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Sinopse

Este trabalho teve como objetivo descrever e quantificar os componentes teciduais
do tubo digestdrio, bem como as principais enzimas hidroliticas (proteases, lipases e
carboidratases de uma espécie de arraia de agua doce da Amazonia Central.

Palavras-chave: arraia cururu, tubo digestério, morfologia quantitativa, estereologia,
enzimas digestivas, proteolise, lipélise e carboidratases.
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RESUMO GERAL

Este estudo é uma contribuicdo a morfologia e fisiologia digestiva da arraia de agua doce
Potamotrygon wallacei, uma espécie de elasmobranquio neotropical endémica da bacia
do Rio Negro (Amazonia Central). Embora seja popular como peixe ornamental, a
manutencdo desta espécie em cativeiro frequentemente resulta em morte devido aos
problemas alimentares e estresse do confinamento em ambiente artificial. O objetivo do
estudo foi investigar detalhadamente a anatomia e a fisiologia do trato digestorio (TD)
desta arraia. Quanto aos aspectos morfoldgicos utilizou-se de técnicas em histologia
convencional e ferramentas em estereologia para descrever e quantificar as diversas
camadas presentes no estbmago e intestino espiral (valvula espiral). Os aspectos
funcionais do TD foram examinados por meio das atividades especificas das principais
enzimas digestivas que atuam na protedlise, lipdlise e hidrolise de carboidratos. Para
compreender as interrelacBes entre a digestdo dos macronutrientes (proteinas, lipidios e
carboidratos), um modelo tedrico foi avaliado por meio de modelagem de equacgdes
estruturais (MES). Morfologicamente, o esofago possui pregas horizontais. As quatro
camadas histoldgicas sdo distinguiveis: mucosa, submucosa, muscular (musculo estriado
esquelético) e serosa. O epitélio estratificado da mucosa possui numerosas células
mucosas PAS+ e azul de Alcian+, indicando secrecdo de mucinas neutras e acidas,
respectivamente. Atividades residuais de enzimas proteoliticas, lipoliticas e
carboidratases foram encontradas no es6fago. Contudo, estas enzimas podem representar
atividades enddgenas intracelulares, o que sugere um limitado papel na digestdo luminal
dos macronutrientes ingeridos. O estdmago tem formato de U. A porgdo descendente
representa a regido cardiaca, enquanto a ascendente € a pilérica. Independente da regido,
as camadas histologicas da parede estomacal incluem: mucosa, submucosa, muscular
(com camadas interna e externa) e serosa. No estdmago cardiaco, a camada mucosa
representa 44,7% do volume total da parede do 6érgdo. As glandulas gastricas (um
componente da mucosa) ocupam quase metade do volume da camada. Enzimas
proteoliticas tipo pepsina, tripsina, quimiotripsina e elastase, além das lipases, fosfatases
acidas, esterases e carboidratases também estdo presentes. Isto indica que o estbmago
cardiaco tem elevado potencial para digerir proteinas, lipidios e alguns carboidratos. A
densidade de glandulas gastricas diminui e tornam-se ausentes no estbmago pildrico. Isto
explica uma reducdo na capacidade das enzimaticas digestivas examinadas nesta regiao
estomacal. Porém, a musculatura lisa da parede do estémago pildrico torna-se espessa
devido a maior proporgdo de musculo liso na muscular interna. Tal mudanga sugere um
papel ativo do estbmago pildrico no processo de mistura e auxilio na passagem do quimo
para o intestino espiral. A valvula espiral da arraia P. wallacei possui 10-11 voltas
histologicamente constituidas de epitélio colunar simples, lamina propria (tecido
conjuntivo frouxo) e musculo liso disperso. O epitélio € quase que exclusivamente
formado por células absortivas (enterdcitos) e raras células mucosas. A 1amina propria
possui numerosos vasos sanguineos. A parede da valvula espiral possui as quatros
camadas teciduais: mucosa, submucosa, muscular e serosa. A densidade de tecido
epitelial tende a diminuir, enquanto, aumenta-se a propor¢éo de submucosa. Isto indica
uma tendéncia na capacidade de transporte de nutrientes para 0s vasos sanguineos. O
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intestino espiral € a sede final da digestdo das proteinas, lipidios e carboidratos no TD.
As elevadas atividades das endopeptidases (tripsina, quimiotripsina e elastase), bem como
da exopeptidase, leucina aminopeptidase, reforcam o potencial proteolitico da valvula
espiral na digestdo das proteinas. A capacidade lipolitica e hidrélise de carboidratos
também sdo elevadas neste local. Os modelos baseados em MES sugerem forte
interdependéncia entre estas trés vias catabolicas nos diferentes 6rgdos do TD. Por fim,
os dados morfologicos e das enzimas digestivas sdo consistentes com as informacdes
sobre a dieta de P. wallacei, uma arraia carnivora que consome especialmente crustaceos,
larvas de insetos e pequenos peixes. Os resultados deste estudo podem contribuir para o
desenvolvimento de boas praticas de manejo na alimentacdo das arraias em cativeiro,
visando a preservacao da espécie e 0 bem-estar dos individuos em ambientes confinados.

Palavras-chave: arraia cururu, tubo digestério, enzimas digestivas, proteolise, lipdlise e
carboidratases.
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ABSTRACT

This study is a contribution to the digestive morphology and physiology of the freshwater
stingray Potamotrygon wallacei, a neotropical elasmobranch species endemic to the Rio
Negro basin (Central Amazon). Although popular as an ornamental fish, keeping this
species in captivity often results in death from feeding problems and stress from
confinement. The objective of the study was to investigate in detail the anatomy and
physiology of the digestive tract (DT) of this stingray. As for the morphological aspects,
techniques in conventional histology and tools in stereology were used to describe and
quantify the different layers present in the stomach and spiral intestine. The functional
aspects of DT were examined through the activities of the main digestive enzymes that
act in proteolysis, lipolysis and hydrolysis of carbohydrates. To understand the
interrelationships between the digestion of macronutrients (proteins, lipids and
carbohydrates), a theoretical model was evaluated using Structural Equation Modeling
(SEM). Morphologically, the esophagus has horizontal folds. The four histological layers
are distinguishable: mucosa, submucosa, muscular (skeletal striated muscle) and serosa.
The stratified mucosal epithelium has numerous mucous cells reactive to PAS+ and
Alcian blue+ staining, indicating secretion of neutral and acidic mucins, respectively.
Residual activities of proteolytic, lipolytic and carbohydrase enzymes were found in the
esophagus. However, these enzymes may represent endogenous intracellular activities,
which suggests a limited role in the luminal digestion of ingested macronutrients. The
stomach is U-shaped. The descending portion represents the cardiac region, while the
ascending portion is the pyloric region. Regardless of the region, the histological layers
of the stomach wall include mucosa, submucosa, muscular (with inner and outer layers)
and serosa. In the cardiac stomach, the mucous layer represents 44.7% of the total volume
of the organ wall. Gastric glands (a component of the mucosa) occupy almost half the
volume of the mucous layer. Proteolytic enzymes such as pepsin, trypsin, chymotrypsin
and elastase, in addition to lipases, acid phosphatases, esterases and carbohydrases are
present. This indicates that the cardiac stomach has a high potential for digesting proteins,
lipids and some carbohydrates. The density of gastric glands decreases, and they become
absent in the pyloric stomach. This explains a reduction in the capacity of digestive
enzymes in this segment. However, the smooth muscle of the pyloric stomach wall
becomes thicker due to the greater proportion of smooth muscle in the muscularis interna.
Such a change suggests an active role of the pyloric stomach in the mixing process and
aid in the passage of chyme to the spiral intestine. The spiral valve has 10-11 turns
histologically made up of simple columnar epithelium, lamina propria (loose connective
tissue), and scattered smooth muscle. The epithelium is almost exclusively formed by
absorptive cells (enterocytes) and rare mucous cells. The lamina propria has numerous
blood vessels. The wall of the spiral valve has four tissue layers: mucosa, submucosa,
muscularis, and serosa. The density of epithelial tissue tends to decrease, while the
proportion of submucosa increases. This indicates a trend in the ability to transport
nutrients into blood vessels. The spiral intestine is the final site of digestion of proteins,
lipids and carbohydrates. The high activities of endopeptidases (trypsin, chymotrypsin
and elastase), as well as exopeptidase, leucine aminopeptidase, reinforce the proteolytic
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potential of the spiral valve in protein digestion. Lipolytic capacity and carbohydrate
hydrolysis are also high at this site. SEM-based models suggest strong interdependence
between these three catabolic pathways in different organs of the digestive tract. Finally,
the morphological and digestive enzyme data are consistent with the information on the
diet of P. wallacei, a carnivorous freshwater stingray that consumes mainly crustaceans,
insect larvae and small fish. The results of this study can contribute to the development
of good management practices in the feeding of stingrays in captivity, aiming at the
preservation of the species and the well-being of individuals in confined environments.

Keywords: cururu stingray, digestive tract, digestive enzymes, proteolysis, lipolysis and
carbohydrases.



LISTA DE FIGURAS

Capitulo 1

Figure 1. (A) lllustrative image of the Neotropical freshwater stingray, Potamotrygon
wallacei. (B) Internal view of the coelomic cavity showing the anatomical arrangement
of the digestive tract: esophagus (E), cardiac stomach (Cs), pyloric stomach (Ps), spiral
valve (Sv) and cloaca (C). The bars represent 5 cm.

Figure 2. Photomicrograph of the esophagus of P. wallacei. The wall of the organ is thick
consisting of skeletal striated muscle. The lining epithelium is stratified and presents
mucous cells positive for PAS (magenta color) and Alcian blue staining (blue). The scales
correspond: 200 um and 50 pum (magnified image). The legends indicate: ml=muscular

layer, m=mucosa, ep=epithelium, Ip=lamina propria, mc=mucous cells.

Figure 3. Photomicrographs showing the tissue layers in the cardiac stomach (A), with
details of the oxyntic glands (B) with glandular epithelial cells with positive reactivity for
Alcian blue. Tissue layers in the pyloric region of the stomach (C) and in the spiral
intestine (spiral valve), showing a section of a spiral turn. Values in percentage of the
wall components of the cardiac stomach (E), pyloric stomach (F) and spiral intestine (G)
quantified using stereological methods. The legends in the figure represent: om=outer
muscularis; im=inner muscularis; sm=submucosa; m=mucosa; gg=gastric gland,;
ep=epithelium; opc=oxyntopeptic cell; Ip=lamina propria; I=lumen; sm=smooth muscle;
CS= cardiac stomach; PC=pyloric stomach; SV=spiral valve. The bars indicate: 50 pum
(A, Cand D), 10 um (B) and in the dissected image of the digestive tract = 1cm.

Figure 4. Representative image of the cardiac region of the stomach of P. wallacei
showing segments 1 to 6 used to estimate tissue volume (cm®/100 g of animal) according
to Cavalieri's principle. The layers of the stomach wall analyzed were mucosa,

submucosa, muscularis and serosa. The scale bar in the image corresponds to 0.5 cm.

Figure 5. Image illustrating the segmentation of the pyloric region of the stomach of P.
wallacei. The organ was sectioned into six segments to estimate the absolute volume
(cm3/100g) of the four histological layers: mucosa, submucosa, muscularis and serosa.

The scale bar in the image corresponds to 0.5 cm.



Figure 6. Details of the dissected spiral intestine of P. wallacei showing the organ wall
and turns (spiral structure). Note in the image that the first segment corresponds to
anterior intestine. The organ was sectioned into six segments to estimate the absolute
volume (cm3/100g) in each segment of the histological layers (mucosa, submucosa,
muscularis and serosa) present in the wall of the spiral intestine. The scale bar corresponds

to 0.5cm.

Capitulo 2

Figure 1. Representative images of a specimen of the neotropical freshwater stingray,
Potamotrygon wallacei (A) and the dissected gastrointestinal tract (B) showing the
esophagus (ES), cardiac stomach (CS), pyloric stomach (PS) and spiral intestine (SI). The

scale bars correspond: 5 cm (A) and 1 cm (B).

Figure 2. Conceptual diagram to be tested in the Structural Equation Model for the set of
digestive enzymes analyzed in each organ of the gastrointestinal tract of the
potamotrygonid stingray. The enzymes represent the observed variables in each organ,
while "proteins”, "carbohydrates” and "lipids" were the latent variables.

Figure 3. Pearson’s correlation matrix for all the set of digestive enzymes detected in the
esophagus of the freshwater stingray, Potamotrygon wallacei. The data of the enzymes
trypsin and chymotrypsin used in the correlations were obtained from TAME and BTEE

substrates (see material and methods for details).

Figure 4. Pearson correlation matrix (A) and structural model (B) including latent
variables (“proteins”, “lipids” and “carbohydrates”) and digestive enzymes measured in

the cardiac stomach of P. wallacei.

Figure 5. Pearson correlation matrix (A) and structural model (B) including latent
variables (“proteins”, “lipids” and “carbohydrates”) and digestive enzymes measured in

the pyloric stomach of P. wallacei.

Figure 6. Pearson correlation matrix (A) and structural model (B) including latent
variables (“proteins”, “lipids” and “carbohydrates”) and digestive enzymes measured in
the spiral intestine of P. wallacei. Lipase.M and lipase.P represent the unspecific lipases
assayed with myristate and palmitate as substrates, respectively.
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INTRODUGCAO GERAL

A linhagem mais antiga de animais mandibulados a possuir um trato digestivo
verdadeiro e uma fisiologia complexa é a dos Chondrichthyes (Weatherbee et al. 2012).
Os Chondrichthyes incluem tubardes, arraias e quimeras, e eles tém uma histdria
evolutiva impressionante que remonta a centenas de milhdes de anos. Os Chondrichthyes
surgiram no registro féssil ha aproximadamente 400 milhGes de anos, durante o periodo
Siluriano. Nesse momento, esses animais ja apresentavam mandibulas, permitindo-lhes
capturar e processar alimentos de forma mais eficiente do que seus ancestrais mais

primitivos, que ndo tinham mandibulas. (Inserir referéncia)

Os Elasmobranquios (tubar@es e arraias) sdo animais essencialmente carnivoros
(Motta e Huber 2012), e ao longo da sua histdria evolutiva permaneceram como
predadores de topo ou mesopredadores em seus ecossistemas (Weatherbee et al. 2012).
Em termos de trato digestivo, os Elasmobranquios possuem um sistema digestivo
completo, semelhante a outros vertebrados incluindo boca, es6fago, estomago, intestino
e cloaca (Theodosiou, 2012; Bucking, 2015). Esse sistema permite que eles processem e
absorvam nutrientes de maneira eficiente. No entanto, em comparacdo com os teledsteos
(peixes 0sseos), os elasmobranquios tém sido menos estudados em relagdo a sua
morfologia e fisiologia digestiva. Ha uma lacuna de informacbes nesse aspecto,
especialmente quando se trata de arraias neotropicais de agua doce. Essa falta de
informacdes pode ser atribuida ao desafio de estudar esses animais em ambiente natural,

bem como a complexidade de realizar experimentos em cativeiro.

