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The cardinal tetra Paracheirodon axelrodi is a species of the family Characidae of
great interest as an ornamental fish. Many aspects of the biology of this species are
still unknown. The present work presents a complete description of the different
components of the digestive tract of P axelrodi, analyzing its global anatomical
arrangement, the adjacent glands (liver and pancreas) and the previously ignored
pyloric caeca, using histological and histochemical techniques with light
microscopy and scanning electron microscopy. Three levels of analysis were
performed: macroscopic anatomy, histology of the gastrointestinal tract and
scanning electron microscopy of mucosal surfaces. The intestinal coefficient (Ci)
of P axelrodi calculated here (0.94) is within the expected range for a carnivorous
species. The anatomy of the alimentary and the resulting Ci is consistent with
carnivorous diet in line with dietary studies in the wild in this species. The
digestive tract, including adjacent glands (liver and pancreas), presented a
relatively conserved general pattern within that described for other species of the
family Characidae, especially at the histological level.

Keywords: Cardinal tetra, Carnivorous diet, Intestinal coefficient, Histology,
SEM.
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Digestive tract in cardinal tetra

El tetra cardenal Paracheirodon axelrodi es una especie de la familia Characidae de
gran interés como pez ornamental. Muchos aspectos de la biologia de esta especie
son atin desconocidos. En este trabajo se presenta una descripcién completa de
los diferentes componentes del tracto digestivo de P axelrodi, analizando su
disposicién anatémica global, las glindulas adyacentes (higado y pancreas) y la
presencia de ciegos pil6ricos, mediante técnicas histolégicas e histoquimicas con
microscopia 6ptica y electrénica de barrido. Se realizaron tres niveles de andlisis:
anatomia macroscépica, histologia del tracto gastrointestinal y microscopia
electrénica de barrido de las superficies mucosas. El coeficiente intestinal (Ci) de
P axelrodi calculado aqui (0,94) estd dentro del rango esperado para una especie
carnivora. Los estudios anatémicos del tracto alimentario y el Ci son consistentes
con una dieta carnivora en linea con los estudios de la dieta en ejemplares
silvestres en esta especie. El tracto digestivo, incluyendo las glindulas adyacentes
(higado y pancreas), presenté un patrén general relativamente conservado dentro
de lo descrito para otras especies de la familia Characidae, especialmente a nivel
histolégico.

Palabras clave: Cardenal tetra, Coeficiente intestinal, Dieta carnivora, Histologia,
MEB.

INTRODUCTION

In recent years, the Digestive tract (DT) of teleost attracts considerable interest because
of its anatomical diversity related to dietary habits. Therefore, the gross morphology
and histology of DT has long been a topic of research, either from a purely descriptive
point of view (Al-Hussaini, 1946; Hale, 1965; Clarke, Witcomb, 1980; Sis et al.,
1979; Morrison, Wright, 1999), or in association with the eating habits of the study
species (Sinha, 1976; De Silva er al., 1980; Albrecht er al., 2001; Rodrigues et al., 2006;
Hanke et al., 2008; Alabssawy et al., 2019). Currently, the existing information on the
neotropical ichthyofauna, the most morphologically diverse group of all extant species
(Vari, Malabarba, 1998), is still scarce, and even more so, the descriptive information
for many South American species. That is why this kind of study could provide crucial
information for the reproduction and conservation of species (Santos ef al., 2015).

The DT in fish shows a remarkable diversity in terms of morphological and
functional characteristics, associated with different feeding habits, taxonomy, as well
as body weight, size, and sex (Kapoor e al., 1975; Diaz et al., 2008; Banan Khojasteh
et al., 2009). Its functions include digestion, nutrient absorption, hormone secretion
and immune protection. The DT comprises distinct portions: the oral cavity, the
pharynx, the esophagus, the stomach pyloric caeca, the intestine, and pancreas and
liver as accessory glands of DT (Banan Khojasteh, 2012). Al-Hussaini (1946) described
that the shape of the teeth shows a correlation with the type of diet. For example, the
carnivorous fish Gobio gobio (Linnaeus, 1758) has biserial hooked teeth, the omnivorous
fish Rutilus rutilus (Linnaeus, 1758) has uniserial teeth, some of which are hooked, while
the herbivorous fish Cyprinus carpio Linnaeus, 1758 has three rows of teeth converging
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towards each other forming a stud-like ‘molariform’ prominence. Both, the relative
overall size of the pharyngeal jaws as well as the muscles associated to them are best
developed in herbivorous and least in carnivorous, while the hardness of the horny pad
is also in direct relationship to the amount of plant food ingested (Al-Hussaini, 1946;
Albrecht er al., 2001; Xiong ef al., 2011).

