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ABSTRACT. The histological structure, histochemical features, and enzymatic activity of the digestive tract of
juvenile Pacific seahorse (Hippocampus ingens) are described to provide information during the cultivation of
this species. Serial histological sections were stained with either hematoxylin-eosin, alcian blue-PAS, toluidine
blue, Sudan black, Masson's trichome, and ninhydrin-Schiff to describe the general features and the presence of
glycogen, mucopolysaccharides, lipids, muscle layers, and proteins, respectively. The enterocytes height and
the mucosal villi height in the esophagus and intestines were measured. Additionally, the digestive enzymes
trypsin, chymotrypsin, lipase, amylase, aminopeptidase, acid phosphatase, and alkaline phosphatase activities
were recorded. The esophagus showed two distinctive regions, the anterior with numerous mucous cells
secreting acid mucins and the posterior with longitudinal folds and no mucous cells. The intestine was
differentiated into three regions. The anterior showed goblet cells secreting acid and neutral mucins, while the
middle and posterior regions presented goblet cells secreting only acid mucins. The activity of aminopeptidase,
chymotrypsin, and amylase showed low levels, while the trypsin and acid phosphatase activity levels were
intermediate. Lipase and alkaline phosphatase showed the highest activities. The results point that juvenile H.
ingens presents a digestive structure similar to other teleost species. The high levels of lipase suggest that
juvenile H. ingens have high requirements for lipids during this stage.
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INTRODUCTION

The Pacific seahorse (Hippocampus ingens) lives in
shallow tropical waters and has been reported from San
Diego, California, to northern Peru, including the Gulf
of California and the Galapagos Islands (Lourie et al.
2004). Currently, wild populations of seahorses are
overexploited worldwide for their use in traditional
Chinese and European medicine, human food con-
sumption, ornamental use, and by-catch in shrimp
fisheries (Foster & Vincent 2004). Therefore, H. ingens
is classified as a vulnerable species by the IUCN
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(International Union for the Conservation of Nature)
and in Mexico is listed as a species subject to special
protection (NOM-059-SEMARNAT-2010).

The culture of seahorses is considered an alternative
to satisfy their increasing demand and reduce
overexploitation. However, the scarcity of information
on biology and reproduction in most seahorse species,
particularly H. ingens, hinders the development of an
adequate culture protocol. Additionally, the limited
knowledge of their nutritional requirements and diges-
tive morphology and physiology during juvenile stages
have been identified as a major obstacle to their com-
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mercial success (Koldewey & Martin-Smith 2010,
Otero-Ferrer 2011, Novelli et al. 2016).

The digestive tract of teleost fishes varies in
morphology and structure according to taxonomy and
feeding habits (Al-Abdulhadi 2005). However, the
general organization of the digestive system in
vertebrates remains relatively constant, consisting of an
oral cavity (buccopharynx), esophagus, stomach,
intestine, rectum, liver, and pancreas. The digestive
tract in the genus Hippocampus sp. has been studied,
and the absence of teeth, tongue in the buccopharynx as
well as the absence of the stomach are common features
(Wardley 2006, Palma et al. 2014, Corona-Rojas 2015,
Novelli et al. 2015, Ofelio et al. 2018). Some studies
reported the activity of digestive enzymes ontogeny in
the early development of seahorses, and the proteolytic
activity relies mainly on pancreatic proteases like
trypsin and chymotrypsin. The activity of other
digestive enzymes like amylase and lipase has also
been reported (Wardley 2006, Blanco et al. 2016,
Novelli et al. 2016, Segade et al. 2016). However, the
digestive tract structure and digestive enzymatic
activity in juvenile H. ingens have not been reported.
Therefore, the objective of the present study was to
describe the histological structure and some histo-
chemical characteristics of the digestive tract and reveal
the presence of digestive enzymes in juvenile H.
ingens. This information will allow us to gain more
knowledge related to digestive physiology and
nutritional requirements to improve the culture of this
species.

MATERIALS AND METHODS

Fifteen three-month-old Hippocampus ingens juveniles
of 56.95 + 3.43 mm (mean * standard deviation) and
0.43 + 0.06 g; length and weight respectively, were
donated from the production farm "INGENS Cultivos
Marinos" in Mazatlan, Sinaloa, Mexico. They were
cultured at an average water temperature of 24 + 0.4°C,
salinity 34, natural photoperiod, and fed ad libitum with
metanauplii and juvenile Artemia until the day before
they were donated.