Do ponto de vista evolutivo, acredita-se que os elasmobranquios inovaram ao
apresentar um compartimento para acidificar o alimento e utilizar-se de enzimas
proteoliticas em meio acido para digerir proteinas. Os elasmobranquios sdo a mais antiga
linhagem a apresentar glandulas gastricas verdadeiras e com células oxintopepticas
capazes de secretar tanto HCI, quanto pepsinogénio (Ballantynes, 2015). No geral, a
estrutura anatdmica, histologica e o perfil das enzimas digestivas dos elasmobranquios
sdo semelhantes aos dos peixes teledsteos e dos grupos evolutivamente recentes. A
despeito do longo periodo evolutivo dos elasmobranquios, bem como dos diferentes
ambientes onde estes habitam, em geral, h& pouca variagdo morfofuncional no estbmago
dos diferentes taxa (Cortes et al., 2008).
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O intestino dos elasmobranquios, comumente chamado de intestino
espiral/valvula espiral, passou por modificagfes ao longo da evolucdo provavelmente
para maximizar o espaco da cavidade celomatica levando em consideracdo o grande
figado desses animais (Holmgren & Nilsson 1999; Khanna, 2004). Apesar de o intestino
espiral ser encontrado em outros grupos taxondémicos, os elasmobranquios por
pertencerem a uma linhagem basal, provavelmente foi o primeiro grupo a desenvolver tal
caracteristica (Weatherbee et al. 2012). Embora o intestino espiral seja compacto, sua
area de superficie absortiva € compensada pelas espirais, 0 que aumenta
significativamente a area de absorcdo, se comparada a teledsteos carnivoros (Parker,
1880; Khanna, 2004; Compagno et al., 2005; Leigh et al., 2017; Leigh et al., 2021; Bosi
etal., 2022).

A anatomia do trato gastrointestinal (TGI) j& foi bem descrita em varias espécies
de tubarGes e em algumas arraias marinhas, proporcionando um entendimento detalhado
da estrutura morfoldgica nesses peixes cartilaginosos. A parede do trato gastrointestinal
de todos os vertebrados, incluindo os elasmobranquios, é constituida por quatro camadas
basicas: mucosa, submucosa, muscular e serosa (Leigh et al., 2017).

A camada mucosa é formada por células epiteliais colunares apoiadas por tecido
conjuntivo frouxo, que se organiza em grandes pregas. A camada submucosa fornece
suporte a mucosa, enquanto a tunica muscular € composta por duas camadas de masculo
que auxiliam no movimento do conteudo intestinal: uma camada longitudinal externa e
outra circular interna. A camada serosa é formada por tecido conjuntivo frouxo
internamente e células epiteliais pavimentosas (mesotélio) externamente, que revestem o
trato gastrointestinal. Todas essas caracteristicas teciduais sdo descritas por Buddington
et al. (1997), Buddington et al. (2000), Guillaume & Choubert (2001), Moraes e Almeida
(2014), Theodosiou (2012) e Chatchavalvanich et al. (2006).

As celulas do epitélio mucoso se diferenciam ao longo do trato digestorio de
acordo com a funcao assumida. S&o encontrados trés tipos principais de células epiteliais:
as absortivas (intestino/valvula espiral), secretoras (estbmago e intestino/valvulas espiral)
e as mucosas (distribuidas ao longo do tubo) (Takashima & Hibiya, 1995). InUmeras
enzimas relacionadas com os processos digestivos e absortivos se distribuem nas células

do epitélio ao longo do trato gastrointestinal. As informacdes disponiveis sugerem que 0s



peixes, de uma maneira geral, sdo semelhantes aos outros vertebrados quanto aos

processos digestivos (Fange & Grove, 1979; Lovell, 1989).

O processo digestivo é a transformacdo do alimento no trato digestorio em
compostos mais simples (aminoécidos, acidos graxos, glicerol, agucares) para que sejam
transportados para os tecidos via corrente sanguinea (De Silva & Anderson, 1995). A
digestdo envolve uma série de eventos que requerem a coordenacao de uma variedade de
processos basicos do trato gastrointestinal, que € iniciada pela ingestdo de alimentos,
seguida pelas secrecdes de enzimas e muco, digestdo mecanica, enzimatica, absorcao,
motilidade (incluindo a evacuacéo) e, finalmente, a regulacédo destes diferentes processos
(Zambonino-Infante & Cahu, 2001; Lazo et al., 2011; Rennestad et al., 2013; Morais e
Almeida 2014).

A digestdo enzimatica dos alimentos em nutrientes ocorre pela acdo de diferentes
tipos de enzimas produzidas no estdmago, glandulas anexas e intestino, além disso,
englobam a absorcéo e transporte dos nutrientes pelas células intestinais. Usualmente, as
enzimas digestivas presentes no processo de digestdo séo classificadas de acordo com o
seu papel catalitico. Temos trés grupos de enzimas principais ao longo do trato digestivo
responsavel pela digestdo de proteinas, lipideos e carboidratos além de enzimas
acessorias. Venkatesh et al. (2014) e Leigh et al. (2017) assumiram que 0S
Elasmobranquios (tubares) geralmente apresentam o mesmo complexo de enzimas

digestivas que os teledsteos.

Embora bastante estudados quanto a ecologia e dinamica pesqueira (Cortés,
1999), existe uma escassez de estudos quanto a anatomia microscépica e fisiologia do
trato digestorio de elasmobranquios. Mais raros ainda sdo os trabalhos realizados com
arraias estritamente de agua doce. Destacam-se 0s estudos publicados com Flavitrygon
signifer (antes Himantura signifer), uma arraia de agua doce do Sul da Asia
(Chatchavalvanich et al., 2006), e um estudo recente com Potamotrygon amandae, uma
arraia neotropical da bacia do Parana-Paraguay (Aquino et al., 2023). Contudo, apesar
dos detalhes nas descricOes, estes trabalhos apenas trazem descrigdes dos componentes
teciduais e relatam as variagbes morfoanatdbmicas quando comparados com outros
representantes. Por isso, nestes estudos, foi feita, além de uma descrigdo detalhada dos
aspectos histologico, a quantificacdo de cada componente atraves da estereologia.

Estereologia € uma area que utiliza conceitos em matematica, tais como geometria e



amostragens aleatorias sobre imagens bidimensionais para produzir dados
tridimensionais, como estimativa de volume (Howard & Reed, 2010). Dessa forma, o
método pode ser sensivel para detectar variagBes quantitativas ao longo do tubo

digestorio.

Toda esta base teorica foi usada para compreender um dos maiores entraves
associados a manutencdo em cativeiro de uma espécie de arraia de agua neotropical,
Potamotrygon wallacei Carvalho, Rosa & Araujo (2016). Esta espécie é conhecida como
arraia cururu, endémica da bacia do Rio Negro (Amazénia Central). Alimenta-se de
crustaceos, larvas de insetos e peixes (Shibuya, et al., 2009). Tem importancia econémica
no cenario regional, pois atualmente é a espécie de arraia mais explorada e comercializada
como peixe ornamental na aquariofilia (Duncan et al., 2010). Contudo, quando mantida
em cativeiro comumente ndo aceita racdo comercial. Além disso, quando alimentos vivos
(pequenos peixes, oligoquetas e crustaceos) sao oferecidos ocorre boa aceitacdo inicial,
porém, com o passar do tempo o animal desenvolve um quadro de desnutricdo (perda de
peso e, possivelmente deficiéncia nutricional), causado principalmente pela auto inani¢ao

e isso leva o0 animal & morte em poucos meses.

Existe claramente um problema associado a dieta/alimentacdo dessa espécie, que
apesar de comercialmente importante, contrapde-se a biologia da conservacdo, uma vez
que, ndo se justifica retirar um recurso natural do seu habitat sabendo-se que, em pouco
tempo, o animal ira morrer por inanicdo. Posto isso, este estudo apresenta dois trabalhos
que podem ajudar a colocar uma peca neste quebra-cabeca: (i) o primeiro capitulo traz
um olhar anatémico ao descrever e quantificar os aspectos morfolégicos (anatomia macro
e microscopica), cuja principal hipotese € que a organizacdo das estruturas seja
semelhante aquelas encontradas nas arraias marinhas. Porém, este estudo inova, uma vez
que os componentes teciduais do tubo digestério (estbmago e intestino espiral) foram
quantificados por meio de métodos em estereologia. Em outras palavras, os constituintes
anatdmicos do tubo digestdrio foram quali e quantitativamente descritos. (ii) o segundo
capitulo traz informagdes detalhadas do perfil dos principais grupos de enzimas
digestivas, tais como proteases, lipases e carboidratases. A quantificacdo das enzimas foi
feita tanto no estdbmago, quanto no intestino espiral (os dois 6rgdos mais importantes para

a digestdo dos alimentos).



Os achados apresentados no presente trabalho sdo ineditos para elasmobranquios de
agua doce. Ao longo da discussdo de ambos os capitulos deste estudo, relacionamos 0s
dados quali-quantitativos da morfologia do tubo digestério com os dados das enzimas
digestivas, de maneira a consolidar e compreender os diversos aspectos morfofuncionais
do tubo digestorio desta espécie de arraia. O objetivo foi produzir informacdes criticas
para que se possa alcancar o sucesso do manejo alimentar desta espécie, dessa forma,
contribuir para evitar a superexploragéo da pesca, bem como prote¢do do ecossistema,

considerando o papel ecoldgico desta espécie na bacia do Rio Negro.



HIPOTESES

H1: Os aspectos morfofuncionais do tubo digestorio da arraia P. wallacei estdo
associados a capacidade digestiva para processar 0s macronutrientes: proteinas, lipideos

e carboidratos.

OBJETIVOS GERAL E ESPECIFICOS
Geral

Descrever e quantificar os componentes teciduais e a fisiologia das enzimas digestivas
de P. wallacei, uma arraia ornamental endémica da bacia do Rio Negro, Amazénia

Central.

Especificos

e Descrever e quantificar por meio de métodos estereoldgicos 0os componentes
teciduais do tubo digestdrio de P. wallacei;
e Estimar as atividades das principais enzimas digestivas (proteoliticas, lipoliticas

e carboidratases) do es6fago, estbmago e intestino espiral de P. wallacei.
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Abstract

Potamotrygon wallacei is a neotropical freshwater stingray that feeds on crustaceans,
insect larvae and small fish. This species has been exploited for decades as an ornamental
fish. However, when kept in captivity, it tends to show stress due to confinement, does
not feed properly and dies after a few months. Considering this, this work aimed to
describe and quantify the tissue components of the digestive tract of this stingray. For this
purpose, techniques in conventional histology and stereological methods were used to
estimate tissue volume based on the principles of Cavalieri and Delesse. The volumes of
the four fundamental layers in the stomach (cardiac and pyloric) and spiral intestine were
estimated. The quantifiable layers were the mucosa (and its components), submucosa,
muscularis (internal and external) and serosa. In the cardiac stomach, the mucous layer
occupies 44.7% of the total volume of the organ wall. As the gastric glands are
components of the mucous layer, only these structures represent 49.7% of the mucous
layer. The large number of gastric glands suggests a high potential for processing items
with high protein content. Methods in stereology were sensitive to show a reduction in
the volume (and proportion) of the gastric glands from the cardiac region towards the
pyloric in the stomach. These glands are absent in the pyloric region of the stomach. On
the other hand, the muscularis layer becomes even thicker towards the pyloric region.
This layer corresponds to 62.2% of the total volume of the pyloric stomach wall. The
increase in smooth muscle thickness is due to thickening of the internal (circular)
muscularis leaflet. This suggests that the role of the pyloric stomach may be related to the
mixing and assisting in the passage of the chyme to the spiral intestine. We did not find
any anatomical justification for dividing the stomach of P. wallacei into a fundic region.
In the spiral intestine, data on the volume of the mucous layer (and lining epithelium)

11


http://orcid.org/0000-0002-1279-7163

suggest that the spiral valve has an absorptive area equivalent to the intestine of teleost
fish. In several respects, the morphology of the digestive tract of P. wallacei is similar to
that of other batoids. However, the small morphological variations may be related to the
habitat specificity of this species.

Keywords: Potamotrygonidae, digestive tract, stereology, quantitative morphology.

1. INTRODUCTION

The Chondrichthyes represent the oldest lineage of jawed animals with the ability to
acidify and then neutralize food within the digestive tract (Ballantyne, 2015). Therefore,
they are the first groups to have gastric glands for acid secretion and production of
proteolytic enzymes such as pepsin for protein digestion. The neutralization of chyme for
the action of other digestive enzymes occurs in another compartment recognized as spiral

intestine (Cortés et al., 2008). These two structural innovations increased the efficiency

of food digestion and nutrient absorption, and possibly contributed to the evolution of
>400 million ago as efficient carnivores. However, despite the phylogenetic relationships,
in general, the small morphofunctional variations of the digestive tract are related to

lifestyle and ecological diet.