Also, the DT can show a remarkable difference in the pyloric caeca which can vary in
position, size, and number. Houssain, Dutta (1998) observed that the greater the caecum
size, the better its functional efficiency. In this sense, species with shorter intestines
should have either more or larger pyloric caeca (Albrecht er al., 2001). Similarly, the
stomach in the teleost presents a variety of different morphologies (Feist, 2009). In some
teleost species, the entire stomach appears as a tube of uniform diameter with no marked
anatomical differences between the esophagus and stomach. In others, it is described
as a round and muscular structure situated at the end of the esophagus. While in some
species, the stomach can be divided into a cardiac and a pyloric part and possesses a blind
sac of variable size. In other families can be completely absent (Cyprinidae, Labridae,
Gobiidae, Scaridae, Cyprinodontidae, some Poeciliidae) (Albrecht er al., 2001; Feist,
2009; Xiong ef al., 2011).

The DT structure can vary too according to the nature of the fish diet; it can be
quite short in carnivorous species (20% of body length), or much longer in herbivorous
species (20 times body length) (Banan Khojasteh, 2012). The intestinal coefficient (Ci)
is widely used to classify species into trophic categories, and in fact can help situate
species in broad categories (Albrecht er al., 2001; Becker et al., 2010). A general pattern
can be extrapolated from several studies on distantly related species (Barbieri er al.,
1994) or within the same family (Fryer, Iles, 1972). Accordingly, high Ci values group
herbivorous species, whereas intermediate values are associated with omnivores, and
low values with carnivores (Ward-Campbell er al., 2005; Becker et al., 2010).

The pancreas and liver are two important organs which take part in digestion. The
structure of the liver varies considerably among teleost species, in direct relationship to
sex, age, available food (especially regarding glycogen and fat content), temperature,
and with endocrine influences strongly connected to the environmentally regulated
breeding conditions (Feist, 2009). The liver is usually a compact structure and is in the
first third of the abdominal cavity. It can be unilobed, multi lobed, without distinct
lobes or with an irregular pattern of cells (Rocha er al., 1994; Ribeiro, Fanta, 2000;
Hernandez et al., 2009).

There are two general basic types of fish livers: those that contain pancreatic
tissue versus those that do not. Fish livers with exocrine pancreatic tissue are often
called “hepatopancreas”. The pancreas is generally diffusely spread within the fat and
mesenteries that connect the intestine, stomach, liver, and gallbladder. It can also form
a discrete organ like in the Chondrichthyans (Langer ef al., 1979; Rombout, Taverne-
Thiele, 1982; Ribeiro, Fanta, 2000). The pancreas of teleost has exocrine cells as well as
endocrine cells that are organized as Islets of Langerhans or Brockman’s bodies (Ribeiro,
Fanta, 2000; Feist, 2009).

The neotropical fish studied in this work is the cardinal tetra Paracheirodon axelrodi
(Schultz, 1956), a small member of the Characidae family that lives in the Orinoco,
and Rio Negro basins. The Characidae family, with more than 1245 described species,
is the most diverse among Neotropical fish and the fourth most diverse in the world
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(Fricke er al., 2022). The great morphological and behavioral diversity observed in
this family is related to the variety of environments that they inhabit (Mirande, 2010).
Paracheirodon axelrodi is a non-migratory freshwater fish, which generally lives in shoals
in the middle water layers with temperatures between 23°C and 27°C (Anjos, Anjos,
2006; Brito, Bazzoli, 2009). The cardinal tetra exhibits high market value and growing
global importance for ornamental aquaculture. It is important both ecologically and
economically, being the most abundant species (21%) in the middle basin of the Rio
Negro (Evers ef al., 2019).

Goémez-Ramirez et al. (2011) made a preliminary description of the digestive tract
of P axelrodi, reporting the absence of pyloric caeca for this species. This work aims to
expand the description presented by Gémez-Ramirez ef al. (2011), whence, the main
objective is to describe the different components of the digestive tract of P axelrodi,
analyzing their global anatomical arrangement, and the adjacent glands (liver and
pancreas). This paper contributes to the knowledge of the digestive system in P, axelrodi,
adding the relation of the anatomical and histological structures of the DT with dietary
studies in the wild indicate that it feeds on mesofauna that adhere to submerged leaf
litter, roots and aquatic plants (Walker, 2004).

MATERIAL AND METHODS

Animals. Sixteen adults of P axelrodi (eight males and eight females) were obtained
from commercial aquariums in Buenos Aires that import specimens from Manaus,
Brazil. Animals were housed in 50 liters aquaria mimicking their natural conditions:
26-28 °C, pH of 5.0-6.0, constant photoperiod (14L: 10D). Fish were fed twice daily
with commercial food for tropical fish (Tetracolor granules®), containing 47.5% crude
protein (min), ether extract 6.5% (min), 2% crude fiber (max), calcium 2.5% (max), 1.5%
phosphorus (min), 14% ash (max), vitamin C 100 mg/kg. All fishes were acclimatized
for at least one week before analysis.

