepatic parenchyma (c¢) and the exocrine
pancreas (d). EP exocrine pancreas, GC goblet cell, [ intestine,
L liver, OF oesophagus

reach their maximum activities at 31 dah (Fig. 6c, d).
Specific chymotrypsin activity was detected from
embryo (0 dah) and maintained until 15 dah; after-
wards, individual activity increases gradually until
reaching the maximum peak at 31 dah (Fig. 6e);
nevertheless, the individual activity of this enzyme
presented an inversed pattern, since the maximum
peak of activity was detected at 0 dah (embryos),
falling rapidly until 9 dah (17.6 £ 0.5 mm) and,
fluctuating from this day, showing a slight increase at
31 dah (Fig. 6f). The specific and individual ac-
tivities of leucine aminopeptidase were detected in
very low levels from 3 dah, increasing gradually until
the end of the study at 31 dah (Fig. 6g, h). The
specific activity of carboxypeptidase A was early
detected, presenting a progressive increase during the
larval development reaching its maximum activity at
31 dah (Fig. 6i). The individual activity of car-
boxypeptidase A was detected from the embryo (0
dah), with fluctuating during larvae development
reaching maximum peak at 31 dah (Fig. 6j).
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Fig. 4 General view of the digestive system in A. tropicus
larvae aged 5 days after hatching showing the large develop-
ment of the liver, the formation of the gastric stomach (cardiac
and fundic regions) (a), as well as the intestine differentiated
into anterior, middle and posterior regions (b). Stomach

Specific lipase activity was detected in embryos
(0 dah) showing a peak of activity at 3 dah
(6.8 £+ 0.4216 mm), while during the larval develop-
ment it showed some fluctuations with a maximum of
activity at 31 dah (Fig. 7a). On the other hand,
individual lipase activity presented a maximum value
at 3 dah and subsequently showed a constant decrement
until the end of the larval period (Fig. 7b). The specific
activity of a-amylase was detected from the embryo in
low levels, increasing quickly at 3 dah, being fluctuating
during larval development, although at days 3, 7 and 19
after hatching we detected some peaks in activity
(Fig. 7c). Nevertheless, the individual o-amylase ac-
tivity had the maximum value at 3 dah, presenting a

@ Springer

formation (c) and detail of two multicellular tubular gastric
glands surrounded by connective tissue and composed of a
single-type secretory cell with an eosinophilic apical border (d).
EP exocrine pancreas, GB gall bladder, [ intestine, L liver, PS
pyloric (non-glandular) stomach, S stomach, Y yolk

successive decrement until the end of the larval period
(Fig. 7d). The specific activities of acid and alkaline
phosphatase presented a similar pattern throughout the
larval development, detecting two maximum peaks at 7
(16.3 & 0.8 mm) and 31 dah, although in the case of
alkaline phosphatase the maximum activity was detect-
ed at 31 dah, whereas for acid phosphatase was detected
at 7 dah (Fig. 7e). Finally, individual acid phosphatase
activity was detected with a maximum value at 5 dah,
decreasing gradually until day 31 after hatching,
whereas individual alkaline phosphatase activity dis-
played fluctuations a long of the early ontogeny, where
two peaks with high activities were detected for the days
3 and 7 after hatching (Fig. 7).
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Fig. 5 General view of the digestive system in A. tropicus
larvae aged 7 days after hatching showing the large liver, the
gastric stomach with numerous gastric glands, the exocrine
pancreas and gall bladder and remnants of yolk (a). The pyloric
stomach (non-glandular region) surrounded by a thick tunica
muscularis is also shown (b). Al anterior intestine, MI mid
intestine, GG gastric gland, L liver, M trunk musculature, P/
posterior intestine, S stomach, Y yolk

PAGE zymogram revealed two active forms (0.3
and 0.4 Rf) of acid proteases from day five after
hatching being constant until the end of the larval
period. An additional active form (0.5 Rf) was
detected at 31 dah (Fig. 8a). On the other hand,
zymogram for the detection of alkaline proteases
using SDS-PAGE allowed identifying two active
bands with 26.34 and 24.92 kDa at 5 dah being
constant until the end of the larval period. In
addition, from day seven after hatching, the appear-
ance of a third band was detected (44.12 kDa
calculated MW), which also remains constant until
day 31 after hatching (Fig. 8b).