Unlike teleost fish, the gross anatomy of the digestive tract of elasmobranchs does not
have large morphological variations (Leigh et al., 2017). Anatomically, the
gastrointestinal tract of elasmobranchs consists of several discrete structures and,
associated organs. Some anatomical structures are common, even among different taxa,
such as the oral cavity, pharynx, esophagus, stomach, spiral intestine, associated
structures (pancreas and liver) and, cloaca (Bucking, 2015). Microscopic analysis of the
digestive tract in elasmobranchs is limited compared to that of teleost fish. Most of the
literature on this subject refers to DT descriptions of sharks and a few batoid
representatives (Leigh et al., 2017), especially of the family Dasyatidae
(Chatchavalvanich et al., 2006). These studies show that the tissue components of DT
organs are similar to those of other vertebrates. For example, the walls of these organs
are made up of four fundamental layers: mucosa, submucosa, muscularis, and serosa. The
mucosa lined by stratified epithelium (in the mouth, esophagus and cloaca) or simple

(stomach and spiral intestine). The function of the epithelial tissue is related to the
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function of the organ. Beneath the epithelium is a lamina propria consisting of
vascularized loose connective tissue. The submucosa is vascularized and apparently does
not have glandular structures. The basic architecture of the muscularis layer is similar to
that of other vertebrates. Consisting of two layers of smooth muscle, except in the
esophagus (skeletal striated muscle). Whereas serosa layer is more external and extremely

varied in tissue composition. (Esta faltando a citacdo da referéncia aqui)

As far as we know, so far there is only one study describing the tissue architecture of the
gastrointestinal tract (GIT) of a freshwater stingray from the subfamily Potamotrygoninae
(Aquino et al., 2023). These authors showed that the basic anatomical plan, as well as the
histological characteristics of the GIT organs of the stingray Potamotrygon amandae, as
being similar to those described for marine and freshwater stingrays. The small
differences found were related to the feeding habits and peculiar ecological specificity of

each species.

The stingray P. amandae, a species studied by Aquino et al. (2023), consumes food items
consisting of crustaceans and small fish (Shibuya, 2022). These food items are similar to
those consumed by the Amazonian stingray Potamotrygon wallacei (Shibuya et al.,
2009). Despite differences in size, P. wallacei is one of the smallest species of the
subfamily Potamotrygoninae (Carvalho et al., 2016). Our hypothesis is that the tissue

architecture of DT is highly similar, however, possible morphological differences may be

associated with the peculiar environment where the stingray P. wallacei lives.

The stingray P. wallacei is endemic to the black and acidic waters of the Rio Negro basin
(Carvalho et al., 2016). It is preferably found in flooded forests known as “igap6s”, and
in high population density in the Middle Rio Negro, Mariua Archipelago, in the State of
Amazonas, Brazil (Duncan et al., 2016). The diet of this stingray is preferably based on
crustaceans (shrimps and crabs), insect larvae and small fish (Shibuya et a., 2009). Over
several decades, this was the main species exploited for aquarium hobby as an ornamental
fish (Araujo et al., 2004). Recently, population stocks in exploited areas have been
reestablished, as there has been a reduction in demand over the years (Duncan et al.,
2016). Other anthropic factors continue to threaten the preferred habitat of this species.
They include tourism activities, leisure in the areas of igarapés (small streams) and
negative fishing with mutilation or death of the animal (Shibuya, 2022). However, it is
noteworthy that one of the most problems for the maintenance of this stingray in captivity
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is the difficulty in feeding. In general, animals suffer stress from confinement, tend to
starve, become malnourished and die within a few months. The reasons for this are still
not well understood. Therefore, studies on the DT morphology of this species can become

a piece in this puzzle.

Although the study by Aquino et al. (2023) provides information on the gross anatomy
and describe in detail the histology of the GIT of a neotropical stingray of the family
Potamotrygonidae, this study is only descriptive, as it was based on histological sections
with two-dimensional images, like all other studies on the histology of the GIT of
elasmobranchs. However, stereology method uses the same two-dimensional images, but
with an impartial analysis and without bias to determine the three-dimensional (e.g.,

volume) of an organ or tissue (Weibel et al., 1966). Quantitative studies combined with

histological descriptions can be robust to provide details of the variations in the different
tissue layers of the digestive tract of vertebrates. Thus, the aim of the present study was
to determine the volume (and the relative proportion) of each histological layer (and/or
its tissue components) and to understand the morphological variations along the digestive
tract of P. wallacei.

2. MATERIAL AND METHODS
Capture and animal handling

Juveniles (n=3; total weight 143.3 £ 9.4 g; disk width = 16.7 £ 1.8 cm) of the freshwater
stingray, Potamotrygon wallacei (Fig. 1-A) were collected in the Cuba lake, Middle
Negro River, in Barcelos city, State of Amazonas, Brazil (0°30'S/63°33'W,
0°27'S/63°09'W; 1°19'S/62°11'W; 1°14'S/61°55'W). The animals were captured through
active search using wooden canoes, headlamps and nets. After collection, the stingrays
were kept in the water of the same river to minimize post-capture stress. After capture,
animals were euthanized with 0.5% benzocaine and then weighed and measured.
Immediately, the digestive tract (DT) was completely removed and fixed in saline 10%
formalin buffered for 24 hours, and then preserved in 70% ethanol. Captures were carried
out with authorization from the Chico Mendes Institute for Biodiversity Conservation
(ICMBio, Brazilian environmental agency, license #15068-6). All protocols involving

the handling of animals were previously approved by the Ethics Committee for Animal
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Experimentation/Federal University of Amazonas (CEUA/UFAM, protocol n® 007/2019)
in accordance with the guidelines of the Brazilian Committee for the Control of Animal

Experimentation.
Gross anatomy, stereology and histological processing

For the description of the gross anatomy, the DT was entirely photographed, dissected
and each organ identified and measured. The esophagus was processed separately only to
describe the tissue layers and identify the types of mucous cells present in the lining
epithelium. This DT organ was not used for quantification through stereology. In the other
regions of the DT (stomach and spiral intestine), each organ was processed to quantify
the tissue components using stereological techniques. In the case of the stomach, a visual
separation was made between the cardiac and pyloric regions. Each region was processed

separately.

For each organ (cardiac stomach, pyloric stomach or spiral intestine) a linear
measurement was obtained. After that, the organ was sectioned into six equidistant
segments with similar dimensions (see Fig. 1). Each segment (1 to 6) was measured again
to be used in the calculation of volume by Cavalieri's principle. Individually, each
segment was embedded in methacrylate resin (Kilzer-Heraues, Germany) for histological
processing. After polymerization, the position of each section was recorded for later
sectioning. The microtomy (3 um) was performed using a microtome (SLEE MAINZ,
Germany). The slides were stained in toluidine blue (0.25%), and each slice containing a
complete cross-section of the organ was photographed in a stereomicroscope (Leica

EZ4D, Germany). The images were examined in the Stepanizer software (Tschanz &

Weibel, 2011) where a test counting system containing points was superimposed on each
image obtained. Each time the points coincided with the lumen or the organ wall, they
were counted separately. The total volume of the organ was calculated as the sum of these

two components. The volume (Cavalieri) of the organ (lumen + tissue layers) was

calculated using the following equation: Cv = )i~ Pi (g) X As

Where, Cv is the absolute volume of the organ, };i-; Pi is the total number of points over
each section, Pi (%) is the area represented by each point (90,000 um2) and [Equation] is

the distance (5,000 um) between each section (Gundersen et al., 1988). As we do not

know if the volume values scale with the size of the animal, it was preferable to
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standardize the data for the approximate size of the examined animals (between 130-160

g). Thus, the absolute volume values of each segment or organ were expressed in cm®/100
g.

Estimating the proportion (and volume) of each layer in the DT organs.

The percentage (volume density) of each component in the DT wall (mucosa, submucosa,
muscularis mucosae, muscularis, and serosa) was obtained by Delesse's principle
(Howard and Reed 2010). Additionally, the mucous layer of each organ was fractionated
to quantify the tissue components present. Digitized images including all tissue layers (or
just the mucosa when applicable) were analyzed using ImageJ software (RSB, NIH
https://imagej.nih.gov/). Each component was quantified by counting the points and the

result expressed in percentage, according to the following equation:

N
T, RP

Fv

Where, Fv is the fractional volume (or relative density) of a component (mucosa,
submucosa, muscularis and serosa) of the tissue; LP is the sum of points that touch the
tissue layer (mucosa, submucosa, muscularis and serosa), while RP is the sum of points
that touch the reference space (Howard & Reed, 2010). Percentage value (Fv, %) were
transformed into absolute volume (AV) after multiplication by the Cavalieri volume (Cv)
of the organ (or segment, if applicable), according to the following equation:
AV= Cv x Fv. The absolute volume values of each segment or organ were expressed in
cm?®/100 g.

3. RESULTS
Gross anatomy

The digestive tract of Potamotrygon wallacei (Fig 1A) consists of an orobranchial
cavity, esophagus, stomach, spiral intestine and cloaca. Most of the organs are found
inside the coelomic cavity (Fig. 1B). Although the pancreas and liver are part of the
gastrointestinal tract as accessory organs, in this work, these organs were not analyzed.
The outer wall of the cardiac stomach and anterior intestine (first segments in the spiral
intestine) is well vascularized (Fig 1B). The esophagus is a thick, muscular organ that

traverses the orobranchial cavity and projects into the coelomic cavity, connecting with
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the stomach through the cardiac sphincter. The stomach has the usual siphonal U-shape.
In this study, to facilitate quantification by stereological methods, we divided the stomach
into two anatomical regions: cardiac and pyloric. The cardiac region of the stomach
constitutes the descending segment, which is more dilated and has a redder color than the
pyloric portion in fresh animals. The pyloric portion represents the ascending segment
and apparently appears to be thicker than the anterior (cardiac) region. The luminal
surface has folds with a granular pattern that gradually decrease towards the pyloric
region. The anterior intestine originates just after the pyloric sphincter and ends at the

spiral projections.

In the region close to the pyloric sphincter, there is a wide space that is considered as the
anterior portion of the intestine. The posterior portion is very small and almost negligible,
being considered here only as part of the spiral intestine. The luminal volume of the spiral

intestine was estimated to be 0.5 cm®/100g (see Supplementary Material, Table 2).

i

Figure 1. (A) lllustrative image of the Neotropical freshwater stingray, Potamotrygon
wallacei. (B) Internal view of the coelomic cavity showing the anatomical arrangement
of the digestive tract: esophagus (E), cardiac stomach (Cs), pyloric stomach (Ps), spiral
valve (Sv) and cloaca (C). The bars represent 5 cm.

Microscopic anatomy and stereology of the digestive tract
Esophagus

As previously reported, it was not possible to quantify the tissue components of the
esophagus of the stingray P. wallacei. Histological details of the esophagus are shown in
figure 2. The esophagus has stratified epithelium containing PAS+ (periodic acid+Schiff's

reagent-staining, which stain moderately magenta) and AB+ (Alcian blue-staining, which
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stain intensely in cyanic color). Magnified images in figure 2 show that AB+ mucous-
cells are larger and have several granules in the cytoplasmic space that strongly stain with
Alcian blue, while PAS+ mucous-cells apparently are smaller and only the apical region

is moderately reactive to PAS.

>

: ‘":Q S 4 ™ : e Jiw';

Figure 2. Photomicrograph of the esophagus of P. wallacei. The wall of the organ is thick
consisting of skeletal striated muscle. The lining epithelium is stratified and presents
mucous cells positive for PAS (magenta color) and Alcian blue staining (blue). The scales
correspond: 200 um and 50 pum (magnified image). The legends indicate: ml=muscular

layer, m=mucosa, ep=epithelium, Ip=lamina propria, mc=mucous cells.

The spiral intestine occupies a large part of the digestive tract and has 10 to 11 well-
delineated helical projections. From the esophagus to the stomach, a transition is observed
with profound changes in skeletal muscle to smooth muscle, as well as epithelium from

stratified to unicellular columnar.
Stomach
The total volume estimated by the Cavalieri method for the stomach wall (cardiac and

pyloric region), excluding the luminal region, was 0.60 cm®100 g. Only the cardiac
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region the estimated volume was 0.31 cm®/100 g, while the pyloric was 0.29 cm?3/100 g.
In the cardiac stomach, the mucous layer occupies most of the organ wall (Fig 3A, B, E).
It is also observed that along the six segments examined there is a clear variation in the
volume of the four histological layers of the organ wall: mucosa, submucosa, muscularis
(internal and external) and serosa (Fig 4). In the mucous layer is found the simple
columnar epithelium of internal lining (Fig. 3A), consisting of cells with basally located
nuclei and moderately PAS+ in the apical region, suggesting neutral mucosubstances
production and secretion. Unlike epithelial cells, cells located in oxyntic glands show a
moderate positive reaction to AB in the apical region, suggesting synthesis and secretion
of acidic glycoproteins (Fig. 3A, enlarged image). The oxyntopeptic cells are present in
the oxyntic gland (Fig. 3A). The oxyntic glands occupy the largest proportion of the
mucous layer. The estimated volume for these structures was 0.074 cm®/100 g (see
supplemental material, Table 1). Clearly, the number of gastric glands decreases
substantially towards the pyloric region. The decrease in the proportion of gastric glands
consequently leads to a corresponding reduction in the volume of the mucous layer (see

Supplementary Material, Table 1).
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Figure 3. Photomicrographs showing the tissue layers in the cardiac stomach (A), with
details of the oxyntic glands (B) with glandular epithelial cells with positive reactivity for
Alcian blue. Tissue layers in the pyloric region of the stomach (C) and in the spiral
intestine (spiral valve), showing a section of a spiral turn (D). Values in percentage of the
wall components of the cardiac stomach (E), pyloric stomach (F) and spiral intestine (G)
quantified using stereological methods. The legends in the figure represent: om=outer
muscularis; im=inner muscularis; sm=submucosa; m=mucosa; gg=gastric gland;
ep=epithelium; opc=oxyntopeptic cell; Ip=lamina propria; I=lumen; sm=smooth muscle;
CS= cardiac stomach; PC=pyloric stomach; SV=spiral valve. The bars indicate: 50 um
(A, Cand D), 10 um (B) and in the dissected image of the digestive tract = 1cm.