Animals with a standard length (SL) of 2.07 (mean) + 0.12 (standard deviation) cm, a
total length (TL) of 2.57 + 0.13 cm and a weight of 0.26 £ 0.05 g, were used. Three levels
of analysis were performed: gross anatomy (n = 6, 3 males and 3 females), histology of
the digestive tract (n = 10, 5 males and 5 females) and scanning electron microscopy
(SEM) (n = 4, 2 males and 2 females) of mucosal surfaces. All animals were anesthetized
with 0.1 g/l of benzocaine (Scherck, Moyle, 1990), and euthanized by decapitation.
The sections of the body were fixed in Bouin solution for 24 h at 4°C in the dark
and subsequently transferred to ethanol 70%. Voucher specimens are deposited at the
Ichthyological collection of the Museo Argentino de Ciencias Naturales “Bernardino
Rivadavia” (MACN—Ict 12710), Buenos Aires, Argentina.

Gross anatomy. Animals (n = 6) were dissected under a Leica EZ4D stereomicroscope
after euthanization. Dissections consisted of an opening along the midline of the
ventral surface of the abdominal cavity. Afterwards, body walls were removed, and the
esophagus was sectioned in its anterior portion to free the digestive tract, liver, pancreas,
and gas bladder. Pictures were taken using a Nikon D3200 digital camera equipped
with a macro lens attached to the stereomicroscope.
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For each specimen, the total length (TL; cm), standard length (SL; c¢m), body
weight (W; g) and intestine length (IL; cm) were recorded. Subsequently, the intestinal
coeficient (Ci) was calculated using the equation: Ci = IL/SL. The enhanced image-
analysis software Fiji was used to measure the IL (cm). This Software is freely available
and can be downloaded via the link http://Fiji.sc/Downloads). Results are presented as
mean + standard deviation (M + SD).

Histology. Full bodies (n = 10) were dehydrated through an ascending ethanol series,
clarifiedin xylene, and embedded in Paraplast® (Sigma). Embedded bodies were sectioned
at 7 pm thickness (transversely and longitudinally oriented) and mounted on gelatin-
coated glass slides. Then, sections were deparaffinized in xylene, rehydrated through a
descending series of ethanol concentration, and stained with Masson Trichromic (MT),
Periodic Acid-Schiff (PAS) and Alcian Blue pH 2.5 (AB). The histochemical analysis
was performed in a qualitative way, based on the staining intensity. Finally, sections
were mounted in DPX (Sigma), examined using a Zeiss Primo Star microscope, and
digitally photographed with a Canon PowerShot A640 camera.

Scanning Electron Microscopy (SEM). For SEM, portions of the stomach and
intestine were cut longitudinally to expose its mucous surface. The tissues were fixed
in Bouin solution for 24 h at 4°C, dehydrated in a series of increasing concentrations
of ethanol (70, 90, 96, and 100%, for 30 min in each bath). Then, samples were critical
point dried in CO, using an EMS 850, Electron Microscopy Science. The tissues were
coated with gold using a Quorum Technologies SC 7620, examined with an electron
microscope, Philips XL 30, and pictures were obtained with an Olympus PM10AD
photomicrographic system.

RESULTS

Gross anatomy. The DT of Paracheirodon axelrodi consists of the oropharyngeal
cavity, esophagus, stomach, pyloric caeca, intestine, and the associated glands: exocrine
pancreas, and liver. Head and snout are relatively short, the mouth showing a terminal
position and narrow opening, with a single row of five premaxillary teeth and single
maxillary tooth, each with five cusps as previously observed by Weitzman, Fink
(1983). The digestive tract (DT) was made up of four macroscopically different parts:
esophagus, stomach, pyloric caeca, and intestine (Fig. 1A). The esophagus was a short
rectilinear tube with a thick and elastic wall, which extended from the posterior end of
the buccopharyngeal cavity to the anterior cardiac region of the stomach. The stomach
was a big muscular u-shaped siphon (Fig. 1B).

The presence of six pyloric caeca marked the beginning of the intestine, this being
the longest portion of the DT. The most anterior portion of the intestine presented the
first curve (1) dorso-lateral (Fig. 1B), to the right side of the stomach. In this section,
there were six pyloric caeca (Fig. 1A), which are blind-bottomed evaginations located
perpendicular to the intestinal tube, with an interior lumen. In the second curve (2),
the intestine was followed by a posterior extension that lay over the stomach. From
this point posteriorly, it developed in an antero-dorsal direction, on the left side of
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the stomach (Fig. 1B). Afterwards, the intestine was followed by a third curve (3) in
a postero-ventral direction (Fig. 1B). From the third curve, the intestine projected
posteriorly beyond the second curve. It was not possible to distinguish macroscopically
where the intestine ends and where the anus begins (Figs. 1A,B).