Upon arrival to the Unidad Piloto de Maricultivos
(UPIMA) of Centro Interdisciplinario de Ciencias
Marinas of the Instituto Politécnico Nacional
(CICIMAR-IPN), the specimens were euthanized by
overexposure in a phenoxyethanol solution. The
digestive tract from 10 specimens was removed and
pooled in a 2 mL Eppendorf tube and kept in an ultra-
freezer at -80°C until the analysis of the digestive
enzymatic activity. Five juveniles were fixed in
Davidson's solution for further histological analysis.

According to the principles in good laboratory animal
care, the transport protocols and sampling procedures
reported in this study followed the Official Mexican
Standard NOM-033-SAG/Z00-2014 "Methods for
killing domestics and wild animals".

Histological and histochemical analysis

The specimens were dehydrated in a graded series of
ethanol in a tissue processor (Leica ASP200 S) and
rinsed with Xylol. Once dehydrated, they were included
in paraplast blocks, and serial sagittal sections (4 pm
thick) were cut with a rotatory microtome (Leica RM
2155). The tissue sections were stained with different
techniques to describe the different histological and
histochemical features of the digestive tract (Pearse
1985): hematoxylin-eosin (Harris) to describe the
general histological structure; alcian blue-periodic
acid-Schiff (PAS) to detect the presence of glycogen,
acid, and neutral mucopolysaccharides; toluidine blue
was used to differentiate neutral mucopolysaccharides;
Sudan black to stain triglycerides and lipids, as well as
lipoproteins; Masson's trichrome for muscle layers and
collagen fibers; and ninhydrin-Schiff for proteins.

Several cellular characteristics were measured in the
histological sections of every esophagus and intestine
segment: enterocytes height (from the basal membrane
to the apical region, including the microvilli) and height
of villi (from the base of the mucosa layer to the top of
the villi, including the enterocytes). After staining, the
sections were observed with an optical microscope
(Olympus BX41). Digital photographs were taken
using a digital camera (Nikon DS-Ril) and analyzed
with Image Pro-Plus software v.9.

For image analysis, in every segment of the
digestive tract, a minimum of 20 histological sections
was observed. For evaluating the enterocyte's height,
1410 and 3120 measurements were made in the
esophagus and the intestine, respectively. In the villi
height, 356 and 1375, measurements were made in the
esophagus and the intestine, respectively.

Enzymatic analysis

The intestines and accessory organs (liver and
pancreas) were homogenized in a single vial with milli-
Q water and different size glass beads in a sample
homogenizer (FastPrep-24™ 5G) at 4 m s™ for 40 s to
prepare the enzymatic extract. The extract was
centrifuged (Eppendorf 5430 R) at 17,949 g for 10 min
at 5°C, and the supernatant was stored in 1.5 mL
aliquots at -80°C for later use. The protein concen-
tration was determined following Bradford (1976), and
the calibration curve was carried out from a standard
solution of bovine albumin (0-0.5 mg mL™%).
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The activity of the digestive enzymes trypsin (EC
3.4.21.4), chymotrypsin (EC 3.4.21.1), a-amylase (EC
3.2.1.1), lipase (EC 3.1.1.3), acid phosphatase (EC
3.1.3.2), and alkaline phosphatase (EC 3.1.3.1) was
evaluated using fluorometric techniques. The
aminopeptidase (EC 3.4. 11.1) activity was detected
using the spectrophotometric method. Trypsin activity
was assessed according to the method reported by
Toledo-Cuevas et al. (2011), using 6 mM of Boc-GIn-
Ala-Arg-7 amido-4 methyl coumarin hydrochloride
(Sigma B4153) at pH 7.4 as a substrate. The
chymotrypsin activity was determined following the
method reported by Rotllant et al. (2008), with 6 mM
of N-succinyl-Ala-Ala-Pro-Phe-7 amido-4 methyl
coumarin (Sigma S9761) at pH 7.4 as a substrate. The
a-amylase activity was assayed following Vega-
Villasante et al. (1993) using 50 mmol L Tris-HCI
buffer (pH 7.5) and soluble starch (1%) as substrate.
The incubation period lasted five min at 25°C. Sodium
carbonate (2N) and dinitro salicylic acid reactive was
added to reveal the reaction mechanism. The reaction
was stopped by boiling it for 15 min. One unit of
enzyme activity was defined as the amount of enzyme
required to increase the optical density of 0.01 units per
minute at 550 nm. The lipase activity was determined
with the method reported by Toledo-Cuevas et al.
(2011), using 50 mM of 4 methylumbeliferol butyrates
(MUB) at pH 8.0 as a substrate. The activity of acid and
alkaline phosphatases was determined using Toledo-
Cuevas et al. (2011) using 6,8-difluoro-4-methylum-
belliferyl phosphate (DiIFMUP) as substrate and
sodium acetate 0.5M at pH 5.0 as a buffer for acid
phosphatase. For alkaline phosphatase, 100mM of
glycine with 1 mM of MgCI2 and 1 mM of ZnCI2 at pH
10.4 was used as a buffer. The aminopeptidase activity
was determined using Maraux et al. (1973) method,
with 0.1 M L-leucine p-nitroanilide at pH 7.0 as a
substrate. The molar extinction coefficient of the
substrate was 8200 L mol™* cm™ at 410 nm. All the
enzymatic activities were expressed as total activity (U
uL™) and specific activity (U mg protein™) according
to Corona-Rojas (2018).