Discussion

The general pattern regarding the histological devel-
opment of the digestive tract in A. tropicus resembles
that of other fish species with meroblastic egg
cleavage like acipenserids (Gisbert et al. 1998, 1999;
Gisbert and Doroshov 2003; Ostaszewska and Dab-
rowski 2009; Wegner et al. 2009; Babaei et al. 2011;
Asgari et al. 2014). However, there were important
differences in relation to the timing of development of
different digestive organs, which were due to different
reproductive guilds between A. tropicus and acipen-
serids, as well as environmental rearing conditions,
especially water temperature that resulted in a much
faster organogenesis of the digestive system in this
species. Consequently, authors have decided to focus
this section to the ontogenic changes in the histo-
logical organization of the digestive tract and relate
them to changes in digestive enzyme activities from
hatching to the juvenile stage.

Regarding the activity of digestive enzymes in A.
tropicus, our results showed two groups of digestive
enzymes with different profiles during larval devel-
opment. Firstly, the specific activity of acidic proteas-
es, trypsin, chymotrypsin, carboxypeptidase A and
leucine aminopeptidase had the same profile appear-
ing early only a few days after hatching or yolk
absorption; meanwhile, lipase, amylase, and acid and
alkaline phosphatase present another behaviour that
explained the maturation of the digestive system in
larvae. In this context, the activities of alkaline
proteases in A. tropicus were detected from the
embryonic period (egg), increasing gradually from
day 15 after hatching, which was in agreement with
our histological findings regarding the morphogenesis
of the digestive organs, as well as with other fresh-
water and marine species, such as African catfish,
Clarias gariepinus (Garcia-Ortega et al. 2000), P.
fluviatilis (Cuvier-Péres and Kestemont 2002), am-
berjack, Seriola lalandi (Chen et al. 2006), California
halibut, Paralichthys californicus (Alvarez-Gonzalez
et al. 2006), S. ocellatus (Lazo et al. 2007) and P.
maculatofasciatus (Alvarez-Gonzalez et al. 2008).
This increase in the alkaline proteolytic activity is
mainly associated with the trypsin, which has been
considered as an initial endoprotease for the activation
of other digestive enzymes, catalysing the conversion
of zymogens to active enzymes. In addition, both
trypsin and chymotrypsin are responsible to nutrient

@ Springer
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«Fig. 6 Digestive enzyme activity during A. tropicus larvicul-
ture (mean + SD, n = 30 pooled larvae). a Specific alkaline
protease and b individual alkaline protease activities, ¢ specific
acid protease and d individual acid protease activities, e specific
trypsin and f individual trypsin activities, g specific chy-
motrypsin and h individual chymotrypsin activities, i specific
carboxypeptidase A and j individual carboxypeptidase A
activities, k specific leucine aminopeptidase and 1 individual
leucine aminopeptidase activities. AN Artemia nauplii, 7D trout
diet

process (hydrolyse proteins) until the complete devel-
opment of a functional stomach (Zambonino-Infante
and Cahu 2001; Kvale et al. 2007).