Intestinal folds were observed under a stereoscopic microscope by transparency of
the wall of the digestive tract. The liver was in the anterior third of the abdominal cavity
and had an irregular shape. Regarding the pancreas, it was not possible to observe it
macroscopically since it is diffuse within the liver in this species. The digestive tract of
P axelrodi was 2.07 + 0.12 ¢m in length and had an Ci of 0.94 + 0.01.

] Esophagus
[] Stomach

[ Intestine

[ pyloric caeca

FIGURE 1 | Paracheirodon axelrodi, anatomical arrangement of the digestive tract. A. Left lateral view
of the digestive tract under stereoscope showing pyloric caeca (Pc), stomach (St), intestine (i), hindgut
(h). B. Schematic representation of the left lateral view of the digestive tract showing the curvatures
of the intestine. The most anterior portion of the intestine presents the first dorso-lateral curve (1),
from which the six pyloric caeca are observed. At the second curve (2), the intestine was followed by a
posterior extension that lay over the stomach. From this point posteriorly, it developed in an antero-
dorsal direction, on the left side of the stomach. The intestine is followed by a third curve (3) in a postero-

ventral direction. a - p, antero-posterior axes.
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Histology and Scanning Electron Microscopy (SEM)

Mouth and Pharynx. The mouth and pharynx presented a mucosa with a stratified
squamous epithelium and the lamina propria was formed of loose connective tissue. The
muscular layer was composed of striated muscle fibers. In the oral cavity, the fibers
were arranged in at least three layers with longitudinal and transversal orientations.
In the pharynx, two fiber layers were observed, an inner circular layer and an outer
longitudinal one. Pharyngeal teeth were observed too, as well as taste buds (Fig. 2A).
The alimentary canal showed a four-layered general structure: mucosa, submucosa,
muscularis, and serosa. The muscularis mucosa was not detected.

Esophagus. The esophagus presented a mucosa with many folds, composed by a
pseudostratified epithelium with abundant mucous cells (Figs. 2B,C). The epithelial
mucous cells had PAS-positive cytoplasm, suggesting the production of neutral mucins.
The lamina propria was formed of loose connective tissue, surrounded by a muscular
tunica, with an inner longitudinal and an external circular layer of striated muscle fibers
(Fig. 2C). The striated muscle fibers continued into the first portion of the stomach.

Stomach. The mucosa in the stomach was composed of a simple columnar epithelium
(Fig. 3A), which was PAS-positive only in the apical portion. Under SEM, the epithelial
cells showed a polyhedral surface (Figs. 4A,B). The lamina propria was formed of a thin
layer of dense connective tissue. In the most anterior portion, the stomach presented
short tubular-acinous glands (Fig. 2D). In the medial portion, the fundic stomach
showed ramified tubular glands surrounded by a loose connective tissue and a dense
septum of connective tissue (Figs. 2E,F,G). The gastric glands consisted of oxintopeptic
cells (Pig. 2F). In the most caudal portion of the stomach, the pyloric stomach, was
characterized by a great development of the smooth muscle and lack of acinous glands
(Fig. 3A). The muscular layer at this point contained two sublayers of smooth muscle,
except for the most anterior portion which had striated muscle. The orientation of the
inner layer of smooth muscle was circular, while the orientation of the outer layer was
longitudinal. The serosa layer consisted of dense connective tissue and blood vessels,
and, externally, presented a layer of mesothelial squamous cells.

Pyloric caeca and intestine. In the first portion of the intestine, after the stomach, six
pyloric caeca were observed which were histologically like the rest of the intestine.
The pyloric caeca were characterized by a mucosa that consisted of a simple columnar
epithelium with many deep folds and a thin layer of connective tissue under the
epithelium, which in turn was surrounded by a thin layer of smooth muscle (Fig. 3B).
The intestine was characterized by a simple columnar epithelium too, with a brush
border and mucus secreting goblet cells. The brush border and the secreted mucus
were also observed under SEM (Figs. 4C,D). Goblet cells had a cytoplasm filled with
glycoconjugates that were stained strongly with PAS and AB pH 2.5 (Figs. 3C,D,F).
These cells were interspersed between epithelial cells, both in the intestine and in the
caeca (Tab. 1). The serosa layer was composed of a thin layer of connective tissue and
a cubical mesothelium.
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FIGURE 2 | Histological sections of the digestive tract of Paracheirodon axelrodi, stained with Masson Trichrome. A. Longitudinal section of
pharynx, showing a mucosa with a stratified squamous epithelium (SS) and underneath this, a layer of loose connective tissue and a thin inner
circular layer and an outer longitudinal layer of striated muscle (StM). Pharyngeal teeth (arrows) and taste buds (arrowheads) were observed.
B. Cross section of the esophageal mucosa with multiple foldings, composed by a pseudostratified epithelium (PE) and abundant mucous cells.
A layer of loose connective tissue was observed, surrounded by a muscular tunica with an inner longitudinal and an external circular layer of
StM. C. Detail of B showing pseudostratified epithelium (PE) with abundant mucous cells, a dense septum of connective tissue and external
circular layer of StM. D. Transverse section of the first portion of the stomach. where a simple columnar epithelium (CE) formed by a layer of
secreting mucus cells, short gastric glands (GG) and a circular layer of StM are observed. E. Transverse section of the fundic stomach which
presents a simple columnar epithelium (CE) and long ramified gastric glands (GG) surrounded by a loose connective tissue. The muscular layer
at this point contained two sublayers of smooth muscle (SM), a circular inner layer and an outer longitudinal layer. F. Detail of E showing GG
composed by oxintopeptics cells (black arrow). G. Detail of E showing CE as a layer of secreting mucus cells. Asterisk, loose connective tissue;