Statistical analysis

The normality of the data was verified with the
Kolmogorov-Smirnov test, while the homogeneity of
variance was determined using Levene's test. Results
were transformed to 1og10 before the ANOVA, but the
means and standard error of untransformed data are
reported. One-way ANOVA was applied to compare
the enterocytes' height and the height of the villi in the
esophagus and intestine. A Tukey post-hoc test was
applied to identify the interactions between the
treatments. The level of significance was P < 0.05.

StatisticaTM v.12 software was used for the statistical
analysis of the data.

RESULTS

The digestive tract of Hippocampus ingens was divided
into the esophagus, intestine, and accessory glands
(liver and pancreas). The intestine was arranged in
several folds; the liver surrounded the anterior intestine
while the pancreas was diffused around the intestine
and liver. Histologically, the digestive tract is
composed of four main layers arranged concentrically
from the inside out into the mucosa layer lined with
epithelial cells, the submucosa layer consisting of
connective tissue and blood vessels, the muscular layer
formed by muscle fibers of the smooth or striated type
and the adventitia layer composed of connective tissue.
Several structural differences between the digestive
tract segments were observed, which allowed the
identification of different segments in the esophagus
and the intestine (Fig. 1).

Esophagus

Based on its general structure, two regions were
distinguished in the esophagus: the anterior and the
posterior. In the anterior esophagus, the mucosa layer
was composed of columnar epithelium with numerous
goblet cells (Figs. 2a,c,d) with a positive reaction for
alcian blue-PAS presence of acid mucins (Fig. 2d). The
submucosa layer comprises connective tissue and blood
vessels, and the muscular layer was formed by striated
muscular fibers (Fig. 2c). In the posterior esophagus,
the muscular layer presented skeletal striated muscle
surrounded by connective tissue, also known as
perimysium (Fig. 2b) The mucosa layer was composed
of columnar epithelium, and no goblet cells were obser-

a

Figure 1. General scheme of the digestive tract in juvenile
Pacific seahorse Hippocampus ingens, showing the
a) anterior esophagus, b) posterior esophagus, c) anterior
intestine, d) medium intestine, d) posterior intestine.



568

Latin American Journal of Aquatic Research

. e — o e
a| e e |
7 2 . - e~ o\ %
o wy ,2 4 N
Va “A |4 s ‘\\ ot —§ 3 \
A .‘q vy, m
|t 2 - .
E’&*»‘:Tﬂfm- « Y a
Wt AT “ 5 >
g Sy ﬂ'— » e A g % % o
P‘-.\‘ Ty ” e Y R mu >, 3 l
t";"':&\ € . \ i .‘f\d 4 ~ =%
RS e "™ =3 em
> 5
c o 4 Nea
| > oint > N
Y v e o -9,
" N £ 7 Q "‘? |
oy Bgsm e 4 / - ]
S ‘,", " <
t, (%) ’- > 4 e |
ﬂ » \ p m \.'D"b mu
4 e L o
Y./ \ > u 24
e v 5 sm /’ > 4 LY
N ‘f@'v’ S— [}
e mu ’