On the other hand, the acid proteolytic activity was
detected before yolk absorption (5 dah), coinciding
with the first detection of gastric glands and increased
gradually through A. tropicus development. Pepsin
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Fig. 7 Digestive enzyme activity during A. tropicus larvicul-
ture (mean & SD, n = 30 pooled larvae). a Specific and
b individual lipase activities, ¢ specific and d individual o-

U mg protein’

activity indicates the beginning of stomach function-
ality and is considered the most important protease,
which initiates protein digestion in an acidic pH. Thus,
we can consider that A. tropicus is a precocious larvae,
being similar to the other lepisosteids such as A.
spatula and A. tristoechus (Aguilera 1999; Comabella
et al. 2006). These results are different from those
detected for marine fish larvae (Moyano et al. 1996).
The former authors reported that during the develop-
ment of the digestive system the activity of alkaline
proteases is detected early before the opening of the
mouth, whereas the activity of the pepsin is detected
later during the development, being activated several
weeks with the stomach development (around 25 dah)
that has been reported for P. californicus and P.
maculatofasciatus (Alvarez-Gonzélez et al. 20006,
2008). Moreover, for tropical freshwater species such
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Fig. 8 Zymograms of acid (a) and alkaline digestive proteases
(b) during larval development of A. tropicus. Numbers at the fop
of the gel indicate the mean of days after hatching. The first well
indicates LWMM (kDa): 97 phosphorylase, 66 bovine serum
albumin, 45 ovalbumin, 29 carbonic anhydrase, 24 trypsinogen,
20 trypsin soybean inhibitor

as monkeyface prickleback (Cebidichthys violaceus),
rock prickleback (Xiphister mucosus), black prickle-
back (Xiphister atropurpureus), high cockscomb
(Anoplarchus purpurescens), red tilapia (Oreochromis
mossambicus) (Chan et al. 2004; Ming-Ji and Ching-
Feng 2006) and Mayan cichlid (Cichlasoma uroph-
thalmus) (Lopez-Ramirez et al. 2010), acid protease
activities appeared in low levels around the 30 dah,
while for the Japanese flounder (Paralichthys oli-
vaceus) the stomach secretory glands were detected
until 45 dah (Kurokawa and Suzuki 1996). The early
presence of the acid protease activity in A. tropicus is
indicative of the presence of a functional stomach and
well-developed gastric glands, which is characteristic
of a monogastric fish, that has been observed in some
species such as rainbow trout (Oncorinchus mykiss),
lake sturgeon (Acipenser fulvencens) (Buddington
1985; Buddington et al. 1997), Atlantic halibut
(Hippoglossus hippoglossus) (Gawlicka et al. 2000),

@ Springer

Surubi (Pseudoplatystoma corruscans) (Lundstedt
et al. 2004), A. spatula (Mendoza et al. 2002) and A.
tristoechus (Comabella et al. 2006).

In the zymogram for acid proteases of A. tropicus,
two active bands were detected at 5 dah and third band
appeared at day 31 after hatching, which is in
agreement with those results observed by Comabella
et al. (2006) in A. tristoechus, although the above-
mentioned authors only detected a single active band
at 5 dah and a second active band at 7 dah. In addition,
Mendoza and Aguilera (2001) found that larvae of A.
spatula presented a complete functional stomach at 5
dah. Considering the former studies and data from this
work, it appears that the Lepisosteidae family has a
high capacity to digest any kind of food in the endo—
exotrophic stage. For alkaline protease zymogram
characterization, our results showed two active bands
(24.92 and 26.34 kDa apparent MW, respectively) at 5
dah and an additional active band (44 kDa apparent
MW) at 7 dah, which agree with trypsin- and
chymotrypsin-like enzymes, which demonstrates that
larvae at hatching already have the capacity to digest
exogenous food even if yolk remains. The presence of
these enzymes is genetically programmed and the
precursors for the activation of other digestive
enzymes (Zambonino-Infante and Cahu 1994). This
way the presence of this same type of active forms has
been observed in diverse marine fish such as P.
maculatofasciatus with four isoforms of 21.8, 23.8,
56.5 and 52.0 kDa (Alvarez-Gonzélez et al. 2008) and
in fresh water fish such as C. urophthalmus with two
active forms of 22 and 26 kDa (L6pez-Ramirez et al.
2010). Other studies showed the presence of trypsin
and chymotrypsin with similar molecular weight as
found in S. aequifasciatus (Chong et al. 2002) with
two active forms 73.3-76.5 and 19.2-21.8 kDa,
respectively; also, Rivera (2003) reports the presence
of a trypsin with molecular weight of 26.1 kDa in silk
snapper (Lutjanus vivanus), whereas Rodriguez
(2004) and Souza et al. (2007) found trypsin-like
enzymes with molecular weights of 24 kDa in the
grunt (Haemulon plumierii) and 21 kDa in spotted
goatfish (Pseudupeneus maculatus).