CE, simple columnar epithelium; GG, gastric glands; PE, pseudostratified epithelium; SM, smooth muscle; StM, striated muscle.
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FIGURE 3 | Histological sections of the digestive tract of Paracheirodon axelrodi, stained with Masson Trichrome (MT) (A,B,F,G), Periodic Acid-
Schiff (PAS) (C) and Alcian Blue (AB) (D,E). A. Cross section of the pyloric portion of the stomach, showing the CE mucosa and a layer of loose
connective tissue (asterisk) under the epithelium. Note the absence of GG and a great development of the inner circular layer of SM. B. Cross
section of a pyloric cecum, showing mucosal CE cells arranged in a brush border fashion and with numerous folds, and a thin layer of SM.
Part of the pyloric stomach can be seen in the upper right corner. A portion of the pancreas (P) can be seen in the upper and lower corners.
C. Cross section of intestine showing the PAS positive goblet cells (GCs) (arrowheads) with cytoplasm filled with glycoconjugates. The PAS
reaction for neutral glycoconjugates produces an intense purple stain in the mucous granules of GCs and emphasizes the brush border of the
enterocytes (arrow). D-E. Pyloric cecum (D) and intestine (E) showing AB positive GCs, with a similar distribution pattern in the epithelium.
Thanks to the AB technique for acid mucosubstances, GCs show a strong positive blue staining. F. Pancreas section. The exocrine pancreas is
formed by acini (segmented line), which are made up of a group of pyramidal-shaped secretory cells, called acinar cells. Towards the central
part of the acinus, a small afferent vein is observed (white arrow). A prominent feature of acinar cells is the presence in their apical regions
of aggregated bright eosinophilic zymogen granules (asterisk) that face the narrow lumen. The endocrine pancreas is formed by the Islets of
Langerhans (IsL) composed of small cells with a pale-stained granular cytoplasm, in contrast to the larger acinar cells of the exocrine gland,
which stain more strongly. On the left is a pancreatic duct (black star) with simple cuboidal epithelium. G. Liver (L) and pancreas (P) section.
Many fish livers contain diffuse exocrine pancreatic tissue and are therefore called hepatopancreas. The liver showed polyhedral hepatocytes
(asteriks) with a granular and poorly stained cytoplasm, the nuclei are spherical and centrally located presenting well delineated nucleoli. On

the left is the smooth muscle layer (SM) of a portion of the intestine. CE, simple columnar epithelium; GCs, goblet cells; GG, gastric glands;

SM, smooth muscle.
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FIGURE 4 | Scanning Electron Microscopy (SEM) microphotographs of the digestive tract of Paracheirodon

axelrodi. A-B. SEM view of mucosal surface showing a polyhedral surface of the epithelial cells in two
different sections of the stomach. C. SEM view of mucosal surface of the intestine showing the brush
border (Bb) present in the apical portion of the epithelium and abundant mucous secretion (red asterisk)

from the GCs. D. Detail with higher magnification of C, in which the Bb is better defined.

TABLE 1 | Qualitative analysis of epithelial mucous cells based on staining intensity to Periodic Acid-

Schiff (PAS) and Alcian Blue (AB) pH = 2,5. (-) not stained, (+) poorly stained, (++) strongly stained.
Ant Post
intestine intestine

AB + - = + + ++

Liver and pancreas. The hepatocytes were polyhedral, with a granular and poorly
stained cytoplasm. Their nuclei were spherical and centrally located presenting well
delineated nucleoli. The liver was highly irrigated, as numerous arteries and veins were
seen in the tissue. The liver was covered by a thin capsule of simple squamous epithelium
and a thin adjacent layer of connective tissue (Fig. 3G).

Histologically, it was possible to distinguish an exocrine and an endocrine portion in
P axelrodi pancreas (Figs. 3B,F,G). The exocrine portion had two forms, (1) disseminated
in the mesentery around the intestine and (2) intrahepatically around branches of the
portal vein, forming what is known as hepatopancreas. Acini are the enzyme-secreting
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units of the exocrine pancreas. In P axelrodi, each acinus consists of an ovoid cluster of
pyramid-shaped secretory cells (acinar cells) surrounding a common luminal space. The
acinar cells had a central spherical nucleus with one nucleolus, a basophilic basal portion,
and an eosinophilic apical portion with zymogen granules. Occasionally, it was possible
to observe next to the acini, pancreatic ducts with cuboidal epithelium. The endocrine
pancreas consisted of areas scattered through the exocrine part. This endocrine tissue
forms the so-called Islets of Langerhans (Fig. 3F) which were composed of small cells
with a pale stained granular cytoplasm, in contrast to the larger protein-secreting cells
of the exocrine gland, which stained more strongly.