Figure 2. Transverse sections of the a-b) anterior and c-d) posterior esophagus of juvenile Pacific seahorse Hippocampus
ingens. a) Anterior esophagus with the presence of goblet cells (arrows) in the mucosa layer. hematoxylin-eosin; b) posterior
esophagus without goblet cells in the mucosa layer (arrows). The arrowhead signals the perimysium. hematoxylin-eosin;
c) The mucosa layer in the anterior esophagus is composed of goblet cells (arrows). The arrowhead signal the microvilli
and the asterisks the nucleus of the epithelial cells. hematoxylin-eosin; d) anterior (right) and posterior (left) mucosa of the
esophagus. No goblet cells are located in the posterior region. The arrows indicate the goblet cells in the anterior region
positively stained. Alcian blue-PAS. m: mucosa layer, sm: submucosa layer, mu: muscular layer.

ved (Fig. 2d). The outermost layer was the adventitia
consisting of loose connective tissue (Fig. 2d). The
epithelial cells were significantly taller (13.29 £ 0.09
um) in the anterior esophagus when compared with the
ones of the posterior esophagus (11.03 + 0.13 pm).
Likewise, the height of the villi in the anterior
esophagus showed significantly (P < 0.05) higher
values (123.39 + 1.74 pm) compared to the posterior
esophagus (91.85 + 2.47 um).

Intestine

Based on the histological features of the mucosa layer
like the mucous secretion by the goblet cells, the size
and form of the villi, and the height of the enterocytes,
three intestinal regions were distinguished: anterior,
middle, and posterior. The mucosa layer in all the
intestinal regions showed the same arrangement, being
lined with simple columnar epithelium with a well-
developed brush border. The submucosa and muscular
layers of these three segments had the same structure:
the former was composed of a dense layer of connective
tissue with blood vessels, while the latter was formed
by a thick layer of smooth muscle fibers.

The anterior intestine had a mucosa with mucous
cells positively stained with alcian blue-PAS denoting
the secretion of acid and neutral mucopolysaccharides
(Fig. 3a). The presence of supranuclear vacuoles in the

apical part of the enterocytes stained with Sudan black
exposed the existence of triglycerides (Fig. 3b).

The middle intestine showed numerous goblet cells
of the acidic type positively stained with alcian blue-
PAS (Fig. 3c). The villi in the middle intestine were
larger and thinner than those of two other regions of the
intestine (Fig. 3d).

In the posterior region of the intestine, goblet cells
with a mucous acid secretion positively stained blue
with alcian blue-PAS were also present (Fig. 3e). Villi
in the posterior intestine were present in fewer numbers
than in the other intestinal sections. The muscular layer
in the posterior region was the thickest of the three
intestinal regions (Fig. 3f). The histological measure-
ments in the three intestine regions are presented in
Table 1. The highest villi were observed in the middle
intestine (100.88 + 1.33 um), and the mucosa of the
posterior intestine showed the highest values of the
enterocytes height (13.49 = 0.07 um) (Table 1).

Enzymatic activity

The specific and total enzymatic activities are shown in
Table 2. Alkaline and acid phosphatases and lipase
showed the highest specific and total activities, while
aminopeptidase and chymotrypsin showed the lowest
(Table 2).
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Figure 3. Transverse sections of the a-b) anterior, c-d) medium and e-f) posterior intestine of juvenile Hippocampus ingens.
a) Presence of goblet cells in the mucosa layer stained with Alcian Blue-PAS denoting the secretion of acid (arrows) and
neutral (circle) mucins, b) vacuoles positive for Sudan Black in the supranuclear region of the enterocytes (arrows), denoting
the presence of triglycerides, ¢) goblet cells with an acidic-type secretion positively stained with Alcian Blue-PAS (arrows),
d) intestinal villi, larger and slightly thinner than the other regions of the intestine (hematoxylin-eosin, Harris), note the
presence of goblet cells with a negative reaction to H-E (asterisks), €) goblet cells (arrows) in the posterior intestine with
an acidic mucous secretion positively stained to Alcian Blue-PAS, f) structure of the posterior intestine (Masson's
Trichrome) with smaller and fewer villi and few goblet cells. m: mucosa layer, sm: submucosa layer, mu: muscular layer.