Contrary to our findings, trypsin is one of the first
enzymes detected during larval development in many
marine species (Gawlicka et al. 2000; Cuvier-Péres and
Kestemont 2002; Alvarez-Gonzilez et al. 2006; Kvale
et al. 2007) and freshwater (Mendoza et al. 2002;
Comabella et al. 2006; Lopez-Ramirez et al. 2010);
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however, high activity of chymotrypsin was detected
during the embryonic development of A. tropicus as
was reported by Kolkovski (2001) who indicates
that this digestive alkaline protease compensates the
low or null acid protease activity during the first
days of life of the larvae. Trypsin is the sensitive
key protease under condition favouring growth and
genetically and environmentally affected. Chy-
motrypsin, on the other hand, plays a major role
when growth is limited or depressed (Rungruangsak-
Torrissen et al. 2006).

The early presence of alkaline luminal proteases is
an indicative of a functional pancreas before the yolk
absorption as was detected in carnivorous fish larvae,
such as A. purpurescens and pike-perch (Sander
lucioperca) (Chan et al. 2004; Hamza et al. 2007).
The maximum trypsin activity was observed in these
fish between the 22 and 30 dah, respectively. Further-
more, the secretion of these endopeptidases (intestinal
trypsin/chymotrypsin activity ratio) has been used as
indicator of nutrients assimilation capacity, when the
chymotrypsin activity is constant and the trypsin
activity increased, coinciding with the maturation of
the microvilli and the improvement of the final
hydrolysis of the nutrients and absorption (Ming-Ji
and Ching-Feng 2006; Lazo et al. 2007).

The enzymatic activity of the leucine aminopepti-
dase was low from the embryonic period and increased
at 15 dah, whereas the activity of carboxypeptidase A
increases from 5 dah. In this sense, when both
activities appear in microvilli of the enterocytes
(parietal digestion), indicates an active protein hy-
drolysis at carboxyl and amino terminal bonds levels,
also carboxypeptidase A could be measured in pan-
creatic tissue, that should be considered because total
body extract where done. Aminopeptidase N and/or
alkaline phosphatase have also been used as indicators
of the nutritional quality, while leucine—alanine pep-
tidase activity decreases. This pattern also indicates
the maturation of the microvilli of the enterocytes that
has been detected in larvae of European sea bass
(Dicentrarcus labrax) (4-5 dah) and O. niloticus (3
dah), being observed the presence of leucine
aminopeptidase enzyme in the intestine before the
first feeding of larvae, increasing its activity after 3
dah, when the opening of the mouth occurs (Zam-
bonino-Infante and Cahu 1994, 2001; Gawlicka et al.
1995; Tengjaroenkul et al. 2002; Hakim et al. 2007).
Also, it has been reported in marine fish larvae such as

yellowtail flounder (Pleuronectes ferruginea), winter
flounder (Pseudopleuronectes americanus) (Baglole
et al. 1998), common snook (Centropomus undecimal-
is) (Jiménez-Martinez et al. 2012) and some freshwa-
ter fish such as C. urophthalmus (Lopez-Ramirez et al.
2010) and bay snook (Petenia splendida) (Uscanga
et al. 2011).