The results of the histochemical analysis, performed in a qualitative way, are shown
in Tab. 1 based on staining intensity. The caeca and intestine showed a similar pattern
of distribution of the mucous cells that were AB and PAS positive. Towards the last
portion of the intestine, the number of AB and PAS positive mucous secreting cells
increased in number and staining intensity (Figs. 3C,D,F).

DISCUSSION

Depending on the diet, the DT of the different teleost species shows a wide variation
between species, as it plays an important role in the digestion and absorption of
nutrient ingredients (Murray ef al., 1996). For this reason, studies of the morphology
and histology of DT are considered an effective tool when it comes to understand the
mechanisms of ingestion, digestion, and absorption in fish (Xiong er al., 2011). The
anatomy and histology of the digestive tract have been described for some species of
the Characidae family (Rodrigues, Menin, 2008; Alonso et al., 2015). More specifically
for P axelrodi, only a preliminary description of its digestive tract has been published
(Gémez-Ramirez et al., 2011). In general terms, the DT of P axelrodi presents a
relatively conserved general pattern with respect to that described in other species of
the Characidae family, especially at the anatomical and histological level. However,
when comparing P, axelrodi to other Characids, this species shows certain variations that
can be highlighted, especially about the characteristics observed in mouth and teeth,
esophageal mucosa and number and disposition of intestinal caeca.

The mouth mucosa in P axelrodi presents a stratified squamous epithelium, a
submucosa with loose connective tissue, and a muscular layer composed of striated
muscle fibers, same as observed by Gémez-Ramirez er al. (2011). As described by
Weitzman, Fink (1983), the mouth of P axelrodi has a single row of five premaxillary
teeth and one maxillary tooth, each of the with five cusps. This arrangement of the teeth
is similar to what has been described in Phycocharax rasbora Ohara, Mirande & Lima,
2017, another species of the Characidae family (Ohara et al., 2017). However, a greater
variation in tooth placement has been observed in related species such as Paracheirodon
innesi (Myers, 1936). For example, wild-caught specimens of P innesi have a slightly
irregular series of six or seven tricuspid teeth with one or more teeth offset anteriorly
to other teeth of the row (Géry, 1960; Weitzman, Fink, 1983). In fish, the oral and
oropharyngeal cavities play important roles in selecting, seizing, and directing food
to the esophagus (Al-Hussaini, 1946; Rodrigues et al., 2006; Wilson, Castro, 2010).
Anatomical and histological studies enable us to relate those cavities to the eating habits
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(Al-Hussaini, 1946) and the food processing mechanisms (Rodrigues et al., 2006; Hanke
et al., 2008). Considering these characteristics reported in terms of the mouth and teeth,
it could be suggested that P axelrodi is a species that swallows whole but small prey
(Walker, 2004; Weitzman, Fink, 1983).

In the DT, the esophagus, stomach, intestine, and pyloric caeca are tubular organs that
enable food conveyance, storage, digestion, and absorption (Seixas-Filho er al., 2000;
Albrecht er al., 2001; Rodrigues, Menin, 2008; Wilson, Castro, 2010). All components
of the DT present a wall consisting of four layers: mucosa, submucosa, muscularis and
serosa (Albrecht ef al., 2001; Wilson, Castro, 2010; Xiong ef al., 2011). Histological
studies have shown that the structure of the four layer varies among species, mostly in
the epithelium, and that the differences are related to the feeding habits (Albrecht e
al., 2001), type of food ingested (Germano et al., 2014), absorption and production of
mucosubstances (Albrecht et al., 2001; Santos et al., 2007).

The esophageal mucosa of P axelrodi is similar to that of other teleost and other species
of the Characidae family, which is characterized by having a pseudostratified epithelium
with many folds and abundant mucosal cells (Rodrigues, Menin, 2008; Alonso ef al.,
2015). This tissue conformation of the mucosa of the esophagus avoids damage caused
by ingesting live prey or food with a hard consistency (Olaya er al., 2007). However,
this is different from that observed by Gémez-Ramirez et al. (2011), where it is described
that the mucosa of the esophagus of P axelrodi is composed of stratified epithelium.
The goblet cells essentially have two functions: first, to secrete mucopolysaccharides
for lubrication, and second, to produce enzymatic cofactors or hydrolytic enzymes
(Albreche et al., 2001; Olaya e al., 2007; Santos et al., 2007; Feist, 2009; Xiong ef al.,
2011). The lamina propria is formed of loose connective tissue, surrounded by a muscular
tunica, with an inner longitudinal and an external circular layer of striated muscle fibers,
like that of other teleosts and other species of the Characidae family, as Astyanax rutilus
(Jenyns, 1842) and Salminus brasiliensis (Cuvier, 1817) (Alonso et al., 2015; Rodrigues,
Menin, 2008). It has been described that the conformation of the muscular tunica into
two orientations allows the stretching of the organ, thus giving a greater capacity for
distension (Olaya et al., 2007). By having striated muscle fibers, it allows a controlled
movement which is important to avoid excessive water intake and regurgitation of
unwanted food (Mufioz et al, 2006; Olaya et al., 2007; Wilson, Castro, 2010).