Table 1. Enterocytes height and villi height in the anterior, middle, and posterior regions of the intestine (mean + standard
error) (n = 5132 and 1732, respectively) of juvenile Hippocampus ingens. Different superscript denotes significant
differences between intestinal segments at P < 0.05.

Intestinal segment  Enterocytes height (um)  Villi height (um)

Anterior 12.6 +0.09° 94.0 +£0.9°
Middle 12.6 £0.07° 100.8 +1.32
Posterior 13.4+0.72 98.9+1.0%
DISCUSSION regions that distinguished two regions in the esophagus

and three regions in the intestine. The absence of

The histological structure of the intestine of stomach in H. ingens is a common feature in other

Hippocampus ingens resembles the one described in
many other agastric teleosts, including other seahorses
like the big-belly seahorse H. abdominalis (Wardley
2006), the long-snouted seahorse H. guttulatus (Palma
et al. 2014), and the long shout seahorse H. reidi
(Novelli et al. 2015). The general pattern of four tissue
layers in the digestive tract is present in H. ingens.
However, some differences were detected among

seahorses (Wardley 2006, Palma et al. 2014, Novelli et
al. 2015, Segade et al. 2016) and some teleost species
as well (Logothetis et al. 2001, Horn et al. 2006, Wilson
& Castro 2011).

Unlike other species where the stratified epithelium
in the esophagus protects it against mechanical
abrasions, and the invasion of microorganisms as food
enters the digestive tract (Vieira-Lopes et al. 2013,
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Table 2. Total and specific enzymatic activity (mean + standard deviation) of juvenile Hippocampus ingens.

Total activity ~ Specific activity
Enzyme (UpL?h (U mg protein™)
Proteases:
Aminopeptidase 6.2+0.2 1.4+0.05
Chymotrypsin 206+2.1 47+05
Trypsin 261.2+20.2 59.5+ 4.6
Amylase 39.3%£55 0.001 £0.01
Lipase 1791.0 + 152.6 408.2 + 34.8
Phosphatases:
Acid phosphatase 1074.5+84.0 2449+19.1
Alkaline phosphatase  2115.1 +104.1  482.1+23.7

Dos-Santos et al. 2015), in H. ingens, only villi lined
with simple columnar epithelium is present. The villi of
the anterior esophagus of H. ingens are taller and
visually thinner than in the posterior region; the
posterior esophagus is narrow, and the villi are short. A
similar structure of the esophagus has been reported in
the large yellow croaker Pseudosciaena crocea (Mai et
al. 2005), the common dentex Dentex dentex
(Carrasson et al. 2006), and the Antalya minnow
Pseudophoxinus antalyae (Cinar & Senol 2006).
However, in the western tubenose goby, Proterorhinus
semilunaris, an inverse pattern was reported (Wotczuk
et al. 2014). Only the anterior esophagus of H. ingens
shows a large number of goblet cells secreting
glycoproteins, which have been reported in other fish
species (Gémez-Ramirez et al. 2010, Cohen et al. 2013,
Guzman-Beltran et al. 2013, Nazli¢ et al. 2014, Dos-
Santos et al. 2015). The posterior esophagus has a
greater muscle layer. This arrangement in the
esophagus implies that the anterior esophagus functions
as a food lubricant due to the presence of goblet cells
and also as the first barrier against bacteria due to the
immune function reported of the mucus secreted by
these cells (Nazli¢ et al. 2014, Cardoso et al. 2015)
while the posterior esophagus functions as a food
transporter to the intestine with the large muscular area
present covering the functions of an esophageal
sphincter (Mai et al. 2005, Zhang et al. 2016).