The specific activity of lipase was detected during
the embryonic phase, displaying a maximum value at
30 dah and presenting variations along the larval
development. This activity pattern is in agreement
with other species, such as O. niloticus (Tengjaroenkul
et al. 2002), Haddock (Melanogrammus aeglefinus)
(Pérez-Casanova et al. 2006), orange-spotted grouper
(Epinephelus coloides) (Eusebio et al. 2004), H.
molitrix (Chakrabarti et al. 2006), A. tristoechus
(Comabella et al. 2006) and P. maculatofasciatus
(Alvarez-Gonzalez et al. 2008), unlike to other species
such as turbot (Scophthalmus maximus) (Cousin et al.
1987), sixfinger threadfin (Poliydactylus sexfilis)
(Bong et al. 2001), P. californicus (Alvarez-Gonzalez
et al. 2006) and C. urophthalmus, where this activity
was detected until 40 dah (Lopez-Ramirez et al. 2010).
However, the lipolytic activity has not been detected
during the first days after hatching, and its action
begins after several days after the mouth opening,
which has been reported for halibut, S. maximus
(Cousin et al. 1987), P. sexfilis (Bong et al. 2001), P.
californicus (Alvarez-Gonzalez et al. 2006), even with
species as C. urophthalmus where this activity was
detected until 40 dah (L6pez-Ramirez et al. 2010). In
the same sense, Oozeki and Bailey (1995) suggest the
existence of two types of lipase, one related to the
absorption of yolk sac and the other in which the
activity is developed after several days and is related
to the digestion of exogenous lipids. According to
Alvarez-Gonzalez et al. (2008), the lipid catabolism is
possible at the beginning of the larval period by
esterases and later by bile salt-dependent lipases, when
the digestive system has been completed. Considering
our study, the lipolytic activity increased during the
first days and some variations were detected during
larval development, which reflects the importance of
this pancreatic enzyme in the hydrolysis of lipids,
which seems to magnify at 15 dah, in agreement with
results from A. tristoechus (Comabella et al. 20006).
The former authors reported that the increase in this
activity between 12 and 14 dah in A. tristoechus could
be related to the development of the exocrine pancreas
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and also is also correlated with the change in diet,
because of the mobilization of accumulated lipid and
the increase in the capacity to digest lipids contained
in foods.

Amylase presented the same pattern of activity than
lipase, showing low activity levels at hatching and
progressively increasing after the opening of the
mouth. Similar results have been reported in different
fish larvae, such as perch, P. fluvialitis (Cuvier-Péres
and Kestemont 2002), H. molitrix (Chakrabarti et al.
2006), P. californicus (Alvarez-Gonzalez et al. 2006),
S. lucioperca (Hamza et al. 2007) and P. maculato-
fasciatus (Alvarez-Gonzalez et al. 2008), where these
variations throughout the larval development were
related to the species-specific feeding habits (Horn
et al. 1986). Thus, the amylase activity in A. tropicus
was low during the larval development, being similar
to A. spatula (Mendoza et al. 2002) and A. tristoechus
(Comabella et al. 2006), which was in agreement with
fish with strictly carnivorous habits, where the
expression of amylase tends to decrease during the
larviculture. Cahu et al. (2004) mentioned that this
enzyme indicates not only the maturation of the
digestive system, but also the possibility of include
certain amount of carbohydrates such as starch and
glycogen from vegetable and animal sources, which
could contribute with energy during the feeding of the
larvae, although for carnivorous fish this capacity is
limited.