The submucosal layer has numerous fibroblasts and is highly vascularized. Unlike the
mucous layer, the proportion of the muscular layer clearly increases towards the pyloric
stomach. As in every digestive tract, the muscular layer is constituted by two leaflets
(internal and external) of smooth muscle (Fig. 3B). In the cardiac stomach, the muscle
layer volume was estimated at 0.073 cm®/100 g. The serosa layer constitutes only a small
fraction (0.03 cm®/100 g) of the stomach wall.
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Figure 4. Representative image of the cardiac region of the stomach of P. wallacei
showing segments 1 to 6 used to estimate tissue volume (cm®/100 g of animal) according
to Cavalieri's principle. The layers of the stomach wall analyzed were mucosa,
submucosa, muscularis and serosa. The scale bar in the image corresponds to 0.5 cm.

In the descending portion of the stomach (pyloric) there are significant changes in the
volume of the tissue layers of the organ wall (Fig. 5). In the mucosa layer, the gastric
glands are already absent (Fig. 3C). The epithelial lining is still formed by a monolayer
of columnar cells with the apical region strongly AB+ and has basally positioned nuclei

(Fig. 3C). A special feature in the pyloric stomach is the thick smooth muscle layer (Fig.
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3C). The quantification data in stereology show that the circular (internal) muscle
increases significantly along the tract of the pyloric stomach (Fig 3F, supplementary

material, Table 1).

Piloric stomach
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Figure 5. Image illustrating the segmentation of the pyloric region of the stomach of P.
wallacei. The organ was sectioned into six segments to estimate the absolute volume
(cm®/100g) of the four histological layers: mucosa, submucosa, muscularis and serosa.
The scale bar in the image corresponds to 0.5 cm.
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Spiral intestine

Stereology data show that small variations in the volume of tissue layers occur, both in
the wall and spiral (turns) of the intestine (Fig. 6, see Supplementary Material, Table 2).
In our stereological analyses, it was not possible to separate the anterior from the rest of
the spiral intestine. As described in materials and methods, the spiral valve was separated
into six segments (Fig. 6). However, most of the first segment corresponds to the anterior
intestine (see first segment in Fig. 6). The histological layers (mucosa, submucosa,
muscularis and serosa) were quantified and the tissue volume of each one was estimated.
The mucosa layer occupies the largest volume (Fig. 3D, G) of the wall of the spiral
intestine. A gradual increase in the volume of the submucosa layer is observed towards
the cloaca (Fig. 6). In contrast, the amount of mucosa layer tends to decrease in this same
direction. When the mucosa layer was fractionated to quantify its tissue components, it
was found that the decrease in mucosa layer volume was due to a decrease in the amount
of epithelium (see Supplementary Material, Table 2). Epithelial cells show a weak
reactivity for AB staining (Fig. 3D). The spiral turns inside the intestine are made up only
of mucosa layer (Fig. 3D). These turns are specially formed by a large amount of
epithelial tissue (0.06 cm®/100 g) and lamina propria (0.04 cm3/100 g). The epithelial cells
are morphologically and histochemically similar to those found in the spiral intestine wall
(Fig. 3D). Subjacent to epithelium is the lamina propria, which is richly vascularized and

contains numerous smooth muscle fibers (Fig. 3D).
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Figure 6. Details of the dissected spiral intestine of P. wallacei showing the organ wall
and turns (spiral structure). Note in the image that the first segment corresponds to
anterior intestine. The organ was sectioned into six segments to estimate the absolute
volume (cm3/100g) in each segment of the histological layers (mucosa, submucosa,
muscularis and serosa) present in the wall of the spiral intestine. The scale bar corresponds

to 0.5cm.
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4. DISCUSSION

Our study on the morphology of the digestive tract (DT) of Potamotrygon wallacei
presents a qualitative and quantitative approach. Unlike most studies on the histology of
the DT of fish, this work not only provides a detailed description of the morphology of
the tissue layers and components, but also estimates the volume occupied by each layer
(and each tissue component) of the digestive tract of a neotropical freshwater stingray.
For this purpose, modern techniques in stereology were used to quantify these
components with minimal bias. In addition, Cavalieri's method associated with Delesse's
principle was sensitive to show the pronounced histological changes along the DT of the
stingray. Obviously, these changes are related to the functions of the DT, such as digestion

of food and absorption of nutrients.

The DT of P. wallacei is highly similar to that described for Potamotrygon amandae, a
neotropical stingray found in the Parana-Paraguay River basin, in southern Brazil
(Aquino et al., 2023). These authors showed, using scanning and light microscopy, that
the microscopic anatomy of the gastrointestinal tract of neotropical freshwater stingrays
(family Potamotrygonidae) is similar to that of other freshwater and marine stingrays.
According to these authors, small variations in the tissue morphology and architecture
may be related to habitat and diet specificity. We believe that the close similarities in the
digestive tract morphology of these two potamotrygonin species are due to the similarity
of food items. Both species preferentially feed on crustaceans, fish and insect larvae
(Shibuya, 2022). However, P. wallacei has habitat specificity. This species inhabits areas
of flooded forests (“igapds”) of small streams of black and acidic waters of the Rio Negro
(Duncan et al., 2016). Therefore, it is possible that, despite the highly conserved
morphology of the digestive tract, differences in morphological and functional aspects
(e.g., activities of digestive enzymes) may occur due to the unique and peculiar

environment (“igapd” forest) in the Amazon basin.

Histologically, the esophagus of P. wallacei has similar architecture to that described for

Fluvitrygon signifer (Chatchavalvanich et al., 2006). The wall is composed of three tissue

layers (mucosa, muscularis and serosa). As in other vertebrates, the thick layer muscularis
is made up of striated skeletal muscle. Voluntary muscle contraction allows the animal to
regurgitate food if it does not want to (Bucking, 2016). Unlike P. amandae (Aquino et
al., 2023), longitudinal folds are present in P. wallacei and suggest the possibility of organ
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distention during swallowing. This makes sense, because although potamotrygonins can

crush their prey in a similar way to the chewing observed in mammals (Kolmann et al.,

2016), P. wallacei consumes relatively large prey (crabs and fish), compared to it small
body. The mucosa layer of the esophagus of P. wallacei is lined by a stratified mucous
epithelium with the presence of numerous Alcian blue-staining mucous cells, similar to
that described for P. amandae (Aquino et al., 2023), F. signifer (Chatchavalvanich et al.,
2006) and other marine elasmobranchs (Bucking, 2015; Leigh et al., 2017). The mucous
cells of P. wallacei can secrete neutral and acidic mucins, possibly acting in the pre-
digestion of food, such as providing better viscosity for the transit of food towards the
stomach, in addition to acting as a microbicidal agent (Abundour & EIl Bakary, 2018).
Despite several authors suggesting a potential role for the esophagus in food digestion
(Bucking, 2015; Leigh et al., 2017; Ballantyne, 2015), our studies on the activities of the
digestive enzymes of this species suggest a secondary role for proteolytic, lipolytic and

carbohydrase enzymes in this organ (see chapter 2 of this work).

The transition from the esophagus to the stomach is marked by profound changes in tissue
architecture. The stomach of P. wallacei is typically U-shaped as in P. amandae (Aquino
et al., 2023) and F. signifer (Chatchavalvanich et al., 2006) and in other batoides
(Holmgren & Nilsson, 1999). In this study, we sectioned the stomach into six equidistant
segments and quantified its tissue components using stereology. Unlike the work by
Aquino et al. (2023) for P. amandaei, we divided the stomach of P. wallacei into just two
regions: cardiac and pyloric. We did not find any anatomical justification for sectioning
into three regions. The two main morphological differences between these regions are:
the proportion of the muscularis layer increases substantially from the cardiac region
(descending) towards the pyloric region (ascending), mainly due to the increase of the
muscularis interna. In the cardiac portion, the thick mucosa layer is marked by the
presence of numerous gastric glands, which decrease and, and consequently become
absent in the pyloric portion, as occurs in other elasmobranchs (Holmgren & Nilsson
1999; Bucking, 2016). In the cardiac region, the mucosa contains gastric pit (foveola) that
leads to the tubular gastric glands. This organization is similar to that found in the stingray
F. signifer (Chatchavalvanich et al., 2006) and P. amandae (Aquino et al., 2023) and
other batoids (Wilson & Castro, 2010). However, apparently, we can find only one unique
type of acidophilic oxyntic cells, as found in the cardiac and fundic regions of the stomach
of P. amandae (Aquino et al., 2023). The apical region has a positive reaction to acid
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mucosubstances (Alcian blue-positive). We suggest a protective role of the mucins
against high acidity inside these glands, as reported by Abumandour & El-Bakary (2018).
The gastric glands of elasmobranchs are the site of secretion of hydrochloric acid and
pepsinogen for protein digestion (Bucking, 2015). Under acidic conditions, pepsinogen
is converted to pepsin, a proteolytic enzyme that acts in the first phase of gastric digestion
(Leigh et al., 2017). An estimate based on stereological data indicates that the gastric
glands of P. wallacei stingray correspond to almost 50% of the volume occupied by the
mucosa layer in the cardiac portion of the stomach. This is consistent with the high
specific activity of pepsin-like enzyme found in the cardiac stomach of this stingray (see
chapter 2 of this work). Therefore, these two findings (large volume of gastric glands and
high activity of pepsin-like enzymes) explain the high capacity to process proteins by P.
wallacei. This is consistent with the carnivorous habit of this stingray (Shibuya et al.,
2009).

While the cardiac stomach acts in the first phase of gastric digestion, producing the
chyme, the pyloric region is muscular and must act by conducting the chyme to the spiral
intestine. The thick musculature of the pyloric region aids in mixing the chyme further
increasing the efficiency of endopeptidases and other digestive enzymes. In P. wallacei,
the absence of gastric glands in the pyloric region explains the absence of pepsin-like
enzyme activity (see chapter 2 of this study). In P. amandae, the large amount of mucus-
producing columnar cells helps to protect the mucosa from gastric juice (Aquino et al.,
2023). The same characteristic was found in P. wallacei. The chyme passes into the
intestine controlled by the activity of the pyloric valve or sphincter (Bucking, 2015). It is
assumed that the chyme produced in the stomach is neutralized in the spiral intestine by
the action of bicarbonate produced by the pancreas (Ballantyne, 2015). The neutralization
of chyme favors the action of numerous endo- and exopeptidases (alkaline proteases) that
act in the intestine. In fact, high activity of nonspecific lipases, esterases and
endopeptidases such as trypsin, chymotrypsin and elastase and exopeptidase such as
leucine aminopeptidase were found in the spiral intestine of P. wallacei (chapter 2 of this
work). Macronutrient digestion provides the micronutrients that will be absorbed by the
spiral intestine mucosa. The intestine of P. wallacei is morphologically similar to that of
P. amandae (Aquino et al., 2023) and F. signifer (Chatchavalvanich et al., 2006).

Unfortunately, the surface area of the mucosa of the spiral intestine of the stingray P.

wallacei has not yet been quantified. However, estimation of epithelial tissue volume
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suggests that this structure has a large surface area for nutrient absorption. As suggested
by other authors, the turns and their secondary folds inside the spiral valve constitute an
efficient strategy to increase the absorption area (Hassanpour & Joss, 2009). Stereology

data suggest that along the intestine (from the initial segment to the final portion) there is
a reduction in the proportion of the mucosa layer and, proportionally, an increase in the
submucosa. This indicates that the initial segments of the spiral intestine may be
associated with the chemical digestion of macronutrients (proteins, lipids and
carbohydrates), while in the final segments, the simple columnar epithelium and high
vascularization provide an increase in the efficiency of absorption and release of nutrients

into the blood vessels of the submucosa.
5. CONCLUSION

Despite the long evolutionary history of elasmobranchs reported to >400 million years
ago, many aspects of intestine morphology are still remarkably similar. As already
reported for another potamotrygonin stingray, small variations are associated with habitat
specificity and food ecology. In cases where the diet items are similar, the tissue
components of the digestive tract are also similar. This is the case with P. wallacei and
P. amandae. These two species of stingrays are part of a monophyletic lineage (family
Potamotrygonidae, subfamily Potamotrygoninae) that evolved by vicariant event, at least

10 million years ago (Fontenelle et al., 2020). Although inhabiting different hydrographic

basins (Amazon and Parana-Paraguay), these two species consume similar food items
(crustaceans and small fish). This explains the similarity in the architecture of the layers
and tissue components of the digestive tract. However, this study shows details of the
variations in tissue components throughout the digestive tract of P. wallacei. Here we
interpret these findings with the functional aspect based on digestive enzyme assays
examined in the same compartments of the digestive tract of the stingray P. wallacei (see
chapter 2 of this work). The set of these results can help to clarify many obscure aspects

of the morphophysiology of digestion of the Neotropical potamotrygonids.
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SUPPLEMENTARY MATERIALS

Table 1. Stereological quantification tissue components in the stomach of Potamotrygon wallacei. The data are as x10° cm3/100 g. The legend in
the table indicates: EP=epithelium; GG=gastric; LP=lamina propria; OM=outer muscularis; IM= inner muscularis.

Cardiac stomach
Mucosa layer

Pyloric stomach
Muscularis layers

Mucosa layer

Segment EP GG LP EP LP OM IM

11 0.34+0.31 1.17+1.15 0.40+0.43 0.54+0.16 0.67+0.24 0.41+0.04  1.96+0.44
1.2 0.49+0.14 1.84+0.63 0.62+0.23 0.48+0.20 0.50+0.23 0.44+0.07  1.94+0.39
13 0.58+0.02 1.63+0.73 0.63+0.22 0.48+0.02 0.48+0.10 0.60+0.13  2.27+0.06
14 0.62+0.21 0.95+0.15 0.69+0.15 0.52+0.17 0.50+0.15 0.62+0.29  2.81+1.06
1.5 0.47+0.04 0.85+0.46 0.54+0.30 0.58+0.25 0.59+0.23 0.63+0.30  3.04+1.09
1.6 0.37+0.09 0.47+0.24 0.52+0.18 0.50+0.39  0.53+0.40 0.69+0.63  2.53+1.62

Table 2. Stereological quantification of tissue components in the spiral intestine of Potamotrygon wallacei. The data are as x107 ¢cm®/100 g. The
legend in the table indicates: EP=epithelium; LP=lamina propria; SM= mucosal muscularis.