The stomach of teleosts presents a variety of different morphologies. In some species,
the entire intestine is a tube of uniform diameter with no marked anatomical differences
between the esophagus and stomach, while in other species, the stomach is seen as a
round, muscular structure at the end of the esophagus (Feist, 2009). Mohsin (1962)
stated that the stomach can be considered as the DT organ that shows the most diet-
related adaptations. For example, in some species of carnivorous Characiformes different
adaptations of the stomach are observed, mainly regarding the size of the cardiac and
cecal regions. This is the case of Hoplias malabaricus (Bloch, 1794), in which the cardiac
region is the largest, of Acestrorhynchus britskii Menezes, 1969, and Acestrorhynchus
lacustris (Liitken, 1875), where the cecal region is the largest compared to the other
gastric regions (Menin, Mimura, 1993). In the case of the stomach of P axelrodi, it
displays a u-shape, with defined cardiac, fundic and pyloric regions, similar to other
species of the Characidae family with a carnivore diet, such as S. brasiliensis (Rodrigues,
Menin, 2008), Aphyocharax anisitsi Eigenmann & Kennedy, 1903, Cheirodon interruptus
(Jenyns, 1842), among others (Escalante, 1987; Cazorla ef al., 2003; Alonso et al,, 2015).
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The cardiac region of the stomach in P, axelrodi presents a simple epithelium with
tubular-acinous short glands and a circular layer of striated muscle. The fundic region
of the stomach presents long ramified tubular glands surrounded by a loose connective
tissue and a muscular layer that exhibit smooth muscle in two different orientations. The
gastric glands consisted of oxintopeptic cells, secreting H*, Cl- and pepsinogen (Feist,
2009). In the most caudal portion of the stomach, the pyloric region of the stomach,
there is a great development of the smooth muscle and lack of tubular-acinous glands.
According to what has been described, the orientation in two directions of the muscular
layer of the stomach facilitates that the peristaltic movements are carried out in several
directions, and that the enzymatic action is more efficient during the digestion process,
which ensures the breakdown of food before reaching the intestine (Olaya et al., 2007;
Goémez-Ramirez et al., 2011).

The pyloric caeca in P axelrodi are in the first portion of the intestine that continues
after the stomach and present six folds, mainly in the longitudinal direction, in contrast
with those in the rest of the intestine, that are mainly transverse. It has been widely
described that the presence of these folds probably facilitates its filling and emptying
in a bidirectional way and their main function is nutrient absorption. These are filled
and emptied together with the first portion of the intestine, increasing the whole
absorptive surface (Feist, 2009; Canan et al., 2012; Alonso et al., 2015). On the other
hand, feeding habits in fish generally correlate with intestine length, for example,
carnivorous species tend to have shorter intestines than herbivorous fish (Feist, 2009).
The intestinal coefficient (Ci) is widely used to classify species into trophic categories.
A Ci value below one indicates a carnivorous diet, between one and three indicates an
omnivorous diet, and above three an herbivorous or detritivorous diet (Ward-Campbell
et al., 2005). In this sense, the Ci: 0.94 obtained for P, axelrodi is within the expected
range for a carnivorous species. Similarly to observed in P, axelrodi, Alonso et al. (2015)
describe that A. anisitsi, A. rutilus and Characidium borellii (Boulenger, 1895), other three
species of the Characidae family, present a low number of intestinal caeca and reduced
intestine. For example, A. anisitsi feeds mainly on aquatic insects during the rainy season
and terrestrial insects in the dry season (Corréa et al., 2009) while in the Upper Parani
River floodplain in Brazil, this species fed mainly on microcrustaceans (Cladocera and
Copepoda). In the case of C. borellii, although there is no information on diet, other
Characidium species show a carnivorous diet too (Aranha er al., 2000; Bastos et al.,
2013). Even though A. rutilus has an omnivorous diet for example, the main items
ingested by this species are terrestrial insects and microcrustaceans and the development
of intestinal caeca and intestine is also moderate (Alonso et al., 2015).