Three intestinal regions were distinguished in H.
ingens; anterior, middle, and posterior. The presence of
villi and goblet cells is a typical intestinal feature
increasing the number of enterocytes and, conse-
quently, the absorptive area. In H. ingens, the villi are
larger in the middle and posterior regions than in the
anterior region. In other teleost species, the largest
intestinal villi are reported in the anterior region as an
adaptation to increase the absorption surface
(Zambonino-Infante et al. 2008, G6mez-Ramirez et al.
2010). According to the intestinal region, the presence

of goblet cells along the intestine of H. ingens varies in
terms of proportion and type of secretion (Neuhaus et
al. 2007). In the anterior region, goblet cells are
abundant with acidic and neutral secretions (mucopoly-
saccharides). In the middle and posterior regions, only
goblet cells with the secretion of acid mucins (acid
mucopolysaccharides) are present. In most fishes,
goblet cells with the secretion of the neutral type are
reported in the anterior region of the intestine. In
contrast, goblet cells with acid-type mucins are
observed in the posterior region (Ribeiro et al. 1999,
Carrasson et al. 2006, Banan-Khojasteh et al. 2009,
Cohen et al. 2013, Herndndez et al. 2014, Teles et al.
2017). The neutral mucins and the alkaline phosphatase
activity act together in the digestion and absorption in
the intestinal mucosa (Murray et al. 1996, Sarasquete et
al. 2001). At the same time, the presence of acid mucins
in the intestine has been associated with different
functions (Gisbert et al. 2013). A physical barrier
against abrasion and lubricant during food transit by the
intestinal peristalsis (Gisbert et al. 2013). They have
also been associated with the osmotic regulation in
seawater teleosts (Domeneghini et al. 1998). The
presence of sialic acid in the acid mucins has been
associated with the protection against viruses and
bacteria by preventing the recognition of their receptors
in the intestinal mucosa (Gisbert et al. 2004, Nazli¢ et
al. 2014). In the posterior intestine, the acid mucins
have been related to the evacuation process (Shi et al.
2007), while the neutral mucins are responsible for
neutralizing pH and protecting the intestinal mucosa
(Manjakasy et al. 2009).

The presence of supranuclear vacuoles positively
stained with Sudan black in the enterocytes of the
anterior intestine of H. ingens denotes lipid absorption
and a mechanism of temporary storage of lipids in the
enterocytes, which have also been reported in larval and
juvenile teleosts (Sarasquete et al. 1995, Wegner et al.
2009, Yang et al. 2010). However, some authors have
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considered lipid vacuoles in the enterocytes of the
anterior intestine as a deficiency of lipid transport in the
early developmental stages of fishes (Mai et al. 2005,
Chen et al. 2006). The muscle thickness in the anterior
intestine of H. ingens suggests weaker peristaltic
movements and a longer time in the passage of food
(Gomez-Ramirez et al. 2010) since the posterior
intestine presented greater muscle thickness than the
middle and the anterior regions.

In H. ingens, the proteolytic activity relies mainly
on alkaline proteases due to the lack of a stomach and
the acid proteolysis by the presence of HCI and pepsin.
Additionally, intestinal pinocytosis of polypeptides in
the posterior intestine followed by intracellular
digestion has been reported as a mechanism in different
species to compensate for the absence of a stomach
(Govoni et al. 1986, Ng et al. 2005, Zhang et al. 2016).
In the case of H. ingens, the lack of pinocytotic vesicles
in the posterior intestine may be due to the starvation
condition of the studied individuals, which were not fed
for at least 24 h before this study. All the enzymatic
activities tested were present, indicating that H. ingens
have a complete enzymatic spectrum to properly digest
the major nutrients in their diet (i.e. protein, lipids, and
carbohydrates) by the action of pancreatic enzymes
secreted into the intestinal lumen (trypsin, chymotryp-
sin, amylase, and lipase, respectively). Additionally,
the activity of enzymes found in the intestinal mucosa
(acid and alkaline phosphatases, aminopeptidase)
suggests the presence of fully functional enterocytes in
the intestines. Indeed, acid and alkaline phosphatase
has been associated with the maturation of the
enterocytes of the digestive tract and the complete
development of the absorptive function in the intestinal
epithelium (He et al. 2012, Zacarias-Soto et al. 2013,
Novelli et al. 2016).