Components Mucosa layer (intestine wall) Mucosa layer (intestine turns)

Segment Tissues Lumen Wall Turns EP LP SM EP LP SM
1.1 6.44 28.39 3.36 3.08 0.56+0.03 0.62+0.28 0.28+0.14 1.01+0.91 1.30+1.43 0.36+0.39
1.2 10.57  98.52 4.75 5.81 1.32+0.34 0.76+£0.16 0.34+0.07 3.15+1.26 1.97+0.54 0.70+0.10
1.3 13.68 134.66 6.15 7.54 1.53+0.32 1.01+0.40 0.49+0.05 3.88+0.70 2.61+1.18 1.05+0.15
14 11.05 136.27 5.49 5.56 1.02+0.61 0.86+0.46 0.47+0.17 2.70£0.72 1.95x0.47 0.91+0.11
1.5 12.42  100.30 5.16 7.26 0.68+0.14 0.84+0.20 0.38+0.12 3.22+1.52 2.73+1.19 1.31+0.75
1.6 8.17 31.84 4.14 4.03 0.56+0.24 0.51+0.17 0.30+0.16 1.52+0.81 1.70+0.92 0.81+0.52
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Abstract

Freshwater stingrays (Potamotrygoninae) are part of an oldest lineage of marine
elasmobranch that evolved exclusively in the freshwater environment of South America.
Although diet composition was adjusted during evolution in the new environment,
Potamotrygonin stingrays continued to be carnivorous mesopredators with high digestive
capacity to process macronutrients (proteins, lipids and carbohydrates). Based on this, we
used digestive enzyme activity values to understand the proteolytic, lipolytic potential
and capacity to hydrolyze carbohydrates in the gastrointestinal tract (GIT) of the stingray
Potamotrygon wallacei, an endemic species of the Rio Negro basin (Central Amazon). A
hypothetical model based on the role of digestive enzymes in the digestion of each
macronutrient was examined using a structural equation model (SEM). The results of this
study showed that the stingray P. wallacei has high activity of endoproteases-like (pepsin,
trypsin, chymotrypsin and elastase) and exopeptidases-like (leucine aminopeptidase) in
the stomach and spiral intestine. This can be explained by the protein-rich diet (crab,
shrimp, insect larvae and small fish). Based on the data of nonspecific lipases and

esterases, this stingray also has a high capacity for lipolysis, possibly due to the high lipid
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contents of the insect larvae. Although carbohydrates are not the macronutrients
significantly found in the food items of this stingray, in our study it was observed that the
carbohydrates were also upregulated. When all the results are examined using SEM, an
integration between the main catabolic pathways is clearly seen, especially between
proteolysis and lipolysis in the spiral intestine. This finding is in line with the two most
important macronutrients (proteins and lipids) found in the diet items of this stingray.
These results can help to understand one of the most intriguing aspects of the feeding of
P. wallacei. Potamotrygonin stingrays are important resources for ornamental purposes,
they suffer from stress due to confinement and usually die because of inadequate
feeding/diet. Therefore, it is likely that the food items offered to captive animals contain
insufficient protein and lipid contents, as well as derivatives of complex carbohydrates

such as chitin.

Keywords: Potamotrygonidae, digestive enzyme, proteolysis, lipolysis, carbohydrates.
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1. INTRODUCTION

The Chondrichthyes constitute the oldest extant group of jawed vertebrates. Therefore,
elasmobranchs are the first known vertebrates to have a digestive tract with a stomach

and intestine, in addition to complex digestive physiology (Weatherbee et al. 2012). This

includes a gastric secretion that allows, in addition to producing and secreting pepsin and
hydrochloric acid into the stomach; produce and secrete pancreatic enzymes such as
trypsinogen, chymotrypsinogen, proelastase, and procarboxypeptidases within an

intestine (Leigh et al. 2017). Furthermore, elasmobranchs express aminopeptidases

anchored to the absorptive cell membrane to enhance protein digestion (Jhaveri et al.
2015).

As chimeras do not have a true stomach, it is likely that this structure and the associated
digestive physiology arose in the ancestor between elasmobranchs and other vertebrates
(Ballantyne 2015). If the evolutionary history of elasmobranchs is almost 400 million

years ago, then we can argue that the oxyntic glands in the stomach were already present

in the first representatives of the group (Weatherbee et al. 2012). In other words, they are

the first groups known to compartmentalize digestion, while the stomach acidifies chyme
to facilitate enzymatic hydrolysis, the spiral intestine alkalizes chyme to complete
digestion and then absorbs them.

It cannot be ruled out that the origin and evolution of the gastrointestinal tract and
associated physiology arose in elasmobranchs and in the ancestors of recent vertebrates.
Therefore, it is likely that the common ancestor had many features in common with the
chondrichthyans. In the context of digestive physiology, this allows for some
comparisons, although with some limitations, as elasmobranchs have a long evolutionary

history essentially as carnivorous predators (Motta and Huber 2012). While the teleost

fish conquered different types of niches, thus expanding their trophic categories;
elasmobranchs specialized their carnivorous diet and remained top predators or

mesopredators (Weatherbee et al. 2012).

The carnivore diet has been maintained through hundreds of thousands of years of
evolution, even in the only group that evolved exclusively in the freshwater environment,

the stingrays of the subfamily Potamotrygoninae (Rosa et al. 2010). Obviously, no

innovations in the anatomy of the gastrointestinal tract of potamotrygonins are expected

(see chapter 1 of this work; Aguino et al. 2023). On the other hand, the conquest of a new
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niche (freshwater environment) was the result of adaptations to new selective forces, such
as types and availability of prey in the freshwater environment (Shibuya 2022). As the
enzymatic machinery for digestion was already present in the marine ancestors of
potamotrygonins, it is assumed that they were only adjusted to act on the types of prey
existing in fresh water. Potamotrygonins occupy a variety of habitats in Neotropical
rivers, where they feed mainly on benthic prey composed mainly of mollusks, decapods,
insects and fish (Shibuya 2022). Among the 38 valid potamotrygonin species,
Potamotrygon wallacei deserves attention because it is endemic to the Rio Negro basin
(Central Amazon), a river with acidic waters (<pH 5.0), poor in black nutrients (Duncan

and Fernandes, 2010), and it was once the freshwater stingray species most exploited by

the ornamental fish trade in Brazil (Araujo et al. 2004). In recent years, local populations

of this species have been threatened by high capture effort by ornamental fisheries,
recreational fisheries, ecotourism (kill stingrays, as the poisonous stinger is a threat to
tourist) and habitat deterioration and destruction by anthropogenic activities (Duncan et
al., 2016). Unlike most potamotrygonin stingrays, P. wallacei is small and lives in the
interior of the flooded forest, feeding preferentially on small crustaceans, insect larvae
and small fish (Shibuya et al. 2009). In general, when kept in captivity (or aguariums for
ornamental purposes) these stingrays suffer from stress due to confinement, do not feed
properly, become malnourished and invariably die (Duncan et al. 2016). This reinforces
the idea that we should be concerned with the well-being of this animal, starting with
understanding its digestive physiology to develop an adequate diet/food that can meet the

nutritional requirements of this species.

The scientific basis for this lies in the study of digestive enzymes and their
compartmentalization. A detailed description of the gross and microscopic anatomy of
the digestive tract of this species was presented in the previous chapter of this work (see
chapter 1). Anatomical and histological details of the gastrointestinal tract of another

species (Potamotrygon amandae) were recently described (Aquino et al. 2023). As

expected, the morphology is similar to marine batoids. Unlike teleost fish, information on
the activities of digestive enzymes in elasmobranchs is scarce. And, as far as we know,
no studies have been published for neotropical freshwater stingrays.

Although scarce, we presume that the proteolytic capacity, through the action of
endoptidases (e.g., pepsin, trypsin, chymotrypsin and elastase) and exopeptidases (e.g.,

carboxypeptidase A and leucine aminopeptidase) are similar to those found in marine
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elasmobranchs that consume similar food types (at least crustaceans and fish) to that of
stingray P. wallacei. However, insect larvae are important items in the diet of P. wallacei

(Shibuya et al., 2009). Insects are rich in lipids and proteins (Tzompa-Sosa et al. 2014).

Thus, our hypothesis is that P. wallacei also has a high lipolytic capacity. Due to the
carnivorous diet, marine elasmobranchs have a high rate of gastric and intestinal lipolysis
(). This can be confirmed by the high activity of nonspecific lipases (Jhaveri et al. 2015).
However, carbohydrates are not the main constituents of the diet of elasmobranchs

(Newton et al. 2015), but important enzymes such as amylase, maltase and sucrase, in

addition to those that degrade chitin (chitinase and chitobiose) may play an important role
in the digestion of carbohydrates for many elasmobranch species (Jhaveri et al. 2015).

Finally, we believe that carbohydrases (such as amylase, maltase and sucrase), lipases
and proteolytic enzymes may be interrelated in order to increase the efficiency in the
digestion of dietary components in elasmobranchs. This type of approach is innovative,
as it brings a broad understanding of the role of each digestive enzyme (in each region of
the GIT). To test this, we used structural equation modeling (SEM) with enzyme activity
data in each digestive organ (stomach and spiral intestine). For this, the catabolic
pathways related to digestion of the three most important food components (proteins,
lipids and carbohydrates) were considered as latent variables in the SEM model, while
enzymes were the observable variables. Our a priori hypotheses are that: (i) P. wallacei
has a high proteolytic capacity due to its carnivorous diet, as proteolytic enzymes (endo
and exopeptidases) are upregulated in the stomach and spiral intestine; (ii) as insect larvae
constitute almost a third of the diet, then the lipolytic capacity is also upregulated in the
GIT; (iii) assuming a low carbohydrate diet, we believe that carbohydrates may only play
a minor role in the food digestion process. We believe that potamotrygonin stingray can
vary widely in its ability to digest carbohydrates. However, the digestion of complex
carbohydrates such as chitins has not been examined. Unfortunately, chitinolytic enzymes
were not measured in this study, since crustaceans (crabs and shrimp) represent half of

the items in the diet of this stingray.

2. MATERIAL AND METHODS

Animal capture and handling
The animals (N = 12; total weight = 385.2 £ 99.1 g; disk width = 21.3 £ 2.2 cm) were

collected on the Middle Rio Negro, in Barcelos, State of Amazonas, Brazil
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(0°30'S/63°33'W; 0°27'S/63°09'W; 1°19'S/62°11'W; 1°14'S/61°55'W). The stingrays
were captured through active search using non-motorized wooden canoes, headlight and
nets. After collection, the stingrays remained in the water of the same river to minimize
post-capture stress. Between 3-6 hours after capture, stingrays were euthanized with 0.5%
benzocaine, weighed and measured. Immediately, fragments of the esophagus, cardiac
stomach, pyloric stomach and spiral intestine (Figure 1) were removed and frozen in
liquid nitrogen. Captures were carried out with authorization from the Chico Mendes
Institute for Biodiversity Conservation (ICMBio, the Brazilian environmental agency,
license No. #15068-6). All protocols involving animal manipulation were previously
approved by the Ethics Committee on Animal Experimentation/Federal University of
Amazonas (CEUA/UFAM, protocol #007/2019) in accordance with the guidelines of the

Brazilian Council for Control of Animal Experimentation.

Figure 1. Representative images of a specimen of the neotropical freshwater stingray,
Potamotrygon wallacei (A) and the dissected gastrointestinal tract (B) showing the
esophagus (ES), cardiac stomach (CS), pyloric stomach (PS) and spiral intestine (SI). The
scale bars correspond: 5 cm (A) and 1 cm (B).
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Enzyme extraction and total protein concentration

The homogenates were prepared in distilled water, followed by centrifugation (10,000 g,
15 min, 4 °C). The pellet was discarded, while the supernatant (crude extract) was used
as a source of digestive enzymes (nonspecific acid and alkaline proteases, trypsin,
chymotrypsin, elastase, carboxypeptidase A, leucine aminopeptidase, nonspecific
esterases and lipases, acid and alkaline phosphatases, amylase, maltase and sucrase) and
incubated or added to the enzyme assay cocktail listed below. The quality of enzyme
reagents and substrates were all Sigma-Aldrich grade. All enzymatic assays were
performed in duplicate using a microplate reader (Multiskan Go, Thermo Scientific™,
MA, USA) under constant temperature of 30 °C. Soluble protein of crude enzyme extracts
was quantified by the Bradford method (Bradford 1976) using bovine serum albumin as
a standard. Specific enzyme activities were expressed as U/mg protein, where 1U= 1

pumoles of substrate/min.

The activities of total acid proteases were measured using a nonspecific substrate
according to Walter (1984) with adaptations to carry out the assays in a microplate reader.
Assays were performed with 200 mM Glycine-HCI buffer (pH 2.0) and 1% casein
incubated at 37°C for 30 min. The reaction was stopped using 10% trichloroacetic acid
and all readings were performed at 280 nm. Tyrosine was used as standard, and one unit
of enzyme was defined as the amount of enzyme needed to catalyze the formation of 1.0
mg of tyrosine per hour per mg protein. Alkaline proteases were measured in 100 mM
Tris-HCI buffer (pH 7.6) and 1% azocasein as substrate (Sarath et al. 1989). Readings
were performed at 440 nm, one enzyme unit being equivalent to a change of 0.001
absorbance unit. Trypsin activities were performed using two different substrates: 1 mM
BAPNA, N-a-benzoyl-DL-arginine p-nitroanilide (Erlanger et al. 1961) and with 1 mM
TAME (Tosyl L-Arg Methyl Ester) substrates (Hummel 1959). On both substrates, assays
were performed in 50 mM Tris-HCI buffer (pH 8.0), 10 mM CaClz, 2 mM NacCl, 100 uM
tosyl L-phenylalanine-chloromethylketone (chymotrypsin inhibitor) with readings were
performed at 410 nm (BAPNA) and 247 nm (TAME). Calculations were made
considering the molar extinction coefficient of BAPNA (¢=8.8 cm/mM) and TAME (0.54

cm/mM). Assays for chymotrypsin-like activities were also performed using two different
substrates: 1 mM GAPNA, N-Glutaryl L-Phe 4-paranitroanilide (Hummel 1959) and
BTEE, Benzoyl L-Tyr Ethyl Ester (Asgeirsson and Bjarnason 1991) in 200 mM TRIS-
HCI buffer (pH 8.0), 10 mM CaCl,, 2 mM NaCl, 100 puM tosyl L-Lysine-
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chloromethylketone (trypsin inhibitor). Readings were performed at 410 nm for GAPNA
and 256 nm for BTEE. Calculations of chymotrypsin activities were made considering
the molar extinction coefficients of GAPNA (¢=8.8 cm/mM) and BTEE (0.96 mM/cm).