Evidence on ecology and feeding habits suggests that P axelrodi, depending on
changes in the water level, utilizes different habitats and capitalizes omnivorously on
a diverse selection of food resources, including algae (Geisler, Annibal, 1987; Marshall
et al., 2008). However, in another study in which examining stomach contents of P
axelrodi, authors suggest that the cardinal is principally a predator of small invertebrate
prey, feeding mainly on microcrustaceans and chironomid larvae (Walker, 2004). So,
considering the characteristics observed in terms of the mouth and teeth, the presence
and reduced number of pyloric caeca, the Ci value below one, and the dietary studies
in the wild in this species previously reported by Walker (2004), together this evidence
supports P axelrodi as a primarily carnivorous species.
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On the other hand, it should be considered that the feeding habits of P axelrodi may
be highly influenced by the adaptive challenges it faces in its habitat and by the fact that
it evolved as a miniature species. For example, Geisler, Annibal (1984) have compared
the lengths of fish held in aquarium versus wild individuals of P axelrodi, noting that
individuals of this species rarely live more than a year in the wild, and that poor nutrition
in its natural habitat further limits the adult size of this species (Weitzman, Vari, 1988).
Furthermore, Alonso e al. (2015) suggest that herbivorous species have a larger part
of their body dedicated to feeding and consequently it can be expected from this that
miniature species such as P axelrodi are more likely to evolve in “carnivorous clades”.

In teleost fish, there is no separation between the small and large intestine; there is
just an undifferentiated tube. The intestinal portions that contain more complex mucosa
are generally involved in absorptive processes. The intestinal epithelium of the simple
or pseudostratified columnar type, is made up of cells possessing a well-marked striated
border (microvilli) and goblet (mucus-secreting) cells. The former is both absorptive
and secretory in function (Feist, 2009; Canan ef al., 2012). The intestine of P, axelrodi is
characterized by a simple columnar epithelium with a brush border and mucus secreting
goblet cells with PAS positive glycoconjugates. Gémez-Ramirez ef al. (2011) observed
an increase in goblet cells towards the posterior part of the intestine of P axelrodi, which
is a mechanism of protection of the epithelium and lubrication to allow the passage of
feces (Mufioz et al., 2006).

The liver parenchyma of P axelrodi is composed primarily of hepatocytes, the cells
are polyhedral in shape, have central nuclei and are variable in cytoplasmic content due
to their ability to deposit either lipids or glycogen (Dykova ef al., 2022). As previously
described in a great variety of teleost fishes, the liver is the largest of the extramural
organs (outside of the digestive tract) and fulfills important functions that include
nutrient assimilation, bile production, detoxification, and maintenance of the body
metabolic homeostasis. The liver also plays a role in the synthesis of plasma proteins, such
as albumin, fibrinogen, and complementary factors (Feist, 2009; Dykovi ef al., 2022).

The pancreas of P axelrodi has a structure comparable to that described in many
other teleost and in the Characidae (Alonso er al., 2015), which is characterized by
being diffuse throughout the body cavity and surrounding various organs, especially
the digestive tract. As described in teleost, the pancreas is the gland responsible for the
storage and secretion of various important digestive enzymes, and generally is present
in two morphologically and functionally distinct forms, exocrine and endocrine (Feist,
2009; Mokhtar, 2015; Dykov4 e al., 2022). The present study revealed that the exocrine
portion of the P axelrodi pancreas has two forms, disseminated in the mesentery around
the intestine and intrahepatic around the branches of the portal vein, forming what is
known as hepatopancreas. The exocrine pancreas of P axelrodi consists of clusters of
pyramidal cells organized primarily into acini that have a cytoplasm with many large
granules of eosinophilic zymogen. It has been described that zymogen granules often
contain enzymes responsible for the digestion of proteins, carbohydrates, fats, and
nucleotides (Alboughobish, Khaksari-Mahabadi, 2005; Feist, 2009; Mokhtar, 2015). The
endocrine pancreas of P, axelrodi is organized into the Islets of Langerhans, as has been
described for other teleost species. These islets are of endodermal origin and are formed
by clusters of hormone-secreting cells (insulin, glucagon, somatostatin) surrounded by
a capillaries network. Because these cell types secrete peptide hormones, they exhibit
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the usual features of cells engaged in active protein synthesis. The size of islet cells may
vary according to food and season (Feist, 2009; Mokhtar, 2015).

In summary, this work presents a complete description of all the components of P
axelrodi DT including its anatomical arrangement, the description of adjacent glands
involved in digestion (liver and pancreas), and the presence of the pyloric caeca that had
not been previously observed or described in this species. The characteristics observed
in the mouth and teeth, the presence of a reduced number of pyloric caeca and the value
obtained for the intestinal coefticient (Ci) are compatible with a carnivorous diet, as
observed previously in the diet of this species in the wild (Walker, 2004). The DT of P
axelrodi presented a relatively conserved general pattern within that described for other
species of the Characidae family, especially at the histological level (Rodrigues, Menin,
2008; Alonso et al., 2015).
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