Trypsin is an endopeptidase secreted from the
pancreas into the intestine as an inactive form. It is
activated by enterokinase in the intestine, and in turn, it
is responsible for the activation of other digestive
enzymes (Zambonino-Infante & Cahu 2001). The
trypsin activity in H. ingens was higher than the other
protease enzymes analyzed (aminopeptidase and
chymotrypsin). Also been reported in other seahorses
like H. abdominalis (Wardley 2006) and H. guttulatus
(Blanco et al. 2016) and many other teleost species
before the presence of pepsin activity in the stomach
when the acid proteolytic activity becomes the main
mechanism for protein hydrolysis (Bitterlich 1985,
Logothetis et al. 2001, He et al. 2012, Moguel-
Hernandez 2015). Chymotrypsin is another pancreatic
protease secreted as an inactive form in the pancreas,
and it is then activated by trypsin in the intestine. It has
been proposed that chymotrypsin activity complements

trypsin (Zambonino-Infante & Cahu 2001). Its presence
from early age coincides with the development of the
functional pancreas (Rennestad et al. 2013).

Additionally, the presence of chymotrypsin has
been proposed as an indicator of the nutritional status
and the growth capacity of fish (Cara et al. 2007). The
levels of activity of trypsin may be related to the
feeding habits of the seahorses, which are considered as
visual opportunistic carnivorous predators, feeding on
small animals like amphipods, copepods, mysids, and
caridean shrimp (Woods 2003, Planas et al. 2017).
Despite the absence of a stomach and the concomitant
acid digestion, the alkaline proteolytic activity of the
Pacific seahorse represented by trypsin and
chymotrypsin suggests an efficient mechanism for
protein digestion by this species. However, further
studies are necessary to evaluate the effect of food
quality and protein concentration on the proteolytic
capacity of the juvenile Pacific seahorse.

The activity of aminopeptidase in H. ingens showed
extremely low values and almost undetectable
concerning the rest of the digestive enzymes analyzed.
This low activity has been observed in some
stomachless herbivorous and carnivorous fishes like the
topsmelt silverside Atherinops affinis (Horn et al. 2006)
and the Buffon's river-garfish Zenarchopterus buffonis
(Zainal-Abidin et al. 2016), respectively. Aminopep-
tidase is an enzyme found in the microvilli membrane
of intestinal cells. However, it has also been found in
the cytoplasmic organelles and vesicles of epithelial
cells. And it has been used as markers to differentiate
enterocytes and their absorptive function (Gawlicka et
al. 1995, Tengjaroenkul 2000, Cota-Mamani 2016). It
has also been mentioned that an increase in this enzyme
activity occurs with food in the digestive tract (Moguel-
Hernandez 2015). In this sense, the H. ingens
specimens used in this study were starved for 24 h
before the study, which could explain the low activity
of aminopeptidase in their digestive tract. Additionally,
the use of a homogenate of the digestive tract and not a
dissected section of the intestinal mucosa may
influence the result as reported in other studies
(Zambonino-Infante & Cahu 2001)

Lipase is one of the most important enzymes for
lipid digestion and is reported in H. abdominalis
(Wardley 2006). The high lipase activity in juveniles of
H. ingens suggests a higher requirement of lipids during
this developmental stage. Amylase is a carbohydrase
secreted by the exocrine pancreas into the intestine,
hydrolyzing alfa bounds in carbohydrates. Its presence
is an indicator of the maturation of the pancreas (Blanco
et al. 2016, Zainal-Abidin et al. 2016). In several fish
species, it has been observed that amylase activity is
high during the early stages of development, giving
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them the ability to digest carbohydrates; however, the
activity decreases progressively as the fish develops
into a juvenile (Zambonino-Infante & Cahu 2001). In
other species, the amylase activity increases towards
the end of the larval period (Ma et al. 2005, Babaei et
al. 2011). The detection of amylase in juvenile H.
ingens showed that it could digest carbohydrates,
though more studies are necessary to evaluate its
variation during development.

In conclusion, juveniles of H. ingens present a well-
developed digestive system. No stomach is present. In
the anterior esophagus and the middle intestine, there is
a greater presence of goblet cells of acidic type and
higher villi, attributing them a lubricative and an
immune function and a larger absorptive surface in the
intestine. In the posterior esophagus and the posterior
intestine, the thickness of the muscle suggests more
active peristalsis. The enzymatic activity detected show
that H. ingens has complete enzymatic machinery to
digest the major nutrients in the food and the high-level
lipase activity suggest a high lipid requirement by H.
ingens. However, further research is needed to gain
more knowledge regarding the digestive physiology
and nutritional requirements during the development of
H. ingens.
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