Data are expressed as 1 pmoles of substrate/min.

Elastase enzyme assays were performed in 100 mM TRIS-HCI buffer (pH 8.0) using 4
mM SucAla3-pNA (N-Succinyl-Ala-Ala-Ala-p-Nitroanilide) as substrate (Taylor and
Crawford 1975). Readings were taken at 410 nm. To calculate the enzyme activities, the

SucAla3-pNA molar extinction coefficient of €=9.9 cm/mM was considered.
Carboxypeptidase A activities were performed in 50 mM TRIS-HCI buffer (pH 8.0) and
100 mM NaCl using 2 mM hippuryl-L-phenylalanine as substrate (Folk and Schirmer

1963). Readings were monitored at 254 nm and calculations made using a molar
extinction coefficient of 0.019 cm/mM. Leucine aminopeptidase activity assays were
determined using 1 mM L-leucine p-Nitroanilide substrate (Appel 1974) in 100 mM
TRIS-HCI buffer (pH 8.0), 10 mM MnCl> and 10 mM MgCl.. Absorbances were
monitored at 410 nm. To calculate the enzyme activities, the molar extinction coefficient
of 8.8 cm/mM was considered.

Nonspecific esterases and lipases were assayed using 200 mM TRIS-HCI buffer (pH 8.0),
10 mM CaClz and 10 mM NacCl. The substrates were previously diluted in isopropyl
alcohol and then in a cocktail containing 200 mM TRIS-HCI, 2 mM sodium
taurodeoxycholate, 0.4% Triton X-100 and 0.1% gum arabic. For esterases, 2 mM p-

nitrophenyl-acetate was used as substrate (Innocenti et al 2008), while for lipases two

different substrates were used: 5 mM p-nitrophenyl palmitate and 5 mM p-nitrophenyl

myristate (Albro et al., 1985). For all enzymes, absorbances were monitored at 405 nm

and activity calculations considered the molar extinction coefficient of 18 cm/mM.

Acid and alkaline phosphatases were assayed in 50 mM TRIS-HCI buffer (pH 3.0 and
8.0, respectively), 10 mM CaClz, 5 mM ZnSO4 and 10 mM MgClI; according to Stauffer
(1989). For these phosphatases, p-Nitrophenyl phosphate substrate (2 mM) was used and
the readings monitored at 405 nm. The calculation of activities considered the molar

extinction coefficient of 8.8 cm/mM.

Amylase activities were determined with two different substrates (1% starch and 1%
glycogen). The reactions consisted of incubating (at 37°C) the crude extracts with the

substrate (starch or glycogen) in 20 mM sodium phosphate buffer (pH 8.0), 10 CaCl,, 10
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mM NaCl for 30 min. After that, 3,5-dinitrosalicylic acid was added at 100°C and again
incubated for 10 min. Immediately after cooling, readings were taken at 570 nm (Junge
et al. 2001). A calibration curve using maltose was used to calculate the released maltose

produced.

For the activities of maltase and sucrase enzymes, the substrates 20 mM maltose and 20
mM sucrose were used, respectively (Worthington 1991). The assays consisted of
incubating the crude extracts with the substrate (maltose or sucrose) in 100 mM sodium
acetate buffer (pH 8.0), 20 mM CacCl;, 10 NaCl. The reaction was stopped by boiling at
100°C for 5 min. One unit of enzyme activity (maltase or sucrase) was expressed as one
mole of glucose released at 37°C. To quantify the concentration of glucose released, a

commercial Labtest kit was used (Lagoa Santa, Brazil).
Statistical analyses

The values in the tables are expressed as meantstandard deviation (minimum —
maximum). A structural equation model (SEM) was used to analyze the theoretical model
(Figure 2) of the relationships between enzymes in the gastrointestinal tract of the
potamotrygonid stingray. To examine this model, enzyme data were classified into three
categories (latent variables), with causality flowing between them. The observed
variables were the specific activity data of each digestive enzyme quantified in the three
regions of the stingray digestive tract (cardiac stomach, pyloric stomach and spiral
intestine): The latent variables included in the model were: (i) “Proteins” were included
all the enzymes that participate in the hydrolysis of peptides and oligopeptides, such as:
acid proteases (pepsin-like), alkaline proteases, trypsin, chymotrypsin-like, elastase and
carboxypeptidase A; (ii) “Lipases”, including non-specific lipases and esterases; (iii)
“Carbohydrates”, this component includes amylase, maltase and sucrase enzymes. All
variables were log-transformed for analysis to achieve linearity and normality. The SEM
model in Figure 2 was translated into structural equations, where linear relationships
between variables were assumed. The parameters to be estimated are path coefficients
(indicated by arrows in the figures). These path coefficients provide the magnitude of the
effect of one variable on the other, keeping the other variables constant. To construct
Pearson's correlation matrix, activity data of enzymes assayed with the following
substrates were used: trypsin (TAME), chymotrypsin (BTEE) and lipase (4-nitrophenyl
palmitate). The other enzymes were with the substrates described in the material and
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methods section. The Pearson’s correlation matrix was performed using the R software,
while the SEM were tested using the R-package lavaan, semTools and semPlot (Rosseel
2012; Epskamp 2017; R Core Team 2014).
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Figure 2. Conceptual diagram to be tested in the Structural Equation Model for the set of
digestive enzymes analyzed in each organ of the gastrointestinal tract of the
potamotrygonid stingray. The enzymes represent the observed variables in each organ,
while "proteins”, "carbohydrates™ and "lipids" were the latent variables.

3. RESULTS
Digestive enzyme in esophagus

In the freshwater stingray, Potamotrygon wallacei, the esophagus is a muscular tract that
presents quantifiable activities of proteolytic enzymes, such as: trypsin-like,
chymotrypsin-like, elastase and carboxypeptidase A (Table 1). Detectable amounts of
digestive enzymes related to the hydrolysis of polymeric carbohydrates (amylase) and
disaccharidases such as maltase and sucrase. Acid phosphatase, although with low
activity, was also detected. However, no measurable lipase activities were found, even
using different substrates, such as palmitate and myristate. In Pearson's correlation matrix
(Figure 3), the endopeptidases (trypsin, chymotrypsin and elastase) are positively
(p<0.05) related to each other. Similarly, enzymes that catabolize carbohydrates, such as
amylase, maltase and sucrase, also show positive relationships (p<0.05) with each other.

However, amylase showed a significantly positive relationship with the endopeptidase’s
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trypsin and chymotrypsin. The other enzymes showed moderate and weak non-significant

correlations.
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Figure 3. Pearson’s correlation matrix for all the set of digestive enzymes detected in the
esophagus of the freshwater stingray, Potamotrygon wallacei. The data of the enzymes
trypsin and chymotrypsin used in the correlations were obtained from TAME and BTEE
substrates (see material and methods for details).

Digestive enzyme in cardiac stomach

The cardiac stomach of the freshwater stingray represents the descending portion of the
digestive stomach. In this portion are the oxyntic glands that secrete HCI and acid
proteases, such as pepsin. In this region we found the highest specific activities of
nonspecific acid proteases (pepsin-like activity). The activity of this enzyme is almost 7
times higher than in the pyloric region of the stomach. Fourteen enzymes were analyzed
in this region of the stomach, only nonspecific lipase (assayed with the substrate
myristate), alkaline phosphatase, amylase (assayed with the substrate glycogen) and
carboxypeptidase A did not show detectable activities. Although moderate, the pepsin-
like enzyme has a positive correlation (p<0.05) with trypsin and chymotrypsin (Figure
4A). Among the endopeptidases (trypsin, chymotrypsin and elastase), a strong positive

relationship (p<0.05) is observed between them. The enzyme leucine aminopeptidase did
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not show any relationship with endopeptidases. In the cardiac stomach, proteolytic
enzymes (pepsin-like, trypsin, chymotrypsin and elastase) are strongly associated with
carbohydrate hydrolases, such as amylase, maltase and sucrase. As expected, the
hypothetical model (Figure 2) of the causal relationships between the digestive enzymes
examined in the cardiac stomach was confirmed, as can be seen in the path diagram SEM-
based showed in Figure 4B. The hydrolysis of peptides and oligopeptides (indicated by
the latent variable “proteins”) is strongly demonstrated by the relationship of
endopeptidases (trypsin and elastase) and pepsin-like. Carbohydrases also showed strong
association with each other, as shown by the “carbohydrates” catabolism pathway (one
of the latent variables of the model). This pathway has a moderate (but significant)
association with protein catabolism. Nonspecific lipases, esterases and acid phosphatase
were grouped together to form the latent variable “lipids”. Among them, lipase strongly
contributes to lipid metabolism. Furthermore, a strong association between the hydrolysis
of lipids and carbohydrates is clearly observed. However, the relationship between lipid

and peptide catabolism is only moderate.

o
A B
Pepsin Trypsin Pepsin Elastase
. v
- P ) U
Chymtrypsin P 4
Elastase  0.38 .
&
<$’°
Leu amppl. 029 018 02 . &
Esterase | 0.44 04 039 027 . 055
- - =~
Acidphosp 016 006 0.01 046 044 0.42 @
*mw“lllllllll s N
0,93 040
L |
o Illlwwlwlll

Sucrase Maltase Amylase Lipase Esterase Acidphosp

-1 -09-08-0.7-06-0.5-0.4-0.3-02-0.1 0 0.1 02 03 04 ns 06 07 08 08 1

Figure 4. Pearson correlation matrix (A) and structural model (B) including latent
variables (“proteins”, “lipids” and “carbohydrates”) and digestive enzymes measured in
the cardiac stomach of P. wallacei.

Digestive enzyme in pyloric stomach

The ascending portion of the potamotrygonid stingray stomach corresponds to the pyloric
portion of this organ. In this segment, three enzymes (acid and alkaline proteases and

carboxypeptidase A) are not found in detectable activities. Significant activities of acid
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protease and disaccharidases enzymes, such as maltase and sucrase, were found. The
endopeptidases chymotrypsin and elastase showed a strong positive association (p<0.05)
with each other (Figure 5A). Moderately, trypsin also showed a positive (but significant)
relationship with lipase, acid phosphatase, and carbohydrate hydrolytic enzymes
(amylase, maltase, and sucrase). A strong positive relationship was observed between
lipase and acid phosphatase. In the SEM-based path analysis diagram, one can see the
weak contribution of amylase and maltase enzymes to carbohydrate catabolism in the
pyloric stomach (Figure 5B). Furthermore, nonspecific lipase and esterase enzymes show
only a moderate contribution to lipid hydrolysis. The relationship between carbohydrates
and lipid catabolism is very weak. On the other hand, although the specific activity of
trypsin and chymotrypsin is low in the pyloric stomach (see Table 1). These enzymes are
the most important endopeptidases that contribute to protein catabolism in this region of

the stomach.
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Figure 5. Pearson correlation matrix (A) and structural model (B) including latent
variables (“proteins”, “lipids” and “carbohydrates”) and digestive enzymes measured in
the pyloric stomach of P. wallacei.

Digestive enzyme in spiral intestine

The intestine of the stingray is like a spiral valve. Digestive enzymes were measured in
the medial portion of this organ. There were no detectable activities of the enzymes, such
as carboxypeptidase A, amylase (with the substrate glycogen) and acid phosphatase. On

the other hand, the activities of alkaline proteases predominate. The activities of the
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endopeptidases (trypsin, chymotrypsin and elastase) are quite high compared to the other
organs of the gastrointestinal tract of the freshwater stingray. Leucine aminopeptidase
exopeptidase was also found in detectable amounts in the spiral valve. It should also be
highlighted the expressive activities of starch hydrolases (amylase) and disaccharides
(maltase and sucrase). As for lipid catabolism, activities of lipases (using both substrates,

palmitate and myristate), nonspecific esterases and alkaline phosphatases were detected.

Pearson's correlation matrix (Figure 6A) indicated that trypsin and chymotrypsin
endopeptidases are positively associated (p<0.05) with each other. Unlike trypsin,
chymotrypsin was positively (p<0.05) related to elastase. The endopeptidases trypsin and
chymotrypsin were also positively related to exopeptidase leucine aminopeptidase. A
positive relationship was found between lipases and alkaline phosphatase. Similarly, the
same association was also found between carbohydrate hydrolases (amylase, maltase and

sucrase).

The SEM-based model (Figure 2 And Figure 6A) confirmed the strong contribution of
trypsin and chymotrypsin endopeptidases to protein catabolism. Similarly, amylase,
maltase and sucrase also strongly contribute to carbohydrate catabolism. The same was
observed for nonspecific lipases. Overall, the model showed a strong interaction between
carbohydrate and lipid hydrolysis, although a moderate association between proteolytic
enzymes and lipases could be observed. However, endopeptidases are weakly related to

carbohydrate catabolism.
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Figure 6. Pearson correlation matrix (A) and structural model (B) including latent
variables (“proteins”, “lipids” and “carbohydrates”) and digestive enzymes measured in
the spiral intestine of P. wallacei. Lipase.M and lipase.P represent the unspecific lipases
assayed with myristate and palmitate as substrates, respectively.
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Table 1. Enzyme activities (U/mg protein) of selected digestive enzymes in different organs of digestive tract of neotropical freshwater stingray,
Potamotrygon wallacei. nd= non-detectable. See Material and methods for enzyme substrate acronyms.