The main functions of phosphatases are to promote
inorganic phosphate hydrolysis, used to produce
energy and the transport of the nutrients through the
membrane towards the interior of the cells, being
facilitated the enzymatic action and the absorption of
Ca*" among other functions (Alvarez-Gonzilez et al.
2006). The decrease in the acid phosphatase activity
and the increase in the activity alkaline phosphatase
during the first stages of development have been
observed by Alvarez-Gonzilez et al. (2008) in P.
maculatofasciatus and Aguilera (1999) in A. spatula.
In studies with other fish larvae, a previous low
activity during the first days of life has been detected
with a maximum increase around the 20 dah that has
been reported in P. sexfilis (Bong et al. 2001), P.
Sfluvialitis (Cuvier-Péres and Kestemont 2002), S.
lucioperca (Hamza et al. 2007) and C. urophthalmus
(Lopez-Ramirez et al. 2010). In this aspect, Ribeiro
et al. (2002), and Zambonino-Infante and Cahu (2007)
have determined that an abrupt increase in the alkaline
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phosphatase activity during the larval period is a
consequence of the maturation of the enterocytes,
reason why the crossing in relation to exopeptidases
(as aminopeptidase N) is one of the best indicators that
marks the change in the larval to juvenile period.
Nevertheless, this pattern not always has been ob-
served in other species such as P. californicus
(Alvarez-Gonzalez et al. 2006), P. maculatofasciatus
(Pena-Martinez et al. 2003; Alvarez-Gonzalez et al.
2008) and C. undecimalis (Jiménez-Martinez et al.
2012), who reported the maximum alkaline phos-
phatase activity in the day 12 dah with later decline,
suggesting for these species that the enterocytes
already have a high capacity to absorb the nutrients
from the diet. Also, Martinez et al. (1999) reported the
maximum activity in the first days of life of S.
senegalensis, explaining the possibility of the exis-
tence of other pancreatic enzymes such as the trypsin,
which participate in higher levels during the luminal
digestion, reason why the parietal digestion is not high
(Moyano et al. 2005). In this manner, the presence of
the activities of phosphatases agrees with those
reported by Comabella et al. (2006) in A. tristoechus,
who mentioned an increase with variations of both
activities throughout ontogeny. This way, both ac-
tivities, in action with other pancreatic enzymes
during the first stages of the larval period allows the
organism to digest and absorb the nutrients from yolk
absorption and at the moment of the first feeding,
which compensate the lack of stomach as it is the case
of marine fish larvae (Gawlicka et al. 2000; Alvarez-
Gonzalez et al. 2008), or the low activity that appears
in fresh water fish such as A. spatula, A. tristoechus
and P. splendida (Mendoza et al. 2002; Comabella
et al. 2006; Uscanga et al. 2011).

In general, the activities of digestive enzymes in A.
tropicus larvae were detected from the embryonic
period, increasing throughout the larval development,
whereas the activities of acid and alkaline proteases,
chymotrypsin, trypsin, carboxypeptidase A, and acid
and alkaline phosphatase presented an increment
starting from 5 dah, when the mouth opening and first
feeding occur, even with an endogenous feeding (yolk
sac) remains several days after hatching. Also, the
amylase and lipase activities were detected at 3 dah,
whereas the trypsin and leucine aminopeptidase
activities presented an increase from the day 15 after
hatching, indicating the beginning of the juvenile
period and the maturation of the digestive system, in
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agreement with the morphophysiological changes
during the larviculture, which allows the larvae to
digest and to absorb the nutrients contained in the
reserves of the yolk sac and to adapt rapidly to the
exogenous feeding.

According to these results, we can conclude that the
adequate moment to initiate the weaning period (co-
feeding process) should start at 9 dah, when an
increase in most of the activities has been observed,
mainly acid and alkaline proteases and lipases;
considering the above-mentioned results, larva has
the capacity to digest proteins and lipids of the
provided food (live or artificial). In addition, at 15 dah
a total replace of live food with the artificial diet is
satisfactory taking into account the type of digestive
enzymes present; nevertheless, it is necessary to
conduct studies in relation to the nutritional require-
ments of the larvae in order to improve the larviculture
of this species, which allows decreasing the mortality
caused during the actual weaning process (using trout
diet), and the development of an appropriate diet that
allows to improve the growth and seed production.
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