Group Class Enzymes Substrates Esophagus  Cardiac Pyloric Spiral
(n=11) stomach stomach intestine
(n=12) (n=12) (n=12)
Protases Endopeptidase  Acid protease Casein Nd 111.09+133.6 nd 8.89+9.68
S (Pepsin-like) 0 (0.00-30.79)
(21.15-504.33)
Alkaline protease Azocasein Nd 3.69£2.72 nd 19.16+15.64
(0.82-9.37) (2.56-47.54)
Trypsin TAME 0.20+0.12  0.55%0.07 0.13+0.08 0.60+0.05
(0.05-0.48)  (0.41-0.66) (0.01- (0.46-0.67)
0.31)
BAPNA 0.33+0.23  0.91+0.22 0.51+0.15 1.11+0.25
(0.08-0.90)  (0.59-1.28) (0.35- (0.71-1.58)
0.81)
Chymotrypsin BTEE 0.06+£0.04  0.22+0.05 0.13+0.06 0.28+0.02
(0.02-0.15)  (0.12-0.29) (0.04- (0.21-0.29)
0.29)
GAPNA 0.19+0.11  0.53+0.14 0.26+0.08 0.67+0.23(0.
(0.05-0.46) (0.27-0.74) (0.14- 37-1.04)
0.39)
Elastase N-Succinyl- 0.25+0.17  0.56%0.23 0.26+£0.16 0.76+0.15
Ala-Ala-Ala-p- (0.08-0.69) (0.28-1.08) (0.07- (0.51-1.07)
Nitroanilide 0.71)
Exopeptidases  Carboxypeptidase A Hippuryl-L-phe 0.12+0.05 Nd nd nd
(0.05-0.22)
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Leucine L-leu p- nd 0.07£0.02 0.03£0.01 0.29+0.15
aminopeptidase Nitroanilide (0.02-0.11) (0.02- (0.12-0.56)
0.04)
Ratio Trypsin/Chymotrypsi TAME/BTEE  3.18+0.81  2.63+0.34 1.03£0.62 2.16+0.07
n (1.94-4.65) (2.19-3.38) (0.13- (2.06-2.27)
2.13)
BAPNA/GAPN 1.71+0.27 1.77+0.24 2.03£0.36  1.73£0.37
A (1.37-2.20)  (1.33-2.23) (1.53- (0.89-2.18)
2.87)
Carbohydrate- Carbohydrate ~ Amylase Starch 0.78£0.62  3.33+0.68 1.75+£0.27 3.35+1.37
enzymes polymers (0.00-2.17) (2.19-4.69) (1.46- (0.92-4.94)
2.36)
Glycogen 0.99+0.89 nd 0.68+£0.54 nd
(0.00-2.34) (0.00-
1.36)
Disaccharidase Maltase Maltose 167.73£73. 209.72+26.78 92.59+23. 216.67+46.08
S 39 (50.07-  (172.27- 09 (55.80- (155.91-
305.03) 263.52) 128.84) 302.08)
Sucrase Sucrose 201.02+53. 207.28+48.44 112.76+¥19 316.86+52.35
54 (80.54-  (145.33- .33 (207.03-
261.39) 302.39) (89.07- 376.30)
153.89)
Lipases/Estera  Lipases Nonspecific lipase Palmitate nd 4.59+2.09 1.01£0.76  3.79+3.69
ses (0.97-9.09) (0.13- (0.00-11.19)
2.87)
Myristate nd nd 0.42+0.37 3.63+3.06
(0.00- (0.00-7.33)
1.23)
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Esterases Nonspecific esterase ~ p-NP-acetate 1.99+0.78  1.24+0.19 0.76£0.29 1.86+0.26

(0.91-3.46) (0.92-1.54) (0.31- (1.38-2.21)
1.16)

Phosphatases  Acidic Acid phosphatase p-NP- 0.04+0.04  0.18%0.07 0.05£0.02 nd

phosphate (0.00-0.11) (0.11-0.27) (0.02-
0.08)

Alkaline Alkaline phosphatase  p-NP- nd nd 0.05+0.03 1.62+0.93

phosphate (0.02- (0.24-2.84)
0.10)




4. DISCUSSION

Although no studies have confirmed a conclusive list of all digestive enzymes produced
in the gastrointestinal tract of elasmobranchs (Leigh et al. 2017). Therefore, as well as
several works that estimated the activity of digestive enzymes were based on studies of

in vitro assays, both for elasmobranchs and for teleost fish.

To our knowledge, this is the most complete profile of digestive enzymes analyzed along
the gastrointestinal tract (GIT) of a potamotrygonin stingray, neotropical freshwater
elasmobranch. The activities of endopeptidases (acid and alkaline proteases, trypsin,
chymotrypsin and elastase), exopeptidases (carboxypeptidase A and leucine
aminopeptidase), nonspecific lipases and esterases, acid and alkaline phosphatases,
amylase, maltase and sucrase were examined in the esophagus, cardiac stomach, stomach

pyloric and spiral intestine.

We found high activities of acid proteases (pepsin-like) in cardiac stomach. This finding
was expected, since large amounts of gastric glands were also observed in the mucosa
(see Chapter I). The activities of endopeptidases, trypsin, chymotrypsin and elastase were
found to be high in cardiac stomach and spiral intestine. In the spiral valve, the
trypsin/chymotrypsin (T/Q) ratio indicates that tryptic activity is twice as active compared
to chymotryptic. The spiral intestine also has measurable leucine aminopeptidase activity.
Also, as we expected, acid phosphatase was more active in the cardiac stomach, while
alkaline phosphatase was in the spiral intestine. Lipases and carbohydrases (both for
polymers and disaccharides) are also higher in the spiral valve. The relationships between
digestive enzymes and the interrelationships between the main digestive pathways, such
as proteins, carbohydrates and lipids, indicate an organ-specific profile, however, strongly
dependent on the catabolism of peptides and oligopeptides. Associations between
digestive enzymes will be discussed within each organ of the GIT. However, its
implications for the diet and feeding of this freshwater stingray species will be discussed

holistically.
Esophagus

Elasmobranchs can use mechanical and chemical processes to break down their food and
absorb their nutrients. Recently, potamotrygonin stingrays have been shown to perform

asymmetric jaw movement, effectively chewing, to dismantle their prey like mastication
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observed in mammals. (Shibuya et al. 2012; Kolmann et al. 2016; Laurence-Chasen et al.

2019). Thus, the mouth of stingrays becomes the initial mechanical site of digestion. The
dismantling of prey can facilitate the attack of digestive enzymes on their substrates.
Studies have shown that nearly 50% of P. wallacei diets consist of prey hard chitin-
containing exoskeletons, such as trichodactylid crabs and euryrhynchid shrimps (Shibuya
et al. 2009). The food is then moved down the esophagus. As described in Chapter 1 of
this paper, the esophagus is a short tract that has a thick striated musculature. The mucosa
has a stratified epithelium with several neutral and acidic mucin-producing cells. This
morphological organization is similar to that recently described for the digestive system
of P. amandae (Aquino et al. 2023).

Although it can be assumed that chemical digestion truly begins in the stomach, there are
some works demonstrating the presence of digestive enzymes in the esophagus of fish
(Nagase 1964; Borlongan 1990; Kozari¢ et al. 2004; Batista and Pires 2016). Some

authors argue that in some fish species (e.g., Chelidonichthys lucerna) the entire digestive
tract of the fish is involved in the digestion and absorption of dietary components
(Bastianci¢ et al. 2023). However, we believe that the digestive enzyme activities detected

in the esophagus of P. wallacei are due to the intracellular hydrolases and phosphatases.
For example, the proteolytic activities attributed to trypsin-likes in the esophagus can be
attributed to proteolysis carried out by lysosomal cathepsin serine proteases, such as

cathepsin-like A and G (Patel et al. 2018). Several digestive enzymes were located by

immunohistochemical methods in the esophagus of fish, among them we can mention
acid phosphatase (epithelial localization), alkaline phosphatase (lamina propria) and non-
specific esterases found both in the epithelium and in the lamina propria of

Chelidonichthys lucerna (Bastian¢i¢ et al. 2023). However, the esophagus has an

epithelial lining with a high density of mucous cells. Furthermore, it is a muscular tract
with voluntary movement. Therefore, in the context of the mechanical processing of food,
the esophagus must play an intermediary role by mixing the food previously dismantled
in the mouth, improving the viscosity by adding mucosubstances (it also helps to hydrate
the food) and, finally, transport food to the stomach. In the context of chemical food
processing, the contribution of the digestive enzymes to the biochemical digestion of food

in the esophagus should be minimal.

53


https://www.scielo.br/j/ni/a/yrBXX63mMYmHwg7StqzQ8CS/
https://royalsocietypublishing.org/doi/10.1098/rspb.2016.1392
https://journals.biologists.com/jeb/article/222/13/jeb197681/2702/Shearing-overbite-and-asymmetrical-jaw-motions
https://journals.biologists.com/jeb/article/222/13/jeb197681/2702/Shearing-overbite-and-asymmetrical-jaw-motions
http://panamjas.org/pdf_artigos/PANAMJAS_4(4)_466-475.pdf
http://panamjas.org/pdf_artigos/PANAMJAS_4(4)_466-475.pdf
https://link.springer.com/article/10.1007/s00435-023-00592-w
https://link.springer.com/article/10.1007/BF00298199
https://www.sciencedirect.com/science/article/abs/pii/004484869090135A
https://hrcak.srce.hr/file/101754
https://www.tandfonline.com/doi/abs/10.1300/J030v11n03_12
https://pubmed.ncbi.nlm.nih.gov/37022661/
https://www.sciencedirect.com/science/article/pii/S0753332218321711
https://pubmed.ncbi.nlm.nih.gov/37022661/

Stomach: cardiac and pyloric portion

As described in Chapter 1, in stingray P. wallacei the stomach has a siphonal shape (U-
shaped), with the descending portion representing the cardiac region, while the
descending portion is pyloric. Unlike the cardiac portion, the pyloric region lacks gastric

glands. These glands are the sites of secretion of digestive fluids containing HCI and

pepsinogen in elasmobranchs (Ballantyne 2015; Bucking 2015; Leigh et al. 2017).
Therefore, as expected, acid secretion and pepsinogen synthesis occur in the cardiac
portion of the stomach in this species.

In elasmobranchs, as in other vertebrates, the secretion of gastric juice is stimulated by
the presence of food (Bucking, 2015). We do not know whether potamotrygonin stingrays

show a continuous or sporadic pattern of HCI secretion (see Papastamatiou, et al. 2007).

However, if we based on their nocturnal behavior (preferred feeding time), in theory,
these stingrays could control gastric acidification. Regardless of the type, whether
continuous or sporadic, under acidic conditions, pepsinogen is converted into pepsin

(Ballantyne 2015). Concomitantly, acidity itself helps to denature many proteins,

exposing internal peptide bonds to attack by proteolytic enzymes. Pepsin is the major
digestive enzyme in the stomach, responsible for protein hydrolysis. It is a stomach
endopeptidase that cleaves peptide bonds in the middle of the polypeptide that prefers to
cleave aromatic amino acid such as phenylalanine, tyrosine and tryptophan, as well as

attacking acidic amino acid, such as aspartic and glutamic acid (Ahn et al. 2013). The

results of the present study with the stingray P. wallacei consider that acidic proteases
(assayed at pH 2.0) are related to the proteolytic activities of pepsin (herein referred to as
pepsin-like).

Unlike pyloric stomach, the proteolytic capacity of pepsin-like was found to be high in
the cardiac stomach of this species. The pepsin-like is probably responsible for the initial
stage of the protein hydrolyzation phase. However, other endopeptidases-like such as
trypsin, chymotrypsin and elastase were also found in the cardiac stomach of P. wallacei
stingray. However, only traces of exopeptidases (e.g., leucine aminopeptidase) were
recorded in this organ. The gastric phase of proteolysis continues in the pyloric stomach
but is aided by tryptic and chymotryptic activities in addition to elastase. Multivariate
methods based on structural equation modeling (SEM) support the hypothesis that
subsequent steps of peptide digestion continue to the formation of oligopeptides due to
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the action of endopeptidases both in the cardiac and pyloric portions. One explanation for
this may be due to the carnivorous feeding habits of potamotrygonin stingrays (Shibuya
2022). Furthermore, it is generally accepted that carnivorous fish have higher proteolytic
activity than other fish with different dietary habits (Xiong et al. 2011).

Although crustaceans constitute almost half of the prey items of the stingray P. wallacei.
Furthermore, chitin is the major structural component of the exoskeleton of arthropods,
unfortunately, we did not measure the activity of chitinolytic enzymes, whose pH
optimum usually occurs in the acidic region of the stomach (Matsumiya & Mochizuki

1996). Therefore, we cannot disregard the importance of this polymeric and complex
carbohydrate for feeding this species of stingray. It is possible that the tendency to
consume crustaceans can serve as a link in the sequential chain of carbohydrate digestion,
from the most complex to the simplest, in the same way as in skipjack tuna (Dias et al.
2021) and some elasmobranchs that prey primarily crustaceans (Cortés 1999). Amylolytic
activity was weakly recorded in the stomach (cardiac and pyloric portions) of the stingray
P. wallacei. However, the disaccharidases (maltase and sucrase) have also high activity
in the cardiac stomach, but not in the pyloric portions. Stomach carbohydrases were

reported for several fish species (Munilla-Moran and Saborido-Rey 1996). However, our

SEM-based model supports a structural relationship between protein and carbohydrate
digestion in the cardiac stomach of P. wallacei stingray. This suggests a functional
plasticity between these two major catabolic pathways into the stomach. Although this
species is remarkably carnivorous, it has clearly been considered a generalist
mesopredator, whose prey availability fluctuates due to the annual hydrological pulse of
the Rio Negro basin (Shibuya 2022). In the context of the food chain, being a generalist
also means having physiological plasticity to process different types of substrates and
promoting an interchangeable flow of components between different catabolic pathways.

In addition to the proteins and carbohydrates present in the crustaceans that are part of
the diet of the potamotrygonin stingray, lipids can be another important source of
nutrients. Lipids can be present in large amounts in insect larvae, especially gomphid
dragonflies, which constitute 30% of the items consumed by the stingray P. wallacei
(Shibuya et al. 2009). Insects have a high lipid content, second only to proteins (dos

Santos Aguilar 2021). The fatty acid profile indicates that oleic, linoleic, linolenic and

palmitic acids are the most important, in addition to providing more calories and having

excellent nutritional value (Tzompa-Sosa et al. 2014). The lipids present in the P. wallacei
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stingray food items are initially emulsified in the stomach by mechanical action. After
that, possibly some gastric lipase should promote lipid lipolysis. We found a moderate
enzymatic activity of the gastric lipase and nonspecific esterases in both cardiac and
pyloric portion. Lipases are triacylglycerol hydrolases that preferentially attack long-
chain triglycerides, while “true” esterases are carboxyl ester hydrolases that prefer to

hydrolyze short-chain triglycerides (Lopes et al. 2011). As both are present in the cardiac

stomach of the potamotrygonin stingray, we believe that the stomach has a moderate to
high lipolytic capacity. It is also suggestive that the stomach itself may be involved in the
absorption of lipids. Our study demonstrated that acid phosphatase is present in this organ,
but more active in the cardiac portion than in the pyloric. Acid phosphatase acts by
dephosphorylating di- and tri-phosphorylated nucleotides, whose residual components
will also be absorbed, but it also helps to regulate lipid absorption (Barka 1963) and

probably acting on the demineralization of bone tissue (Bull et al. 2002) in prey such as

small fish consumed by the stingray. Some authors also argue in favor of some absorptive
capacity in the stomach (Bucking 2015; Leigh et al. 2017). Again, our SEM-based model

showed a high association between lipolytic capacity and carbohydrate hydrolysis in the
stingray stomach. Likewise, although moderate, the relationship between lipolysis and
proteolysis can also be evidenced. Therefore, the chyme produced in the stomach is a
complex mixture of peptides, oligopeptides, soluble carbohydrates, fibers, fractions of
various types of fatty acids, di- and triglycerides, vitamins, mineral salts and other

nutrients that can still be digested and subsequently absorbed in the spiral valve.
Spiral intestine

As in other vertebrates, chyme passes from the stomach to the intestine through the
pyloric sphincter (c). The anatomical and histological details of the intestine of P.
wallacei stingray, including the spiral valve, are presented in chapter 1 of this work.
However, the activities of all digestive enzymes were examined only in the spiral intestine
of this species. As expected, peptic activity was markedly reduced in this region. Possibly
the alkaline pH of the spiral intestine reduces the activity of pepsin-like enzyme

(Papastamatiou et al. 2007). The detection of acidic proteases in the homogenates of spiral

valve is probably due to cathepsins, a group of lysosomal proteases that can also

hydrolyze proteins (Natalia et al. 2004). Like other elasmobranchs, the spiral valve is the

major site of alkaline proteases (Ballantyne 2015; Bucking 2015; Leigh et al. 2017).

Unlike the other portions of the GIT studied, in the potamotrygonin stingray, the spiral
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intestine was the only organ that showed detectable activity of alkaline proteases. In fact,
the alkaline endopeptidases, such as trypsin, chymotrypsin and elastase were more active
in this portion than in the others. Therefore, the spiral valve completes protein digestion.
The chyme coming from the stomach is neutralized by the secretion of bicarbonate

(Ballantyne 2015). While food is retained in the spiral valve by retrograde contractions

(Leigh et al. 2017). Meanwhile, enterokinase activates trypsin, which in turn tends to
amplify protein digestion through a cascade of activation of other proteolytic enzymes
such as chymotrypsin and elastase (Ma et al. 2005). The ratio between

tryptic/chymotryptic activity (T/C ratio) in the spiral intestine of P. wallacei is around
2:1. Generally, in carnivorous fish, trypsin activity is greater than chymotrypsin
(Rungruangsak-Torrissen et al. 2006). The elevated T/C ratio has been associated with

greater digestive efficiency (Rungruangsak-Torrissen et al. 2006). Mechanically, trypsin

itself cleaves the derived peptides and oligopeptides, preferentially at arginine and lysine

residues (Ma et al. 2005), whose hydrolysis products result in greater digestibility than

other endoproteases. Arginine is the most potent stimulator of insulin secretion in fish,
which results in an increase in the rate of absorption of other amino acids (Matty and
Lone 1985). On the other hand, chymotrypsin hydrolyses peptides at tryptophan,
phenylalanine, tyrosine and leucine residues (Appel 1986). However, some authors argue
that the excess of aromatic amino acids such as phenylalanine and tyrosine have a
negative impact on biological systems, similarly to aromatic hydrocarbon pollutants

(Rungruangsak-Torrissen et al. 2006). Despite this, leucine is a ketogenic and branched-

chain amino acid that in addition to stimulating the synthesis of muscle components
(Harper et al. 1984), is also deaminated to produce acetoacetate, an important fuel for

muscle metabolism (Ballantyne 2015). In turn, elastase preferentially attacks alanine,

glycine, and serine residues (Gray and Cooper 1971). Although trypsin activates

carboxypeptidases A (Ma et al. 2005), this enzyme was not detected in the spiral valve of

P. wallacei. Carboxypeptidases A is an exopeptidase that cleaves hydrophobic amino acid
residues at the C-terminal (Ericker 2007). As these residues had already been efficiently
hydrolyzed in the stomach by the action of pepsin, the absence (or undetected enzymatic
activity) of carboxypeptidase A makes sense. However, we detected moderate activity of
an exopeptidase, leucine aminopeptidase in this species. It is an enzyme located on the
brush border of absorptive cells located in the intestinal mucosal epithelium that act on
N-terminal peptide of proteins (Taylor 1993). In some species of sharks, such as

bonnethead sharks (Sphyrna tiburo), levels of aminopeptidase activities in the spiral
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intestine are up to 10-fold higher than in the intestine of carnivorous teleost fish (Jhaveri
et al. 2015). Thus, the high level of endopeptidases and exopeptidase activities suggests
that potamotrygonin stingray is highly efficient at digesting proteins. The proposed
conceptual model SEM-based corroborates the close relationship between tryptic and
chymotryptic activities, indicating that these two enzymes, in addition to elastase and
leucine aminopeptidase tend to efficiently complete protein digestion within the spiral
intestine of P. wallacei. This model also supports a moderate association between protein

digestion and lipid hydrolysis.

Lipids are an important component of the diet for elasmobranchs because they can be

used as an energy source to save nitrogen (Ballantyne 2015), although saving nitrogen is

not the case for potamotrygonins (Wood et al. 2002). Lipolytic activity into the spiral

intestine suggests that potamotrygonin stingray likely readily digests lipids with great
efficiency. Elasmobranchs have a long evolutionary history as carnivorous predators.
Therefore, a strong dependence on the hydrolysis of proteins and lipids in the GIT was
expected to sustain high metabolic demands for these substrates by the potamotrygonin
stingray. As previously discussed, a large part of the diet of P. wallacei consists of insect
larvae and fish, we can assume that proteins and lipids constitute most of the diet
components of this stingray. The specific activities of non-specific lipases and esterases
were found to be elevated in the spiral valve. However, regression analyzes showed no
relationship between them. This suggests that lipases break ester bonds of long-chain fatty
acids, while esterases act on short-chain ones. A nonspecific lipase secreted by the

pancreas involved in intestinal lipolysis has been identified and found at high levels in

Triakis semifasciata (Pattons et al. 1977). Elasmobranchs have unusual lipid metabolism.
For example, striated muscles and heart are unable to oxidize fatty acids to produce
energy (Ballantyne 2015). One explanation for this could be a lack of albumin or a similar

protein to transport lipids. Instead, striated muscle and the heart use ketone bodies
produced by the oxidation of fatty acids in the liver. High lipolytic activity in the stomach
and spiral intestine relies especially on LDL and VLDL, low density and very low-density
lipoproteins, respectively (Metcalf and Gemmell 2005) to transport lipids into the liver of

the elasmobranches.

Although carbohydrates (starch and other disaccharides) are not energetically significant
in the diet of many elasmobranchs (Leigh et al. 2017). Even so, these animals have a high

capacity to use glucose in different tissues (Ballantyne 2015). From an evolutionary point
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of view, this group shows that catabolic mechanisms and carbohydrate absorption arose
in ancestors before tetrapod. P. wallacei has a significant ability to hydrolyze
carbohydrates, especially starch and disaccharides such as maltase and sucrase. However,
as previously discussed, we believe that potamotrygonin stingrays have a high capacity
to hydrolyze complex carbohydrates present in arthropod exoskeleton. The SEM-based
model supports the weak interaction between carbohydrate hydrolysis and the two main
catabolic pathways (proteins and lipids). Suggesting that the digestion of proteins and
possibly lipids represent the two most important macronutrient degradation pathways for

the stingray P. wallacei.
Implications for diet and nutrition

One of the most sensitive aspects for the conservation biology of the stingray P. wallacei
is feeding. In captivity or kept in aquariums, this stingray does not eat. When still eating
insufficiently on small fish and crustaceans (especially small shrimp) and, within a few
months loses weight and dies of starvation. The causes of this are not known. Obviously,
this is one of the biggest problems for the maintenance of this species in aquariums, which
came to represent more than 60% of the species of stingrays exported by Brazil (<60% of
the total number of stingrays for ornamental purposes). No studies have been conducted
to understand the physiological mechanisms of nutrient digestion or attempts at a
balanced diet to meet the metabolic demands of this species. In any case, we suggest that
any attempt to elaborate a ration or food for this species should take into account the
balanced quantity and quality of proteins, carbohydrates and lipids present in the ration
and/or food offered for this species. In other words, one needs to carefully examine the
centesimal composition of trichodactylid crustaceans, gomphid dragonflies’ larvae and
the main fish species consumed by this species of stingray. After all, it is a carnivorous

species that depends on an adequate diet of proteins and lipids present in its prey.
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CONCLUSOES GERAIS:
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O epitélio de revestimento da camada mucosa no esdfago de Potamotrygon
wallacei é estratificado e possui numerosas celulas mucosas que secretam
mucinas acidas e neutras para proteger e lubrificar a passagem do alimento para o
estbmago;

N&o encontramos nenhuma justificativa anatdmica para dividir o estbmago da
arraia P. wallacei em regido fundica. A divisdo deste 0rgdo consiste em apenas
duas regides: cardiaca e pilorica;

No estdmago cardiaco encontram-se numerosas glandulas gastricas que ocupam
quase a metade do volume da camada mucosa estomacal. As glandulas tém
formato tubular onde se encontras as conspicuas células oxintopepticas secretoras
de HCI e pepsinogénio. Isto sugere que o estbmago de P. wallacei tem elevado
potencial para digestéo de itens proteicos;

A quantidade de glandulas gastricas diminui em direcdo ao estdbmago pilorico. No
segmento intermediario e final desta regido, as glandulas estdo ausentes;

A espessa musculatura da camada muscular no estdmago pilérico deve-se ao
amento da muscular interna (circular). Isto sugere que o segmento descendente do
estdmago esta relacionado a conducéo do quimo em dire¢do ao intestino espiral;

O intestino espiral possui cerca de 9 a 11 voltas. A estrutura na forma espiral, além
das vilosidades proporcionam uma expansao da area superficial para absorcéo de
nutrientes;

Os dados de estereologia mostram que o volume do epitélio na camada mucosa
tende a diminuir em direcdo a cloaca. Em contrapartida, o volume da camada
submucosa aumenta na mesma proporcao. Isto sugere que 0s segmentos iniciais
do intestino espiral da arraia P. wallacei pode estar mais relacionado a digestéo
dos alimentos, enquanto os segmentos medial e final podem estar associados ao
transporte de nutrientes para 0s vasos sanguineos;

Os dados de atividades das enzimas digestivas mostram que o es6fago possui
baixa capacidade digestiva. As enzimas digestivas detectadas neste 6rgédo podem
ser atividades endogenas intracelulares;

Baseado nos resultados das endopeptidases, tais como pepsina, tripsina,
quimiotripsina e elastase, o estbmago cardiaco possui elevada capacidade de

proteolitica;
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Os niveis de atividades da fosfatase acida, lipases e esterases inespecificas no
estdmago cardiaco sugerem alto potencial para lipélise neste 6rgao;

Os teores das carboidratases, tais como amilase, maltase e sacarase sugere um
papel moderado do estdmago cardiaco para hidrolisar carboidratos;

Anélise em modelagem de equacdes estruturais (analise de caminhos) sugerem
uma moderada, porém, significativa associagdo em as trés mais importantes vias
catabdlicas: proteica, lipidica e de carboidratos;

Se considerarmos as atividades das enzimas proteoliticas, o estbmago pilérico
possui baixo potencial para digestdo de proteinas. Isto pode ser justificado pela
auséncia de glandulas gastricas;

Verificou-se moderada atividades das enzimas lipoliticas e carboidratases no
estdmago pildérico. O modelo baseado em equacGes estruturais sugere uma forte
associacdo entre a digestao de proteinas e hidrolise de carboidratos;

As mais importantes proteases alcalinas (tripsina, quimiotripsina, elastase e
leucina aminopeptidase) estdo presentes em elevados niveis no intestino espiral
de P. wallacei. Isto sugere elevado potencial para a segunda fase da digestdo
proteica;

Os baixos niveis ou atividade ndo detectada da carboxipeptidase A no tubo
digestdrio desta arraia pode estar associada a eficiéncia da digestdo proteica
realizada pelas endopeptidases (pepsina, tripsina, quimiotripsina e elastase);

O intestino espiral tem elevada capacidade lipolitica, pois apresenta detectaveis
niveis de atividades de fosfatase alcalina, lipases e esterase inespecifica;

Embora os carboidratos tenham um papel secundario no metabolismo digestorio
dos elasmobranquios, em P. wallacei encontrou-se atividades enzimaticas
moderadas para as carboidratases;

O modelo baseado em equacdes estruturais sugere uma forte associacdo entre o
processamento de carboidratos e lipideos, e apenas uma relacdo moderada entre o
catabolismo proteico e de carboidratos;

Considerando a hipotese deste estudo, os resultados da morfologia quantitativa e
o0s dados de atividades das enzimas digestivas de P. wallacei estdo profundamente
relacionados a dieta carnivora baseada em crustaceos, larvas de insetos e pequenos
peixes. Os dados de modelagem enzimatica mostram de uma moderada a forte

interdependéncia de dois importantes macronutrientes: proteinas e lipideos.



